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PREFACE
The Secretary General of the International Society of Soil Science accepted
the task of editing the Transactions of the VII International Soil Science
Congress at Madison, Wisconsin, as he felt it the Society's responsibility
to make the results of international scientific creative work in soil science,
as presented at the Congress, available to members of the ISSS and to the
world at as moderate a price as possible.
The results are now presented, but they would never have been attained
in the relative short period which elapsed after the Congress and the Tours
if he had not secured the invaluable assistance of quite a number of people.
Of these the following deserve to be specifically mentioned: Prof. Dr.
E. C. J. Mohr, Honorary Member, translated the summaries or 'resume's'
into German; Dr. Jules D'Hoore translated the summaries or 'Zusammenfassungen' into French, and Mr. G. V. Jacks undertook the translation
into English of the 'Zusammenfassungen' and 'resume's' when not prepared
by authors.
I am further obliged to all who assisted in correcting the foreign languages,
that proved to be a rather exacting task, notably in those cases when the
text was written in a language different from the author's native tongue.
Many of these contributions should be and quite a few indeed have been
entirely rewritten to be at least understandable if not idiom-proof. The
inaccuracy of authors with regard to formulas, tables, literature references,
etc. has also been a rather shocking experience. It is hoped that in this
respect no errors have been overlooked.
The readers will observe that quite a few authors did not adhere to
the rules with regard to length of text and summaries, number of tables and
illustrations. However, in order to make the Transactions available in a
reasonable short time after the closing of the Congress, the editor accepted
the risk of being blamed later on for linguistic peculiarities, inaccuracies,
overlooked printing errors and for the. deviations from the instructions to
authors. The goal to have the four volumes in hands of the members of the
Congress within about a year would, however, never have been attained
without the unwavering support and encouragement of Mrs. van Baren to
whom most of my thanks are due.
Finally, appreciation should be expressed to the Printers, Messrs. N.V.
Dijkstra's Drukkerij, v/h Boekdrukkerij Gebr. Hoitsema, of Groningen,
for the perfect execution of a really exigent work.
F. A. van Baren
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GREETINGS ON BEHALF OF THE GOVERNOR OF WISCONSIN
by
ROBERT LEWIS

Agricultural Coordinator
One of mankind's most urgent problems is to learn how to manage our
agricultural resources and our agricultural skills so as to provide for humanity the abundance which modern science has now made possible for the
first time in history.
We in the United States, and a few other fortunate countries, represent
one side of the ironic paradox of seeming surpluses of food in a world where
most of mankind still knows chronic hunger.
It is our obligation, in our fortunate countries, to learn how to manage
our abundance of farm products for the use of humanity and with justice to
the farm people who produce it.
The other side of the paradox is the sad and bitter side.
According to United Nations records, five-sixths of the people on earth
live out their lives' under the ever-present threat of hunger.
A full two-thirds of the world's people do not get enough to eat to maintain their health. Malnutrition stunts their bodies, saps their productive
energy and enterprise, weakens their resistance to disease, shortens their
life expectancy, and blunts the keenness of their minds.
For nearly one-third, outright starvation is one of the real and menacing
dangers that 'normal' life affords.
This international conference of soil science is engaged on one of the
most basic fronts in the effort man must make to resolve the ironic paradox
of widespread hunger in the midst of occasional surpluses and potential
abundance.
Knowledge of the soil — that thin layer of earth upon which all human
life depends — will be exchanged and enriched in your meetings by information and ideas from many corners of the world. Like all knowledge,
that which is generated here in this Congress will spread to wherever men's
minds are free to hear and to learn.
As knowledge marches out to do battle with ignorance, it advances also
to battle against that tragic twin of-ignorance-hunger.
Surely the moral imperatives of all human civilizations demand of us in
America that we do our utmost to make our own farm abundance serve the
needs of hungry humanity.
So also do these moral imperatives demand of us — and of all who possess
the knowledge which at last in our time can free mankind from want — that
we speed our knowledge of the soil, and of its wise use and conservation, to
every corner of the world.
This is your mission. We are proud that you have chosen our state of
Wisconsin, and our great University of Wisconsin, for your deliberations.
May your important work bear abundant fruit, and help to bring to
hungry humanity the security from want which is the indispensable foundation of the brotherhood of man which is the goal of all creeds and the most
cherished hope of men and women everywhere.

IX
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WELCOME TO THE UNIVERSITY OF WISCONSIN
by
C. A. ELVEHJEM

President of the University
President Bradfield, Soil Scientists, Colleagues, and Friends:
I bid you welcome to our campus, and on behalf of our faculty extend
our most cordial greetings. If there is anything any of us can do to make your
stay here more pleasant or productive, we are ready to help.
Your program is a magnificent representation of the wide range of
soil science, and where it touches my own field of interest — nutrition — as
some of today's sessions do, I find exciting promise in the subjects listed.
For many years we at Wisconsin have played a major role in the search
for nutritional factors in both human and animal foods, and we long ago noted
the effects of soil on the production of some of these factors. More recently,
with the increasing use of chemical fertilizers, weed and pest killers, and now
with radiation fallout to consider, we have concerned ourselves with these in
relation to human and animal diets, and their influence on genetic changes,
and on other life factors.
The soil has fascinated me since my early farm childhood, and my
limited knowledge of soil science has enhanced my appreciation for the
progress made in your field of study. I hope that the science of the soil can
receive increasing attention in the years ahead, and I am sure that our own
institution will devote more energy to this area of research, as time goes on.
One of the dominant characteristics of this University throughout its
111 years, has been its ready response to the needs of the people, its willingness and ability to change direction and move into new fields.
For the hundred or more of you who, I understand, hold Wisconsin
degrees, this is a familiar story. But perhaps the rest of you might be
interested in a few other characteristics of this University.
There are many I could mention, but I would like to concentrate on
just three:
Its spirit of service;
Its democracy;
Its freedom.
Historian Allan Nevins, reviewing the progress of our nation in the
first half of this century, has written:
'Nothing in the whole half century stands out more strikingly than the
expansion of higher education. More and more intellectual leadership came
from a new source — the universities. From the West came the Wisconsin
Idea'.
The Idea he was highlighting was this University's pioneering concept
of service, the idea that the advanced knowledge and special talents of a
University could be put to public usefulness in many ways besides the
traditional teacher-student relationship. Here, as the century opened,
University experts were utilized in the framing of a society and economy
which was to become the national pattern during the century.
Wisconsin became, in the words of Frederic C. Howe, a current observer,
'an experiment station in politics, in social and industrial legislation, in the
democratization of science and higher education . . . a laboratory in which
x
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popular government is being tested in its reaction on people, on the distribution of wealth, on social well-being'.
Theodore Roosevelt, impressed by the way in which Wisconsin had
achieved substantial improvements, declared that 'all through the Union we
need to learn the Wisconsin lesson of scientific popular self-help, and of
patient care in radical legislation'.
Wisconsin is a State, Land-Grant University, which means that it receives some of its financial support from the State and Federal governments.
But we, historically, have interpreted this designation in a considerably
broader sense. Woven into the very fabric of this institution is a spirit of
service, an idea that the University not only is a willing servant of the
people but that it must initiate and promote its services, and use its influence continually and in every possible way to better the lives of our
people.
From its early efforts to initiate forward-looking State legislation,
this spirit has carried University endeavor into such varied fields as pioneering education by radio, a soil testing service available to farm and
city folk alike, a broad program of aid to universities in less developed
nations around the world.
The second characteristic of Wisconsin I mentioned is its democracy,
which takes many forms ranging from strong student and faculty voice in
University policy to a tradition that the son or daughter of any Wisconsin
family must have an opportunity to attend the University, regardless of
social status or ability to pay, and that students from all nations shall be
welcomed in its classes.
The traditional democracy of Wisconsin also is illustrated by the open
doors of our faculty offices — enabling close student-faculty relationships
which put authorities in any field easily available to anyone seeking information or aid. The wide scope of the University's offerings — the unique
completeness of the University with such schools and colleges as agriculture,
medicine, and engineering all on the same campus, combined with the open
door policy, adds strength to our research programs through the accessibility
of consultants from many disciplines, ready to add their knowledge in the
search for solutions.
But, perhaps, the dominant characteristic of Wisconsin is its freedom,
a climate which we believe advances scholarship and science at maximum
pace. Freedom is not lacking in most American colleges and universities,
but here freedom is held in special reverence and its implications are farreaching.
We carefully examine almost everything proposed in the light of its
effect on freedom. Thus we have, in relation to our entire research program,
for example, an unusually high percentage of unrestricted funds . . . research
support which an individual faculty member can obtain from a committee
of his colleagues without recourse to the normal departmental, school or
college administrative channels.
As you walk over our campus, pause for a moment at Bascom Hall, the
main building which sits atop our easternmost hill and looks a mile down
State Street towards the State Capitol. Cast in bronze and bolted to the
doorway of Bascom is our freedom credo . . . a noble statement to which we
have adhered since it was set down by our governing board in 1894.
Here are its words:
'Whatever may be the limitations which trammel inquiry elsewhere,
we believe that the great state University of Wisconsin should ever encourage
that continual and fearless sifting and winnowing by which alone the truth
can be found'.
XI
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In the spirit of that declaration I again bid you welcome to Wisconsin
with the hope that in this climate of freedom you, too, will have the opportunity to sift and to winnow, to arrive at truths in your field of study.
Your meeting here honors us. We hope that we can merit your visit by
serving you, and sharing with you some of the spirit of Wisconsin.

XII
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FREEDOM FROM HUNGER CAMPAIGN OF FAO
by
Dr. B. R. SEN
Director-General of FAO, Rome
Mr. Chairman, Ladies and Gentlemen,
I am deeply grateful to Professor Bradfield for his kind invitation to
address this distinguished audience of soil scientists who have assembled
here from all parts of the world on the occasion of the Seventh Congress
of the International Society of Soil Science. When I received Professor
Bradfield's invitation several months ago, I was attracted by the imaginative
theme of your Congress — 'to promote peace and health by alleviating
hunger through soil science'. I thought it significant that you should adopt
this theme for your Congress this year when our Freedom from Hunger
Campaign had almost identical objectives and could supplement each
other in the formulation of policies and practical measures for dealing with
what I regard as the greatest challenge of our time — the conquest of
hunger. I therefore welcomed the opportunity to participate in this
Congress and exchange ideas with you who are in a specially favoured
position to contribute to the attainment of our mutually shared objectives.
I am not a soil scientist and can, therefore, tell you very little which
would add to your specialized knowledge of the subject. I am happy to see
present here today such a distinguished body of pioneers, who have inspired and trained an entire generation of soil scientists whose work in the
laboratory as well as in the field has contributed so much to the progress
of soil science in recent decades. I, on my part, as Director-General of FAO,
have been most vitally concerned with all aspects of food production,
food distribution and nutrition. In this capacity, I have visited many countries in every continent. This has given me the opportunity to look at the
world food problem as a whole and to realize how varied and complex are
the problems of agriculture in different parts of the world and how urgent
is the task of dealing with them, not piecemeal, but in a concerted manner.
The most disturbing feature of the world food situation today is that
more than a half of the world's population suffer from varying degrees of
undernourishment and malnutrition. Millions of people in the less developed
regions of Asia, Africa and Latin America do not have adequate food or
the right sort of diet. They rely on a subsistence economy for all their
necessities of life and, as a result, do not have the means to improve either
their primitive methods of agriculture or their diet. What adds to their
burden is the high rate of population growth. If, as has been estimated,
the present world population of 3,000 million is going to double itself by
the end of the century, it is obvious that it will be necessary to double the
present food production in order to maintain the levels of nutrition which,
even now, are inadequate for millions of people. It is against this background that the Freedom from Hunger Campaign was launched on 1st
July this year.
Perhaps you would like me to explain to you the ideas behind this Campaign. Basically, hunger is a concomittant of poverty. Wherever there is
poverty there is hunger. Many are pessimistic as to the capacity of the
underdeveloped countries to climb out of primary poverty. But we know
XIII
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that in Europe 200 years ago the living standard was not very different
from what it is in many of the underdeveloped regions of the world today.
Yet Europe at the present time enjoys a level of social and economic growth
promising a full life for all. What has been possible for Europe to attain
should be possible for the rest of the world.
No one denies the enormity of the task of breaking the vicious circle
of poverty, malnutrition and low productivity. But it can be done, and,
in fact, several less developed countries in post war years have been able
to bring about improvement in their economic and social structure up to
the point where 'take-off' of self-sustained growth can take place without
causing too many strains or privations.
There is no doubt that the nature of planning for development must vary
from country to country. It would be unrealistic to expect uniformity in
the choice of priorities and tactics in the different circumstances in which
each country is placed. But there is no dispute about the fact that in
order to sustain the rate of growth, it is necessary to maintain the right
balance between the various economic sectors within the country, as well
as between economic and social development. The key sector, however,
is agriculture. By this I do not mean that agricultural development is to
be pursued without respecting the requirements of the development of
industry or communications or without carrying out essential reforms in the
social field. All I mean is that agricultural development must come first
if the economy is to be transformed from a subsistence to a market economy.
Manufacturing industry for many years in its early life will not be competitive
on the international market and will have to rely mainly on the local market.
In pre-industrial society, this local market is bound mostly to be in the
rural community. And unless this community has something to exchange for
the manufactured products forthcoming from the industrial sector, this
latter sector is not going to be expansive and viable.
It would not be possible within the time at my disposal to go into details
of how this Campaign would be conducted during the next five years.
I shall however explain the general plan behind it briefly. First of all, it
is a Campaign which is inspired by the world-wide desire to free the world
from the scourge of hunger, and is intended to serve as the focal point for
all national, international and individual efforts towards the fulfillment
of this desire. It is a cardinal premise of the Campaign that there is no
one-dimensional solution to a multi-dimensional problem. The answer has
to be sought in a concerted effort on a world-wide basis in which not only
the United Nations and its Specialized Agencies, but also national governments, non-governmental organizations, religious bodies, foundations,
citizen groups and men and women of goodwill everywhere would participate
and to which they would contribute their moral and material support. The
role of FAO would be generally that of a catalyst and coordinator of
these world-wide efforts. Any activity that would serve to swell the
tide of this world movement would be regarded by us as part and parcel of
this Campaign.
The Campaign is not intended to replace any programs at present under
way for the improvement of food supplies and better nutrition. It is intended
to supplement and reinforce programs which governments and international
agencies are already carrying out, to create a better climate of opinion in
which these programs will work with greater effectiveness. It is intended
to awaken the people of underfed countries to the real possibilities for
improving their lot and to encourage them to greater effort. It is intended
to inform people in prosperous countries about the condition of people less
fortunate than themselves and to enlist their support for measures aimed
xiv
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at improving the situation. And it is intended to help increase our knowledge of present conditions and of methods of improving them.
The activities of the Campaign will fall mainly under three broad categories; (1) information and education, (2) research, and (3) action programs. The information and education program would promote better
knowledge and interest in the problem, and create, through appropriate
studies and use of public informations media, world-wide support for the
objectives of the Campaign. A most important part of the education program
will be to secure the voluntary participation of farmers themselves in the
various activities under the Campaign. The inadequate response of certain
farming communities in the less developed countries to state-sponsored
agrarian improvement schemes has led some observers to believe that perhaps compulsive methods would be more effective. I do not believe that any
useful purpose would be served in trying to lay down too precisely where
persuasion ends and compulsion begins. Our ultimate objective is the growth
of human beings. Food and material well-being are essential instruments
or means to this end. We need to guard against losing sight of this goal
in our frantic search for short-cuts.
The research program under the Campaign will have two main aspects;
firstly, the study and analysis of scientific and technical information that
already exists in the related fields and of the possibilities of their practical
application to immediate local and regional problems: secondly, long-range
research aimed at developing new knowledge and new techniques which
may lead to the opening up of new resources and will thus be of wider
application. Basic causes of low productivity and the methods of eliminating
them could, for instance, be studied under the first category of research
programs. Long-range research contemplated under .the second category
would be concerned mainly with the use of land and water, the maximum
utilization of biological and industrial resources, as well as with human
problems involved in this process. Methods of utilizing vast unexplored
regions in the wet tropics: maximum use of solar energy and soil water:
investigation into unused plant resources, and determining the true biological value of animal protein in the human diet and its replaceability
by plant protein: use of chemical and organic fertilizers, etc. are instances
which may be cited when one comes down to details.
The action projects will be carried out mainly within individual underdeveloped countries, and will depend largely upon increased exertions by
the governments and peoples of those countries. The additional resources
in trained personnel and finances that are likely to become available for
such an action program under the Campaign may be modest relative to the
total needs of the country. Hence, their concentration upon a few key
projects is bound to be more effective than their dissipation over many
tasks at once. Each country will need to assess carefully its present position
with respect to which types of additional activities under the Campaign
promise to yield the best and most lasting results. This can best be done
by determining, on the bases of an over-all appraisal of the country's
agricultural and economic program, the particular fields or areas where
intensified planning and action are required, in order to preserve an effective
balance in the development process as a whole. For some time past, FAO has
been engaged in emphasizing the importance of planning its specific technical activities in the broader perspective of economic and social growth, not
only viewed in respect for each individual country, but also of the region,
and in certain respects, of the world as a whole. The Mediterranean Development Project pioneered this approach in practice in our recent work. Our
programs in ETAP and Special Fund are also reflecting this approach and
xv
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the action projects we contemplate will conform to this basic philosophy.
Each participating country is expected to set up a National Campaign
Committee for promoting the aims of the Campaign and coordinating all
activities within the country. These activities will include public information and education, fund raising, and stimulating research, as well
as action programs.
Where does soil science stand in this world-wide Campaign against hunger
and malnutrition? That soil lies at the very core of the problem of agricultural production must be clear to all. Neither modern machinery and
farm equipment nor improved marketing arrangements can bring about the
desired increase in agricultural productivity unless the soil is in the right
condition to support the needs of different crops. It has, therefore, a vital
relationship to the world food problem.
Soil science has made a striking contribution to the improvement of
agriculture in a number of countries. In North America and Europe, soil
and crop scientists are working together to develop methods of soil, water
and crop management which ensure high productivity. In Japan, Australia
and New Zealand, soil and crop scientists have made possible a sustained
high level of production on a very wide range of soils. On the other hand,
not only are such scientific and improved practices lacking in most of the
countries with backward agriculture, but also the once fertile soils are
deteriorating. The results obtained in the more advanced countries following
decades of research, experimentation and extension have led to the change
from traditional to scientific methods of agriculture. In the political and
social conditions of today, it is not possible to repeat this long-term process
of research and experimentation in the less developed countries. The
application, wherever feasible, of our present knowledge of soil science would
make a great difference to agricultural productivity in many of these countries. Soil surveys, with international correlation and soil management
experiments located in strategic areas, would do much to cut down the time
required to adapt crops and management practices to local conditions.
Soil conservation is, of necessity, a very broad concept, for it includes
not only soils, their appraisal and proper management, but also a great
number of other subjects, such as hydrology, agricultural engineering,
crop and animal production and forestry. It involves the techniques • of
putting into practical use a vast array of natural resources, data and information provided by scientists and technicians. Then, too, economic
and social factors are of great importance, because the farmers have to
function within the environments of their respective communities.
The primary producers of crops, livestock and timber determine the
use of land, water and other resources but they need help, and the provision of this help constitutes a considerable technical field within itself,
distinct from that of research and the appraisal of soils and other physical
resources. The extension and advisory services have therefore an important
part to play.
Many of you present here have had first-hand experience of this problem
and of the difficulties involved. I am sure you will agree with me that we
must adopt an integrated approach to the problem of soil conservation.
The modern technician must not only assemble and synthesize information
from diverse fields of the physical and social sciences, but also adapt it to
his experience of land use as it actually exists in practice, and to the customs,
competence and aspirations of the rural people with whom he has to work.
Success in such advisory and educational work depends on a love for
the land and for rural people and on the competence to build a program
of service around existing needs. Separate programs for special divisions
XVI
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of professional interests, such as food production, soil management and
conservation, land use and farm development, do not exist in actual farming
practice. All of these worth-while objectives are inextricably bound together
as a part of the crop, livestock or forestry operations actually in force at
any time on a given tract of land. Professional specialists, if they are to
succeed, must recognize this basic truth and make their efforts a part
of scientific teamwork directed towards the improvement of an integrated
land use operation.
The FAO policy in the field of soils is to assist member countries to
appraise the soil resources for their development and better use, and to
improve the soil management practices, including an adequate supply
of plant nutrients, to ensure soil conservation and sustained agricultural
production at a desired level. Governments, assisted by FAO and other
international organizations, are establishing a variety of institutional
services, some of which are operated by governmental agencies and others
by private enterprise, to provide agricultural credit, machinery, seeds,
fertilizers and insecticides. Some of these service agencies develop cooperative facilities, establish price incentives and are concerned with land policj'
and tenure problems. Most important of all are the permanent institutions
within the countries where research work is carried out, training and extension work undertaken, and soils and other natural resources information
assembled.
FAO has acquired considerable experience in the field of soils as a result
of the Technical Assistance Programs it has supervised in many underdeveloped countries over the years. During the last few months, FAO
has agreed to act as the Executing Agency on behalf of the United Nations
Special Fund for implementing, in cooperation with the governments of the
countries concerned, some 28 projects involving the expenditure of more than
$17 million. A number of these projects are concerned with soils. For
instance, in the Egyptian Region of the United Arab Republic, a soil
survey of the Nile Valley is under way to study the possibilities of putting
an additional two million acres of suitable land under irrigation with the
waters to be stored by the new Assuan Dam. In Iran, a soil fertility project
will determine the amount and kinds of fertilizers needed for production of
specific cropping systems for non-irrigated and irrigated farming in the
different soil areas of the country. This project will promote the efficient
use of fertilizers and assist in guiding Iran's recently-launched program
for developing the fertilizer industry. In the Llanos Orientales of Colombia,
FAO is assisting the government in selecting the most adequate soil regions
for human settlements and land development from an area of 65 million
hectares, with a view to implementing a program of colonization in that
country. Soil surveys and soil management studies are being undertaken
in the Andean-Indian Region of Latin America, as part of a complex project,
in an attempt to find favourable physical conditions for improvement of
living standards of the local population. In Ghana, a survey of soil and water
resources of the flood plains of the lower Volta River is being undertaken.
The primary objective is to assist the government in boosting agricultural
production in that very important area of the country.
FAO's experience confirms that in soil management, the two outstanding
factors are the intensive use of chemical fertilizers and the conservation
of water and control of water use. Nearly all cropped soils of the underdeveloped countries are low in fertility, lacking in one or more of the
essential plant nutrients and, in some cases, needing lime as well. The work
of the International Rice Commission has shown this to be true in all the
countries of South and South East Asia. This work confirms the experience
XVII

Opening Session 3

in Japan, as well as that of the rubber and tea plantations, that the liberal
use of chemical fertilizers, along with natural organics, is essential for high
yields. Similar work in Iran has shown the acute need for phosphates, as
well as nitrogen, and that, through their proper use, yields of cereals may
be increased by 50 to 150 per cent.
The urgency of providing fertilizers is increasingly recognized by governments. A recent FAO fertilizer survey in Asia reported that Iran, Pakistan,
India, Indonesia, the Philippines and Taiwan had one or more large nitrogen plants under construction. Other countries have them in the planning
stage. India is undertaking to increase the use of fertilizers in a ten-year
period from 120,000 tons of plant food to 1,750,000 tons per annum. Several
Middle East countries, including the United Arab Republic, Israel and
Turkey, are expanding fertilizer production. Likewise, Peru and Mexico have
substantially increased both the production and use of fertilizers.
The controlled use of water, whether for irrigating desert areas, in dry
land farming or in humid regions, has made possible great increases in
productivity. While these modern and scientific methods are used extensively in North America and Australia and in a few other places, in underdeveloped countries, unfortunately, water is inefficiently used for irrigation.
Hundreds of thousands of acres are being damaged by waterlogging and
salinity. In dry-land areas, water is unnecessarily lost, causing severe erosion
and low crop yields. The great need in such countries is to encourage the
adoption of known practices in the controlled use of water as rapidly as
possible. This is an extremely difficult task. In many cases it requires changes
in land tenure, development of technical services, production incentives and
a major educational effort. All of these, however, are necessary to secure
not only the adoption of the two practices mentioned, but also those other
soil, crop and livestock management practices which must be associated with
them.
It is clear, therefore, that while soil scientists can make a valuable contribution by participating in all aspects of the Campaign, in national and
regional research projects their contribution can be most effective. There
are many gaps to be filled in our knowledge about the less productive soils
of the underdeveloped countries. Extension work needs to be intensified in
the field of soil conservation and soil improvement. There is a great need
for training of workers in soil and crop management. In all these fields, soil
scientists can advance the purposes of the Campaign by stimulating research,
surveys and field projects. I shall mention here, as an instance of action
programs under the Freedom from Hunger Campaign, a project for increased fertilizer use which has been developed by FAO in consultation
with representatives of the fertilizer industry. The project will include a
field program for promoting the increased use of chemical fertilizers in
underdeveloped countries. In the course of this, supplies and equipment
will be made available and fertilizer tests and demonstrations carried out.
The second part of the program will be devoted to marketing and development studies, which will be published and widely distributed. The industry
will contribute two million dollars towards implementing the project. The
World Seed Campaign, also sponsored by FAO, and the wheat and barley
improvement program in the Near East are two more examples of action
programs under the Campaign. Many other projects of a similar nature,
which can make an immediate impact upon the world food situation, have
been included in the Campaign publication 'National Action Projects —
A Selection'. Their implementation will require the active cooperation of
government departments, scientists and technicians, farming and industrial organizations and voluntary associations.
XVIII
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I hope I have been able to convey to you some of the ideas which have
prompted us to launch the Freedom From Hunger Campaign and the
role the soil scientists can play in this endeavor. Of the three historic
enemies of mankind — war, pestilence and hunger, which in the past have
taken such heavy toll of human life and happiness, war and pestilence
are already under some measure of control. Recent advances in medical
science, supported by large-scale public health measures, have won significant victories against epidemic and endemic diseases. A global war
today with the employment of nuclear and thermo-nuclear weapons could
not be contemplated by anyone who is even remotely interested in the
survival of the human race. But hunger still remains a major threat to
the future of mankind. In the consciousness of what is at stake, let us
therefore all work together and hasten the day when man's eternal scourge
— hunger — will be a thing of the past.
On behalf of the World Organization I represent, and on my own behalf,
I wish this Congress every success.
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PRODUCTIVITY OF THE ARABLE SOILS OF THE UNITED STATES:
1927—1959
by
CHARLES E.

KELLOGG

Soil Conservation Service, U.S. Department of Agriculture

Soil use and management in the United States has greatly changed since
the 1927 Congress of the Society in this country. A look at these changes
may give us some insights into future agricultural development and research.
First, I should like to display a few examples of change. * Figure 1 shows
trends in the yields per unit area of soybeans and wheat. Both have risen
substantially and are still rising. Perhaps more important, the man-hours
required per ton of product are now less than oneTthird of those used in
1927. The yields of maize and grain sorghum (figure 2) and of potatoes
(figure 3) are rising even more dramatically.
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Besides crop yields, livestock production per breeding unit increased
from an index of 81 in 1927 to 125 in 1958. The feed units required for
* Data on production from Agricultural Marketing Service and Agricultura
Research Service, U.S. Department of Agriculture.
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a hundred pounds of milk or meat have not changed greatly, except for
dramatic improvements in poultry. Farmers used 5 pounds of feed for
each pound of broilers produced in 1934, but less than 3 pounds in 1959.
Figure 4 shows the strongly rising trend line for total farm output.
Although it went down in the early thirties it is now rising at roughly
2 per cent per year. With greater market outlets at the same prices, probably output would have advanced somewhat more.
Since 1920 the total area of cropland (including harvested crops plus
crop failure and summer fallow) has varied somewhat. In 1927, at the time
of the first Congress, it was 373 million acres (about 151 million hectares);
in 1958 it was 357 million acres (or some 146 million hectares). But of
this, the land used to produce feed for horses and mules dropped from
XXI
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73 million acres to 7 million acres, thus releasing' 66 million acres for other
crops. This parallels an increase in the number of tractors from 693,000
in 1927 to 4,750,000 in 1959. Other types of machines and farm electrification have also increased greatly since 1927.
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The use of lime increased sixfold, from 3.8 million tons in 1297 to 22.5
million tons in 1958. The plant nutrients (N, P 2 0 5 and K 2 0) in commercial
fertilizer increased from about 1.2 million tons to 6.4 million tons — over
5 fold. (See figure 5). In recent years other chemicals for weed and pest
control have also increased markedly.
The total man-hours of farm labor in 1958 was just under one-half that
used in 1927, despite an increase in output of about 65 per cent. Farm
output per man-hour in 1959 was approximately 3 times the 1939 level.
This change has resulted not only from increased efficiency of direct
labor on farms but also from the general growth of the national economy.
What we have experienced is an almost revolutionary substitution of indirect labor — in the form of machines, chemicals, and services — for
direct labor on farms. Farm management skills in the use of the new production practices continue to increase. Without these substitutions, many
more acres of land and much more farm labor would have been required
to produce our current output.
I have already said that fewer acres were used for harvested crops in
1958 than in 1927. Some of the acres used in 1927 have dropped out of
use for harvested farm crops and other acres have taken their place. Partly
these shifts in use among soils have been a result of emphasis on soil conservation based on soil surveys. More such substitutions are needed; and
they will continue because our soils do not respond equally to the newly
developing practices. Thus during this period of change the importance
of fitting practices to the soil has increased. Success in modern agriculture
requires that farmers have adapted soil management systems for each specific situation of kinds and patterns of soils.
We all know that the unlike kinds of soil respond differently to the many
new combinations of practices that involve large expenditures for chemicals,
equipment, water control facilities, improved seeds, and all the rest. If
a farm manager gets a wrong combination of these expensive items for the
kinds of soil that he is using the results can be disastrous. In several parts
of the United States, and more especially in the South, soils that were
among the most highly prized in 1927 have since been reforested and many
that were unproductive by the soil management practices used in 1927
have since been developed for highly productive crop use.
The same sorts of changes have occurred in several other countries where
both scientific principles and industrial products have been used to improve
agricultural efficiency.
'

ii

These trends indicate gradual but profound changes in the relationship
of the farmer to the soil he cultivates. Even more, they suggest changes in
our views of these relationships contrasted to 30 or 40 years ago.
About the time of the First Congress soil scientists emphasized the hazards of soil exhaustion through erosion, by loss of organic matter and
plant nutrients, and in other ways. The use of fertilizer was seen as a way
of balancing the nutrients removed by crops and lost in other ways.
Many talked of a kind of 'natural balance' between man and soil, reasoning, perhaps, by analogy from some preliminary generalizations
from ecology, but this concept was too vague to be helpful in practice.
Actually farmers had long used technology to change soils. What they
were really seeking was a 'cultural balance' aided by the full use of modern
science and technology.
Since that time we have developed a more inclusive general concept of
soil and water management — not simply one of avoiding waste and
XXIII
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'holding our own' — but one of soil improvement. This we call soil conservation. It means the effective use and stability of each acre of soil that is
needed for use at its optimum level of developed productivity. The important question about any tract of land is, 'How will the soil respond to
management?'
This modern concept of soil conservation grew out of a more precise
concept of soil. By 1927, most serious students of soils no longer looked
on them as simple storage bins filled with weathered rocks. Many were
seeking explanations of soil genesis and behavior through the study of
soil profiles. In fact, the 1927 Congress was perhaps most noteworthy for
its influence in promoting such basic soil research.
Yet soil profiles are essentially points while the real soils that we study
and classify, and that the farmers use, have area as well as depth. Soils
are individual, 3-dimensional bodies. These are what we study and place
into classes for soil mapping and for recommendations. We look at each
soil as an independent body, related to its past and present environment,
but defined by its own characteristics.
This enlargement of our concept of soil from that of a profile to one of a
3-dimensional body has helped both basic and applied soil science a great
deal. As one example among many, we now appreciate more clearly the
relationship between soil formation and landscape change. The tools and
concepts of geomorphology are helping us to understand soil genesis more
clearly and to predict more accurately the long-time effects of soil and
water management practices on soil stability. The 3-dimensional concept
has helped those doing plot work to define their universe of study and to
lay out more nearly adequate experimental designs. The concept has
helped enormously in the improvement of soil maps and in their interpretation for specific predictions and recommendations about individual
fields and other land tracts. Such soil maps are essential for planning farms
to get the full benefit of the interactions among practices.
In 1927 and for some time afterward most soil classification schemes in
general use were based on virgin profiles. In the United States, in cooperation with our colleagues in other countries, we have been seeking a
broader system with adequate differentiating criteria for both natural
and cultural soils. Probably it was necessary that the earlier work gave
emphasis to virgin soils. They are easier to study and to explain. But
we have greater need for precise knowledge of arable soils. And farmers
make increasingly drastic changes in their arable soils as they apply the
tools of modern science and technology. Now we hope to be able to classify
our arable soils more accurately.
in

We now understand that the skillful soil manager uses practices to
develop arable soils that are best for his purpose. Every farmer 'makes'
his own arable soil from a natural soil or an old arable soil within the limits
of our expanding technology. His aim should be to approach the ideal for
his crops as closely as practicable. It is increasingly important that we
have standards for the ideal arable soil. These standards are different for
different soil-crop combinations. The successful farmer does not follow
practices blindly. A proper decision about any practice within a combination
depends upon the extent to which it contributes toward making the arable
soil better for his purpose.
Although we can make some generalizations about objectives of soil
management practices, none can be made for the individual practices themselves. Sometimes one reads of the universal importance of increasing
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organic matter in the soil. But this is not true for all soils. Some need
deeply rooted plants part of the time for the maintenance of good soil
structure in the rooting zone, others do not. The fertilizer needs, if any,
of individual soils vary enormously. Yet one still finds specific recommendations by kinds of crops for many soils. These lead to wasteful practices.
The arable soils of temperate regions that are productive for the general
field crops have many characteristics in common. Soil scientists know
them fairly well. Few soils have these characteristics naturally, or at least
after the first flush following breaking out.
(1) We think first, perhaps, of a balanced supply of available nutrients
in the rooting zone. The choice of cropping system, the conservation of
residues, and the use of manures, compost, and fertilizers can contribute
to the supply but we first must know what nutrients are needed and in
what amounts to reach the balance most economically.
(2) A good arable soil has a good balanced supply of water and oxygen
in the rooting zone. Besides the effects of the cropping systems themselves
in maintaining permeability, we use engineering practices for runoff control,
irrigation, and drainage, commonly in combination.
(3) The good arable soil must have a limited range in soil reaction. This
can be produced and maintained by the use of chemicals and in other ways.
(4) The farmer must develop and maintain soil tilth suitable for the
plants to be grown and adequate to maintain the stability of the soil
itself from injury by erosion or blowing.
Any such list can be broken into many subdivisions. Although standards
for many crops are quite similar, the ideals for some kinds of crops are
quite different. Then too, standards are different in the tropical regions
than in the temperate regions.
Above all, it is clear that the desirable soil qualities or management
objectives listed under any one heading influence those under all the other
headings; and this is also true of the practices designed to reach the objectives.
IV

In my view the most important principle that good farmers have learned
since 1927 is the one of interactions among soil characteristics and among
practices. More than anything else this accounts for the changes in agricultural production that I discussed at the start.
Beyond the application of the principle of interactions to the field, the
principle holds for fitting together all the fields and enterprises into a
farming system. But this opens up the whole field of farm planning for
which we have no time at the moment. You will see examples on the tours.
I think that we should be proud of the advances that have been made
since the Congress in 1927. We can be proud of our part in demonstrating
something of the great potential abundance in our soils. This is not due
to soil science alone, not by any means. Nor could it have been had without
soil science; any more than it could be had without improved machinery or
without improved germ plasm within our plants. To me, our most striking
advance has been our gradual realization of the vital importance of the
interactions. Each practice within a group of practices makes the others
more effective. Look, for example, at the increases in corn (maize) yields
for the United States — and I could have taken examples from other
countries. This was not due to machinery, to hybrid varieties, to fertilizers,
or to water control. It was the combination of all these. With the old
practices of 1927 the hybrids would not have given us much increase on the
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majority of our soils. With the varieties of 1927 increased fertilization and
water control would not have given us much.
To say this more simply: If we want to improve the productivity of
any acre of arable soil anywhere in the world, we must first find out what
combinations of practices are required to produce and maintain an arable
soil that gives the cultivator his greatest economic return. And then he
needs to use all these practices together on that acre. Basically, these are:
A balanced supply of plant nutrients, balanced air and water, good germ
plasm, and adequate plant protection. No one of the four can be eliminated
and a favorable economic result expected.
More than soil management practices are involved. Others besides soil
scientists understand this principle of interactions. Among all the natural
scientists it is mainly the soil scientists who are concerned with all the
relevant soil characteristics and technical practices in combination, for any
individual soil or kind of soil.
This idea of combined practices that capture the benefits of the interactions is, I believe, the greatest contribution we have been able to
offer toward the skill of improved production. You will find it in our modern
research on soil management and in our modern farm planning. Fortunately,
we have had a reasonably good balance in research, in education, in technical
assistance, and in the industrial production of machines, chemicals,
electric power, and other facilities. This is the lesson of the few curves of
data I presented at the start. And this is what I hope people talk about
mainly, not simply the individual practices.
Great opportunities for increased production exist throughout the world,
including hundreds of millions of acres in the Tropics. These cannot be
realized by taking the individual practices from the United States or
any other advanced country. Few will pay by themselves. What we have
to offer are the skills to learn and basic principles, especially the principle
of interactions.
v
And really we have only begun to apply scientitic principles to crop
production. Partly this is because both farmers and scientists are strongly
guided by tradition. We still put relatively too much of our effort into
relatively simple applied research according to current principles and too
little into basic research for new and more precise principles. We need more
imaginative new research.
Then too, despite the progress we have made I think we must admit
that much of soil science is still in a kind of 'natural history' stage, not
yet truly quantitative. When describing our soils and recommending
practices we still lean heavily on such vague qualifiers as 'some', 'more
or less', 'partly', 'usually', 'commonly', and the like. Now certainly we
should not be blamed for our youth; but we could be blamed for satisfaction.
Nor can we avoid the difficulty by confining our research to very simple
systems; even if we do get quantitative results they do not give us useful
knowledge for prediction about the behavior of real soils.
What Professor J. K. Galbraith has said of economics applies equally
well to soil science: 'The shortcomings . . . are not original error by uncorrected obsolescence'.
In developing new and improved systems of farming we still stay fairly
close to local traditions on soil management. Farm managers rarely come
up with more economic combinations of practices for their farms by straightforward reasoning from their knowledge of the characteristics of the individual soils and their relationships to the alternative combinations of
XXVI
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practices that may be used. More commonly, farmers or cultivators start
with the current practices and try to improve them. This is why farmers
are often called conservative, because where precise knowledge is lacking
drastic changes are too risky.
We have made important steps toward quantification, however, since
the last Congress. For example, it is now possible to make quite good
predictions about the behavior of water in our soils in relation to engineering structures. Soil tests for plant nutrients have improved enormously
since the 1927 Congress even though we have no clear scheme or combination
of schemes that works on all soils. We have learned how to interpret soil
maps in terms of specific predictions.
VI

Perhaps because of the breadth and complexity of our subject, we are
inclined to be narrowly specialized, some in terms of specific skills, some
in terms of local kinds of soil, and some in both ways. Yet we are on our
way toward the development of those unifying basic principles that will
someday characterize what may be called 'general soil science'.
With these principles yet to come we can start with the soil and work
out combinations of practices for field testing that can be expected to
approach the best combination that science can offer under the current
state of the agricultural arts and of the economic and social conditions
within which production takes place. Now we are short of having this
ability. Millions of cultivators in the world are using soils of which no scientific
examinations have ever been made. Thus no one knows where they belong
in a system of classification nor how they could be expected to respond
to any management system different from the one they have now. Only
the uninformed dare ask these cultivators to take the risks of new systems
without soil surveys and field trials.
Finally, I should like to say a word about the problem of specialization
in our science. Actually, I suspect specialization will need to increase in
order to get more deeply into the basic research for new principles. Specialization can lead to greater segmentation, but it does not need to. If
we keep our viewpoints broad, specialization leads to no harm. Only
through specialization can we bring to bear the intensity of research and
study that many of our problems require. But we can do that fully and
still maintain a broad view of the soils of the world and their potential
behavior as arable soils. Without the basic principles of general soil science,
applicable to all soils, we shall fail the greatest double challenge we shall
ever have: Abundant food for all and high standards of rural living made
possible by efficient soil use.
ABSTRACT

Efficiency of soil use on a sustained basis greatly increased in the United
States between the First (1927) and Seventh (1960) Congresses of the
International Society of Soil Science, and is still rising rapidly. Total
production went up about 65 per cent; cropland area went down slightly;
and man-hours of farm labor went down 50 per cent. Fertilizers increased
over 5-fold. Off-farm labor on machines and chemicals substituted for much
direct labor on farms.
Substantial changes in our ideas about soils and soil conservation went
along with this rise in efficiency. These are reviewed. Among them special
emphasis is given two concepts: (1) The principle of interactions for developing alternative combinations of practices for each kind of soil and
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their application to individual farm planning; and (2) the economic development of highly productive arable soils, from formerly unproductive
kinds of soil by using unique combinations of practices suited to the specific
kinds of soils.
The principles abstracted from these experiences seem to have application in undeveloped areas and may also suggest the outlines for a general
soil science to meet the challenge for abundance with high standards of
rural living.
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O P P O R T U N I T I E S F O R SOIL SCIENTISTS IN F R E E I N G T H E
W O R L D FROM H U N G E R
(Presidential Address)
by
RICHARD BRADFIELD*
INTRODUCTION — T H E

t

PROBLEM

Mr. B. R. Sen has given us a picture of the world's needs for food if it is
to be free from hunger. Dr. Charles E. Kellogg has reviewed the progress we
have made in the United States in the production of food since our meeting
in 1927. I would like now to discuss with you the contribution which soil
scientists can, and must make if the goal of FAO is to be achieved. I can
think of no single group of scientists who have more to contribute to this
end t h a n this group. W e cannot do it alone, neither can a n y other scientists
do it without us. We read in the popular press of many unique solutions to
the food problem which do not require soil; hydroponics, algae cultures,
yeasts, plankton from the sea, and so forth. These are interesting new
developments and their potentialities, as well as those of all other kinds of
soilless agriculture, should be explored. The evidence available to us indicates, however, t h a t for the forseeable future, if mankind is to be well fed,
he will have to feed largely upon the products of the soil and of the sea.
If this be true, the products of the soil will have to be greatly increased.
The amount of increase required will vary with the increase in population.
If the population of the world were kept constant for the next 25 years our
job of producing enough food for all would not be too difficult. In many
countries, however, the rate of increase of population is already greater t h a n
the rate of increase of food supply. In areas where the population per unit
of agricultural land is already high, a n d the population still increasing a t a
rapid rate the problem of increasing food supply at a sufficient rate becomes
formidable indeed. I n such situations consideration of ways of a t least
slowing down the rate of population increase would seem wise. While this
is primarily the job of the population expert it is inseparably intertwined
with our food production problem. Agriculturists have had more experience
and in general more success in increasing food production than population
experts have h a d in population control. For this reason, we m a y have to
carry a major part of the responsibility for the better fed world for the
next 25 years. We can delay the evil day when population will greatly
exceed the food supply for some time by improving agriculture; but, unless
something is done to slow down the rate of population growth, eventually
Malthus will win.
WAYS OF INCREASING FOOD PRODUCTION — DEVELOPING N E W LANDS

There are two principal ways of increasing the food supply of the world:
first: to increase the area of land under cultivation and, second: to increase
the yield of crops on the land t h a t is now being farmed.
* Professor of Soil Science, Cornell University, Ithaca, N.Y., President of the
International Society of Soil Science.
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It has been estimated that there are about one billion acres of land in the
humid tropics and approximately 300 milhon acres of podzolic soils in the
north temperate region which can be brought under cultivation. Of these
the tropical area would seem to have by far the greatest potential. This
area is blessed with abundant sunshine, a growing season of 12 months each
year, and generally plenty of water. These very conditions, which are so
favorable for year around plant growth, however, in many areas have depleted the supply of plant nutrients, and left a residual surface soil which
is acid and has a great capacity for fixing phosphate fertilizer when it is
introduced in commercial form. The problems of management of these soils
are great. With modern technology it is generally easier and cheaper to
improve soils than to improve climate. Differences about the value of
tropical soils among soil scientists, as we shall probably see this week, are
very great; but I think that we will all admit that the potentialities exist.
The problem is largely that of finding solutions that are practical and
economically feasible under prevailing conditions. This I regard as one of the
most important soil problems before the soil scientists of the world today.
In addition to the difficult technical problems, many very complicated
human problems are also involved when farmers move from areas in which
they have long experience into a new and strange environment. The pioneering spirit is not very strong in most people. They prefer to live in the
communities in which they were born and reared. The potentialities for
increased food production in the humid tropics are so great that all these
problems must be solved. The surveys and basic research necessary as a
foundation for developing economic systems of soil and crop management
for these areas should be greatly expanded. We are grateful to FAO for
sponsoring two conferences on tropical soils in connection with this Congress,
the first at Raleigh, N. C. last week and the second here in Madison on
Thursday of next week. I am sure that these conferences have thrown
and will throw much light on the potentialities and problems of many
important areas in the tropics.
WAYS OF INCREASING FOOD PRODUCTION — INCREASING YIELDS ON LAND
Now IN USE

Let us now return to a consideration of possibilities for increased food
production in the areas now under cultivation. For many obvious reasons
increased food production for the immediate future will probably have to
come largely from such lands. Many of those areas have had a long agricultural history. In most of the less developed countries the primary food
of the masses of the people has been one or more of the cereals: rice, wheat
or corn. These cereals often furnish from 75 to 90 % of the calories consumed.
Such diets are commonly deficient in both protein and vitamins. The production of adequate amounts of fruits and vegetables to balance a cereal
diet should not present many serious difficulties in most areas. To provide
the high quality protein needed is a more serious problem. In the less
developed countries, where these cereals have been grown under continuous
culture without fertilizers for centuries, yields often fall to a level of about
8 to 12 bushels per acre in the case of corn and wheat and to 20 bushels in
the case of rice. Similar yields were common in Europe up until about the
17th century.
In the United States we have a few long time experiments in which we
have been able to follow systematically the changes in yield of cereals under
this system of management. Many of you on Tour I saw one of the most
interesting of these experiments on the old Morrow Plots at the University
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of Illinois. On some of these plots corn was grown on this very rich prairie
soil for 80 years without fertilizer and without manure. The yield fell
gradually to 23 bushels per acre. In another hundred years, I have no doubt,
it would approach the same level that has been reached in some of the older
countries.
This seems to represent the lower limit attained in most areas after centuries of primitive management. We commonly speak of such soils as being
"worn out." I do not know exactly what this term means. If it implies that
such soil cannot be made productive again, then our experience indicates
that the term is a very misleading one. The average yield of wheat in England was about 8 bushels per acre at the beginning of the 18th century.
After the introduction of the Norfolk rotation, in its various modifications,
but before the introduction of commercial fertilizer, the yield of wheat had
increased to 20 bushels per acre by 1840. Today it is about 40. In the case
of the Morrow Plots at Illinois in 1955 after 80 years of continuous corn
without soil treatment, a modern treatment involving lime and commercial
fertilizers was applied and the first year of this treatment a yield of 86
bushels of corn per acre was produced. When these treatments were repeated
in 1956 the yield was 113 bushels per acre, about twice the average of the
state. Such experiments give us good reason for thinking that these low
productivity soils in the older regions of the world are not "worn out" in the
strictest sense but are still capable of responding quickly and generously to
good treatment.
SOME LESSONS FROM HISTORY

A study of the history of agriculture in Western Europe and the United
States furnishes, I think, clues which will be useful to us in approaching the
problem of more abundant food production. For the purposes of this discussion I shall divide the history of our science as it developed in Europe
and the United States from 1800 to the present into two periods:
1. The period of Analysis, extending from about 1800 to about 1930.
2. The period of Analysis and Synthesis, extending from about 1930 to
the present. I feel that we are now in the early stages of the development
of this second Period.
T H E P E R I O D O F A N A L Y S I S — F R O M 1800

TO A B O U T

1930

This division is of course neither sharp nor rigorous but it does have some '
validity and is useful. Analysis has not ended and probably never will end.
For that reason I have designated the second period as one of both analysis
and synthesis. As a matter of fact most of the papers on our program at this
Congress are of an analytical nature. This is as it should be. Analysis must
precede synthesis. But we cannot be sure that our analysis is correct and
complete in all details in any given location, until we have used it in a
synthesis of an appropriate complex of the more important factors with
which it is commonly associated in nature.
Many of the less developed countries are just entering the analytical stage.
Thus we have today countries in all stages of the evolution of our science,
as it is applied to the ecology and economy of countries. Early in the 19th
century important new research tools were being developed. Chemistry had
reached the stage where quantitative analysis of plants and soils became
possible. This led to much activity in many places. I shall not take time to
describe in detail the classical experiments of Boussingault, Liebig, Lawes
and Gilbert, and scores of others which are already well known to you.
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In this country, the Land Grant College Act of 1862 established an
agricultural college in each state, with the result that more trained men
became available as farmers, teachers and research workers. After many
striking increases in yields were obtained in field experiments, the Agricultural Extension Service was established in 1912 to provide trained agriculturists to bring the results of research to farmers in all of the counties of
our country. But even after this step was taken the effect on average yields
of crops was disappointing, even up until the time of our First Soils Congress
in the United States in 1927. This was a matter of great concern for many
of our agricultural leaders.
THE PERIOD OF ANALYSIS AND SYNTHESIS

To the best of my knowledge one of the first men to analyze the broad
situation as it existed in 1930 accurately, and to express it clearly, was Dr.
Tennyson B. Jarvis, research agriculturist of the Ontario Research Foundation. A brief summary of his views was presented to our Third Congress
at Oxford in 1935. Dr. Jarvis said, in a paper published in 1931, "It is
significant that in spite of the amazing progress in genetics, in knowledge
of plant diseases and insects and their control, in soil surveys, in increased
use of fertilizers, during the last 40 years average yields per acre have shown
no appreciable increase in this country. On the other hand the almost
unlimited possibilities for increased production have been demonstrated
continually by the phenomenal yields obtained both on experimental plots
and on individual farms. What is the secret of this inconsistency between
our accumulation of scientific knowledge in relation to agriculture and our
lack of gain in average yield per acre? It is that we have concentrated upon
isolated problems of genetics, insect and disease control, soil fertility or
individual response to stimuli and have neglected to view all agencies in
their interactive relationship as individual plant environments.
"To attain that delicate adjustment between plant and environment which
will insure maximum productiveness, increased collaboration and cooperation must be effected between the various agricultural units. For, although
the research scientists must specialize, agriculture itself is not specialized,
and geneticists, plant physiologists, pathologists, entomologists, soil physicists, chemists and meteorologists, must all join forces for successful solution
of this fundamental problem of adaptation of plants to environment.
"The culmination of all agricultural research effort must be, first, the
determination of the optimum conditions for growth for individual plants or
varieties, and second, equally accurate determination of individual environmental coincidences under which the agricultural industry must operate in
any given area . . . . Research had disclosed that it is not one or two environmental conditions which govern plant growth and crop yields, but a coincidence or combination of interactive factors, and that one factor cannot
be considered irrespective of the others. There is a definite coincidence of
these conditions under which1 every plant finds optimum2 environment and
produces maximum yields." Salter, Lewis and Slipher, of the Ohio Agriculture Experiment Station, in 1936 studied crop yields in the state of
Ohio and reported that, in spite of all of the experimental work that had
been done in that state in the preceding half century, the yields of the more
important crops had remained practically constant.
1

Scientific Agriculture XI No. 11: 760—774. 1931. Toronto, Canada.
' Our Heritage, The Soil. Bui. 175 Ag. Extn. Service, Ohio State Univ.,
Columbus, Ohio.
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While this failure to raise average yields was discouraging to the agricultural scientist, the phenomenal yields which were occasionally obtained in
his experiments, and by individual farmers, clearly demonstrated the great
potentialities for further increases in yield, when all factors for growth were
made more favorable. This would seem to indicate that under natural
conditions the very favorable combination of circumstances occurred but
rarely in most localities, consequently farmers were seldom able to obtain
these phenomenal yields consistently year after year. A study of the conditions under which these exceptional yields were obtained seemed to be one
logical approach to the problem.
H I G H YIELDS OF CEREALS — POTENTIALITIES

The highest yields of the three most important food cereals, of which I
have been able to find a record, are tabulated below:
WORLD RECORD YIELDS REPORTED IN LITERATURE

Crop

Yield
Bus/ Kg/He
acre

Grower

Location

Year

Reference

19,100

Lamar Ratliff

1955

Farm Journal
Nov. p. 16

Corn
390
(Greenhouse,
gravelculture)

24,400

H. G. M. Jacobson

Baldwin,
Prentis Co.
Miss.
Conn. Ag. Exper. Sta. New
Haven, Conn.

1948

P.Physiol
23: 636—7

266

13,400

K. Velliah
Gounder

Thattampatti
Village, Madras, India

19501951

131

8,800

Turrell Bros.

1952

144

9,600

Norfolk,
England
Soviet Union

The Record
US Dept. of
State, Mar.Apr. 1952 p.
26
N.Y Times
Dec. 8'52
N.Y Times
Dec. 8'52

Corn (field)

304.38

Rice

Wheat

1944

These record yields are from three to five times the yield obtained on the
average by our better farmers. They represent yields which are possible when
the use of good management practices is accompanied by a very rare and
fortuitous combination of favorable environmental conditions. Modern
technology is making possible, and in many cases economically feasible,
a degree of control over environment which would have been inconceivable
a few years ago. As our understanding of the optimum environment becomes
more complete, and factor after factor yields to man's control, these rare
yields should become more and more common. Yields of corn of over 200
bushels per acre, or 12,500 Kg. per hectare, have been reported in every
major corn growing area in the United States from the Atlantic to the
Pacific and from the Gulf of Mexico to the Canadian border and with increasing frequency. An integrated approach, involving all of the more important factors affecting crop growth, and their interaction upon each
other, are receiving considerable attention in Europe, Japan, Taiwan,
China, United States and many other places.
We set up an experiment at Cornell seven years ago with the object of
finding the factors which limit the growth of our principal field crops in
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central New York, when we incorporate into our system of managementall
of the best information regarding the individual factors which we have been
able to obtain by research on various single factors. The factors affecting
crop growth, which cannot be readily controlled under regular field conditions, are being systematically measured and automatically recorded at
frequent intervals, and their seasonal variations will be noted. In this way
we hope eventually to get a better picture of the things which we must do in
order to take maximum advantage of the yield potential of our environment.
Several interesting points have already been brought out by these experiments. Yields of corn on the plots receiving heavy fertilization plus 6—8
inches of supplemental irrigation during dry periods ranged from 128,5
to 155.6 bushels per acre (8,060 to 9,800 Kg/Ha) and averaged 137.5 bushels
per acre (8,600 Kg/Ha). For 5 of the 6 years of this experiment to date the
plots receiving the normal level of fertilizer now being used by the better
farmers of the state yielded an average of 104.7 bushels per acre. Trebling
the amount of fertilizer but without irrigation raised the average yield to
only 106.2 bushels per acre, a difference of little significance. Water and
not fertilizer was the factor which limited yields in 5 of the 6 years. The
increases for irrigation ranged from 30 to 100 % on the heavily fertilized
plot. In only one year out of 6 was enough water supplied by natural rainfall
to meet the needs of the heavily fertilized plots.
We have many reports in the literature of experiments in which the best
treatment employed gives an increase in yield over the other treatments but
even the best yield obtained is very low, perhaps only 1600 Kg. per hectare.
An increase from 800 Kg to 1600 Kg per hectare is quite significant economically; but if it can be shown that the environment is capable of producing a
yield of 8,000 Kg per hectare, five times the maximum obtained in the experiment, it would strongly indicate the experimenter was working on the wrong
problem! More could probably be accomplished in increasing crop yields
if he would search for the factors which are preventing him from obtaining
a yield of 8,000 Kg per hectare.
In countries with a limited number of soil scientists and a serious food
problem it seems to me that the work of the soil scientists should be focused
primarily on the problems which seem to show great promise for increasing
food production instead of on some problem which happens to interest him
at the moment but which has at least no immediate promise of increasing
food production.
If we are to be free from hunger each country will need men with gaols
like that of Lester Pfister, one of our leading hybrid seed corn producers.
His ambition is to produce 200 bushels of corn per acre with 100 minutes of
man labor. He thinks this goal is attainable in his lifetime. Two bushels,
one hundred weight, 50 kilograms of grain with one minute of labor in the
field! Such a farmer could produce enough in 5 minutes to feed one adult
for one year ! If each country which is short of food had a dozen such farmers
to point the way, our goal would not seem so remote!
IRRIGATION ADDS MORE THAN W A T E R

I would like to cite a few other examples to illustrate the necessity for
considering the complete environment of the crop in our soils investigations.
In many of the less developed countries where crop yields are low, one of the
most frequent causes of low yields is the lack of water at certain critical
periods. There is consequently a widespread feeling that if plenty of water
were supplied their problems would all be solved. When irrigation water is
supplied there is great jubilation in the community and the first few years a
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great improvement in the yields of crops is usually noted. After a few years,
however, disappointing results are often obtained.
Both farmers and government planners often fail to realize that when you
supply plenty of water to a soil-crop complex, you do more than merely add
water; you change the effectiveness of every other factor in the system, and,
consequently, need to develop a new system of management. The varieties
of crops grown before irrigation had probably been selected for generations
for drought resistance. The farmers wanted a variety which would produce
some food to feed his family even during a very dry year. The relatively
rare years in which there was plenty of rain did not greatly concern him.
He got a little "bonus" during such years. But the drought resistant variety
is seldom capable of making maximum use of the improved water supply.
A new variety which will give the highest yields under the new moisture
regime is needed. New cultural practices are also needed. With plenty of
water the plant population can be increased. The rate of fertilization and
possibly even the ratio of nutrients in the fertilizer will have to be changed.
The weed problems will be different. New crop rotations which will use the
land more efficiently become possible with a dependable water supply.
This will call for changes in the traditional marketing system. The amount
of water used will have to be properly regulated. Too much or too little
will reduce net returns. Salinity may become a problem sometimes for the
farmer, sometimes for his neighbors. This hst of changes is incomplete but
is sufficient to show that when you make abundant irrigation water available to a community, customs developed for generations must be changed.
If maximum use is to be made with a minimum of costly mistakes, an
experimental farm should be set up in the area, to work out the changes
in soil and crop management needed five to ten years before the irrigation
water is to become generally available.
MORE THAN HYBRID SEED IS NECESSARY TO MAKE THE MOST OF HYBRID CORN

The very great contributions which hybrid corn has made in the United
States have been described in the press throughout the world. Many people
have concluded that all that is needed to increase the yields of corn in their
country is to get some hybrid seed. If they act on this assumption most of
them will be disappointed. Well adapted hybrid seed has greater yield
potential than most native varieties. To realize this potential fully, however,
the crop must be provided with an environment suited to it. The number
of plants per acre, the fertility of the soil, the water regime, the temperature
cycle, the length of day, the length of the growing season and many other
factors will affect its performance. If there are many very unfavorable
conditions for the hybrids a native variety, selected for performance under
these unfavorable conditions, will probably give a higher yield. There is
no single, easy, magic, royal road to increased food production.
MANY SCIENCES ARE ALSO WRESTLING WITH THE PROBLEM
OF OVER SPECIALIZATION

The problems which are growing out of overspecialization are not limited
to soil science but are common to many sciences. Expressions of concern
about it are appearing with increasing frequency. Physicists, engineers,
chemists, biologists all see the limitations of too narrow specialization and
of the need for more generalists.
The problem in medicine is closer to that of soil science than many of the
other sciences because both are dealing with complex biological systems.
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Medical educators are doing much soul searching these days. Dr. Lawrence
Hinkle 1 of the Cornell Medical College says, "No organ can be treated or
cured by itself. It is not even enough to consider the body as a system of
individual organs. Each such 'system' — that is, each patient — is more
than a simple aggregate of molecules and organs, just as a book is more
than an aggregate of paper and ink, a bridge more than a pile of iron . . .
The reason some doctors seem interested in patients only if they have a
special kind of heart condition goes back to medical school. We want to
change this so that the student will be interested not just in interesting
cases but in the patient."
APPLIED SCIENCES ARE BECOMING MORE RESPECTABLE

Along with this growing realization of the dangers of overspecialization
among scientists, one finds in many circles2 that applied science is increasing
in stature and prestige. Mr. C. P. Snow, accomplished British scientist,
stated recently: "Pure scientists have by and large been dimwitted about
engineers and applied science. They couldn't get interested. They wouldn't
recognize that many of the problems were as intellectually exacting as pure
problems, and that many of the problems were satisfying and beautiful.
Their instinct — perhaps sharpened in this country by the passion to find a new
snobbism wherever possible, and to invent one if it doesn't exist — was to
take it for granted that applied science was an occupation for second rate
minds. I say this more sharply because 30 years ago I took precisely that
line myself. The climate of thought of young research workers in Cambridge
then was not to our credit. We prided ourselves that the science we were
doing could not in any conceivable circumstances have any practical use.
The more firmly one could
make that claim the more superior one felt."
Mr. Richard L. Kenyon3, the editor of a well known chemical journal,
expresses the view that, "We need to improve our position in basic science;
to nourish growing realization that work having no apparent immediate
concrete value can be of inestimable worth. But at the same time we need
to wash out completely any ideas that applied science need to be a second rate
pursuit. The view that science is without social responsibility belongs to the
past." Even the great theoretical physicist Einstein says, "Concern for man
himself and his fate must always form the chief interest of all technical
endeavors . . . Never forget this in the midst of your diagrams and equations.'
These are but a few of the many examples I could quote, if time permitted,
showing a distinct change in attitude and approach toward the solution
of practical problems in some of the sister sciences.
ARE YOUNG SOIL SCIENTISTS GETTING THE TRAINING THEY WILL NEED?

In light of these developments it seems to me we should ask ourselves if we
are giving our young teachers and research workers in soil science the type of
preparation they will need to serve most effectively in our struggle for freedom from hunger. Are we in soil science, for example, teaching our students
to see the whole patient or are we turning out men who can see only his
eyes, his heart, or his liver? I fear we are graduating many Ph.D's in Soil
Science who have acquired a great deal of specialized knowledge of some
phase of the subject but who have had but little contact with the whole
1
2

Life Magazine. Oct. 12 '59, p. 156, 160.
Chem. and Eng. News. Vol. 28, Feb. 8 '60. Editorial.
» ibid p. 242.
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patient, the soil as it exists in its natural setting, the dynamic, living system
in which crops grow. Are we turning out men who are qualified and willing
to forsake the ease of their offices and laboratories when necessary and go
out to the fields, the only place where many of these problems can be
solved? I feel that it is just as bad to train a soil scientist without giving
him at least a year of practical contact with soils which are growing crops,
as it would be to turn out a practicing physician before he has had a year
of internship in a good hospital, where he has a wide contact with the
diseases and other human ills with which he will come in contact in his
practice. Yet how many men getting Ph.D. degrees in Soil Science have
•anything like the breadth of experience that the medical student gets by
the time he finishes his internship?
The history of our science shows quite clearly that an analysis of the
various single factors involved is the first step in our effort to unravel the
complex relations between soils and the other components of the environment which effect the growth of crops. If our work stops with such analysis,
however, it will not contribute much to food production. To bear fruit of
value to the society which supports our research, the results of analysis must
be woven into practical systems of soil and crop management. In the field of
agriculture the research scientist has usually left to chance this last crowning step, the "pay-off' for all earlier efforts. He has felt that it was up to
someone else, like the extension specialist, or the farmer, to find out how
to use his discoveries. In industry the pilot plant is an indispensible step
between the basic research and the final practical industrial application.
In most of our agricultural research this important step is often omitted.
It is on this step that our highly specialized research workers must team up
with broadly trained "generalists" to integrate or synthesize the combination of complex variables involved, into an efficient and economical
system of soil and crop management. Teamwork is necessary because few
"generalists" are competent to handle all the details unaided by the various
specialists who have something to contribute. To work together on such a
team, the members must have a common language. This can be provided by
their having in common a broad training in the sciences; mathematics,
physics, chemistry, geology, climatology, biology and at least some experience in agriculture, the industry they are hired to serve.
In most cases, it will be impossible to advance on all fronts at once.
Priorities must be established and the easier and simpler problems attacked
first. Each successive step toward higher yields will be more difficult than
the preceding one. A single well trained soil scientist or agronomist can often
find out how to increase the yield of corn from 20 to 40 bushels per acre in
most environments, but, to go from 100 to 150 bushels per acre is much more
complex and difficult, in all but the most favorable environments. It may
require the combined efforts of a team of 5 or 6 specialists for several years.
But, I am convinced the job can be done. This last step will require a large
investment in research, but if past experience is a reliable indicator, it will
lead eventually to both more and cheaper food.
THIS CONGRESS AND FREEDOM FROM HUNGER

The motto of our Congress this year is "Alleviate Hunger, Promote Peace
Through Soil Science". This is a problem of humanity, it transcends politics
and ideologies, it is a goal worthy of the efforts of soil scientists of all
nations. To achieve it we must work together, sharing experiences, opening
up our borders freely to all who want to come and go, to study, to observe, to
judge the merits and weaknesses of our various approaches. Each country
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has its own unique contributions to make. This Congress epitomizes in away
what I mean. We have come from all over the world to meet on this beautiful
university campus for over a week. We all can talk freely here, we can exchange ideas and experiences. Some of you have already traveled 2000 miles
together in this country in a bus for nine strenuous days across the northeast
and northcentral sections of our country. You have seen some of our landscapes, our agriculture, our soils, our institutions, our professors, our farmers,
our people.
We are now met here in full force, without restriction as to numbers, in
this Seventh Congress of our Society. Four hundred papers will be presented,
discussed, then printed for later reading and reflection in the solitude of our"
studies and laboratories back home. At the conclusion of our meeting here
in Madison, many of us will take to our buses again and head either South
with its fields of cotton, or West to the Golden Gate for 11 to 15 days more
together. We hope it will be a happy experience for you all. We hope you
will form many lasting friendships. We hope, too, that these experiences and
exchanges of ideas will generate new thoughts which will make us all more
effective workers in our efforts to achieve freedom from hunger throughout
the world.
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R E P O R T ON M E E T I N G S

1

7 T H INTERN. CONGRESS OF SOIL SCIENCE, MADISON, W I S C , U.S.A., 1 9 6 0

T H E F I R S T B U S I N E S S M E E T I N G OF T H E

CONGRESS

On Monday, August 15, 1960, about 1400 people, members of the Congress
and guests filled the University of Wisconsin's Union Theatre to take part
in the Opening Session of the 7th International Congress of Soil Science.
The following business was transacted:
1. Opening of the Meeting.
2. Greetings on behalf of the Governor of Wisconsin.
3. Welcome to the University of Wisconsin.
4. Introductions.
5. Report of the Secretary General and Treasurer of the Society.
6. Speeches:
a) The Honorable B. R. Sen, Director General of FAO on 'Freedom
from Hunger Campaign of FAO';
b) Dr. Charles E. Kellogg, Vice President of ISSS, Assistant Administrator, SCS, on 'Productivity of the Arable Soils of the United
States: 1927—1959';
c) Dr. Richard Bradfield, President of ISSS, Cornell University on
'Opportunities for Soil Scientists in Freeing the World from Hunger'.
7. FAO Multilingual Vocabulary.
1—4. The President of the Society, Dr. Richard Bradfield, opened the
session at 9.00 A.M. and called upon Mr. Robert Lewis, who addressed the
meeting on behalf of the Governor of Wisconsin. Second speaker was the
President of the University of Wisconsin, Dr. C. A. Elvehjem, who welcomed
the Congress to the grounds of the University. Next followed the introduction
of Officers of the Society, the Commissions and Chairmen of Organizing
Committees.
5. The President then called upon the Secretary General and Treasurer
of the Society to read his reports.
REPORT OF THE SECRETARY-GENERAL

Members,
Mention has been made in Bulletin No. 16 of the increasing membership.
On June 1st, 1960, a total of 3299 was reached. The following alphabetical
list of countries shows the position compared with the numbers on August
1st, 1956, at the 6th International Congress at Paris:
1-8-1956 1-6-1960
1-8-1956 1-6-1960
2
Afghanistan.
2 Chili
6
Argentine
4
98 China . . . .
Australia
6
46
81 Colombia . . .
Austria.
31
49
78 Congo . . . .
Belgium
3
118
2
155 Costa Rica . .
Brazil .
11
29 Czechoslovakia
1
12
Bulgaria
1
2
5 Cuba
Burma .
1 Denmark . . .
16
61
Cambodia
1 Dominican
Canada .
2
4
63
163
Republics. .
Ceylon .
2
2
3 Ecuador . . .
1
XLI

El Salvador . . .
Finland
France
Germany
Ghana
Greece
Guatamala
. . .
Haiti
Honduras
Hungary
Iceland
India
Indonesia . . . .
Iran
Iraq
Ireland
Israel
Italy

Japan

Korea
Lebanon
. .
Liberia
Luxemburg .
Mexico
Nepal
Netherlands .
New Zealand

. .
. .
. .
. .

1-8-1956 1-6-1960
1-8-1956 1-6-1960
1
1
1
3 Nicaragua . . .
3
5
10 Norway
. . . .
5
3
4
75 Pakistan . . . .
108
2
77
118 Panama
. . . .
2
9 Peru
8
—
8
2
5 Philippines . . .
1
29
3 Poland
2
47
1 Portugal
. . . .
53
1
5
5 Puerto Rico . .
3
2
17
20
14 Rumania . . . .
12
41
54
2 Spain
1
3
72 Sudan
1
55
1
1
1 Suriname
. . .
2
21
1
4 Sweden
. . . .
16
17
1
3 Switzerland . . .
14
2
17
32 Thailand . . . .
5
11
30
41 Turkey
47
80
3
85 U.A.R
62
52
49 Union of S. Africa
45
212
1
2 United Kingdom
167
1
1
1
2 Uruguay . . . .
1
1 U.S.A
425
1020
77
1
1 U.S.S.R
6
4
5 Venezuela. . . .
1
1 Vietnam
. . . .
88
36
91 Yugoslavia . . .
31
172
218

The 3299 members in 74 countries represent an increase of 1425 over
1874 members in 63 countries in 1956.
The period 1956—1960 has brought us the loss by death of some eminent
soil scientists. Obituary notes have appeared in our Bulletins, but their
names merit mentioning once more: Dr. R. L. Pendleton, U.S.A. (1957);
Prof. A. G. Dojarenko, U.S.S.R. (1958); Prof. A. A. Zavalishin, U.S.S.R.
(1959); Prof. N. A. Dimo, U.S.S.R. (1959); Dr. R. Dietz, Austria (1960)
and Prof. D. G. Vilenski, U.S.S.R. (1960).
The death on 8th June, 1960, at the age of 59, of Dr R. K. Schofield may
be especially mentioned here. One of the most outstanding soil physicists
of the United Kingdom, he was to preside over Commission I during this
Congress. Owing to a severe illness he had to be hospitalized a few months
before the Congress. He was, however, not to recover.
Even more recent is the death of Dr. Hugh H. Bennett, world pioneer in
soil conservation, who passed away at the age of 79 at the end of July.
Meetings of ISSS-Commissions
A joint meeting of Commissions II and IV was held in Hamburg, Germany
from August 8-13, 1958.
Commission II organized a Symposium on Soil Zoology from 10 to 14
July, 1958, at Rothamsted, Harpenden, U.K.
A working group of Commission V for the compilation of the soil map of
Europe met in Zagreb, Yugoslavia, from 1 to 5 October, 1958, in Moscow,
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U.S.S.R.. from 26 to 28 June, 1959, and in Budapest, Hungary, from 20 to
25 April, 1960.
Commission VI held a Conference on Supplemental Irrigation in Copenhagen, Denmark, from June 30th to July 4th, 1958.
The Secretary General participated in the conference of Commissions II
and IV, and the meetings of the European soil map working group in Zagreb
and Budapest. Reports have been published in Bulletins no. 13, 1958 and
no. 16, 1960.
National Societies
Since the 6th Congress in Paris 1956, 8 more National Societies have been
founded, viz.: Argentine, Bulgaria, Denmark, Hungary, Ireland, Peru,
Sweden and U.A.R.
International contacts
The Secretary General participated in the international meeting of the
International Non-Governmental Organisations convened by F.A.O. in
Rome, Italy, from 2 to 7 May, 1960, to discuss F.A.O.'s Freedom from
Hunger Campaign (See Bulletin no. 16).
He was also invited to assist at the meeting convened by UNESCO on
Arid Zone Problems, in Paris from 10 to 20 May, 1960. He participated only
in the sessions on May 10 and 11, and made contact for further cooperation
between UNESCO and ISSS, a consultative status of our Society with
UNESCO being planned.
The Bulletin
Once again active cooperation has to be asked from Presidents of the
Commissions, the National Secretaries and Members themselves to enable
the editor to give a more complete picture of the activities in the various
fields of soil science in or outside the Society's realm.
Secretarial work
Between August 1st, 1956 and August 1st, 1960, 3699 letters were
received and 1896 were sent off. Also 16.933 copies of the Bulletins and
3367 lists of members have been dispatched.
REPORT

OF THE

TREASURER

The following review of income and expenditure was presented for approval
by the General Meeting.
Receipts
Balance Jan. 1, 1956 . /
Contributions
Transactions Amsterdam
and pre-war editions . . Coupons
Interest Bank
Drawn Bonds . . . . . .

3.249,62
32.565,63
2.199,71
2.307,29
80,32
2.907,76

/ 43.310,33

Expenses
Purchase Bonds . .
Bureau
Printing
Congress, Travelling.
Balance 1 Jan. 1960.

/ 9.002,12
- 15.128,42
- 11.018,39
- 2.413,62
- 5.747,78

/ 43.310,33
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The detailed financial report was audited by an official Auditor and had
been submitted for inspection by an auditing committee set up by the
Council. It consisted of Dr. T. J. Marshall (Australia) and Dr. G. H. Bolt
(Netherlands). Dr. Marshall reported that the Committee had found the
Treasurer's report to be in good order and proposed that it be accepted.
The General Meeting then approved both the secretarial and the financial
reports. The President thanked Dr. F. A. van Baren for the way in which
he had handled the business of the Society. He proposed to the meeting
to re-nominate Dr. van Baren as Secretary-General and Treasurer for the
next period of 4 years. The meeting agreed to this proposal by acclamation.
6.

SPEECHES

a. The Honorable B. R. Sen, Director General of FAO addressed the
meeting on the Freedom from Hunger Campaign of FAO.
b. Dr. Charles E. Kellogg, Vice President of ISSS, Assistant Administrator of the Soil Conservation Service, delivered a lecture on : Productivity
of the Arable Soils of the United States: 1927—1959.
c. Dr. Richard Bradfield, President of ISSS, Professor of Soils, Cornell
University, presented an address entitled: Opportunities for Soil Scientists
in Freeing the World from Hunger.
7.

F A O MULTILINGUAL VOCABULARY

The President called upon Dr. V. Ignatieff of FAO who reminded the
meeting that during the Paris Congress in 1956 special discussion-meetings
were held on the subject. Criticisms and suggestions have been made, enabling FAO to revise and enlarge the 1954 edition. He was pleased to present
now the first copy of the second edition to the President of ISSS.
There being no other business, the President adjourned the meeting to
Tuesday, August 23rd.
THE SCIENTIFIC PROGRAM OF THE CONGRESS

The Congress then turned to the task of discussing 329 papers actually
presented at the Congress. The material was treated in various classified
groups of allied subjects. The following summary reviews the items and
gives the number of papers presented in each of the normal and joint sessions
of the various commissions.
Comin. No. Session No. Communications

III

XLIV

1
2

9
8

3
4
1
2
3
1
2

8
7
10
10
9
8
9
8

3

7

THEME

Physics of Soil Moisture
Energy Balance of the Soil Surface and Moisture
Return to the Atmosphere
Soil Structure
Techniques of Measurement in Soil Physics
Modern Analytical Methods in Soil Research
Chemistry of Soil Organic Matter
Miscellaneous Contributions in Soil Chemistry
Soil Nitrogen
Relationships of Soil Microorganisms and
Higher Plants
Nitrification and Nitrogen Fixation

Comm. No. Session No. Communications

IV

1
2
3
4a
4b
5
6
1
2
3
4a
4b
5

VI

6
7
1

2a
2b
3
VII

1
2

I-IV-VI

1
2
3
1

II-IV

2
1

II-V
II-VII

2
1
1

I-VI

II-IV-VII

1
2

II-V-VII

1

III-V
V-VII

1
1

THEME

Microbiological Methods and Microbial Ecology
5 Soil Fertility in Relation to Nutritive Value of
Crops
9 Diagnostic Tools — First Session
10 Diagnostic Tools — Second Session
4 Residual Fertility
4 Root Development and Nutrition
11 Miscellaneous Contributions in Soil Fertility
9 Forest Fertilization
6 Classification and Geography of Soils of Great
Regions
6 Classification and Geography of Soils of Nations
or Provinces
8 Principles and Systems of Soil Classification
3 Geomorphology and Time as Factors in Soil
Genesis
5 Genesis and Classification of Hydromorphic Soils
10 Morphology and Genesis of Soils, Tropical
Regions
6 Morphology and Genesis of Soils, General
11 Soil Survey and its Applications
7 Soil Physical Factors in Relation to Water
Management — First Session
5 Soil Physical Factors in Relation to Water
Management — Second Session
3 Management of Saline and Alkaline Soils —
First Session
6 Management of Saline and Alkaline Soils —
Second Session
1 The Effect of Parent Material and Environment
on the Formation of Clay Minerals
7 Properties and Reactions of the Clay Minerals
and Their Complexes
8 Soil Management — First Session
6 Soil Management — Second Session
5 Water-Soil-Plant Relationships
7 Nutrient Availability as Related to Moisture
and Other Soil Physical Factors
6 Water-Fertility-Crop Growth Relationships
9 Radioactive Isotopes in the Study of Ion Uptake
by Plants
10 Secondary and Minor Elements
7 Physical Chemistry and Soil Formation
8 Clay and Oxide Mineralogy in Relation to
Exchange Reactions and Electro-Chemistry
8 Phosphates in Soils and Their Availability —
First Session
4 Phosphates in Soils and Their Availability —
Second Session
5 Weathering and Mineralogy as related to Soil
Genesis
6 Soil Fauna and Soil Formation; Soil Humus
2 Mineralogy and Soil Classification
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Also 7 General Sessions were held, one on each of the subsequent days of
Congress. Readers and Subjects were the following:
R. Brewer (Australia)
: The Pétrographie Approach to the
Study of Soils
I. V. Tiurin (U.S.S.R.)
: The Contribution of Pedology to the
Agriculture of the USSR
D. K. McE. Kevan & P. W. Murphy: The Influence of Soil Animals on
Soil Formation
Y. Ishizuka (Japan)
: Contribution of the Nutrio-Physiological Studies to the Fertilizer
Application for Lowland Rice in
Japan
H. Deuel (Switzerland)
: Interactions between Inorganic and
Organic Soil Constituents
H. Frese (Germany)
: Haben wir ein Konzept für eine
Wissenschaft von der Bodenbearbeitung?
L. A. Richards (U.S.A.)
: Advances in Soil Physics
THE SECOND BUSINESS MEETING OF THE CONGRESS

The Second Meeting of the Assembly took place at 3.00 P.M. on Tuesday,
23rd August, with the following agenda:
1. Opening
2. Place and time of the next Congress
3. Election of Officers of Executive Committee
4. Honorary Members
5. Officers of Commissions of the Society
6. Communications
7. Resolutions
8. Address of Prof. Dr. V. Kovda, Director of UNESCO's Dept. of
Natural Sciences.
9. Address of the newly elected President
10. Closure
1. The President opened the meeting and reported that up to the present,
the Council had held three sessions to discuss the business of the Society in
accordance with the provisions of article H-2 of the Rules.
2. The International Society had received two letters of invitation, one
from the Rumanian Academy of Science to hold the next Congress in Bucarest, Rumania, and one from the German Society of Soil Science to have
the Congress meet in Western Germany. After discussion and balloting in
the Council's meeting, the German invitation was withdrawn and it was
decided to hold the 8th International Congress of Soil Science in 1964 in
Bucarest.
3. Upon recommendation of the Rumanian Academy of Science, the
Council nominated Prof. Dr. C. N. Cernescu as President of the International
Society of Soil Science and Prof. Dr. G. Obrejan as Vice-President.
4. There was a vacancy for Honorary Membership. The Council asked the
General Assembly to approve the nomination of Dr. Firman E. Bear
(U.S.A.), the President of ISSS presenting the following recommendation.
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Dr. Bear is one of world's most distinguished soil scientists. Born in
Germantown, Ohio in 1884, he presented his doctor of science thesis at
Wisconsin University in 1917. He was elected Honorary Doctor of Science
of Rutgers University in 1954. He held the chair of professor of soil science
at the Ohio State University from 1914 to 1928. Then followed his appointment as Director of Agriculture Research with the American Cynamic
Cy., New York. From 1950 to 1954 he was professor of agricultural chemistry
at Rutgers' as well as Chairman of the Soils Department of the New Jersey
Experiment Station, and Editor-in-Chief of Soil Science. He reached the
retiring age for both Rutgers' and New Jersey in 1954 but went on editing
Soil Science. He was fellow or president of various learned societies and has,
through his whole life served the one purpose, to promote scientific approach
in the study of any subject in the field of soil science. The Council feels that
tribute is due to a colleague of such outstanding qualities and highly
valued achievements.
The recommendation met with the unanimous approval of the General
Meeting.
5. On request of the President, the Secretary General reads the names of
the members who have been nominated as Commission Officers of the
Society:
(U.S.A.)
I President
L. D. Baver
(Belgium)
Past-President
L. De Leenheer
(U.K.)
Vice-Presidents
H. L. Penman
(Argentine)
M. Tschapek
W. Flaig
(Germany)
II President
G. Barbier
(France)
Past-President
H. J. Atkinson
Vice-Presidents
(Canada)
M. El Gabaly
(U.A.R.)
H. L. Jensen
(Denmark)
III President
J. Pochon
(France)
Past-President
Vice-Presidents
E. N. Mishustin
(U.S.S.R.)
H. R. De Bauche
(Belgium)
I. V. Tiurin
IV President
(U.S.S.R.)
F. Scheffer
Past-President
(Germany)
Y. Ishizuka
Vice-Presidents
(Japan)
J. W. Fitts
(U.S.A.)
G. Aubert
V President
(France)
Past-President
N. H. Taylor
(New Zealand)
Vice-Presidents
H. Lobova
(U.S.S.R.)
G. Smith
(U.S.A.)
R. M. Hagan
VI President
(U.S.A.)
Past-President
C. van den Berg
(Netherlands)
Vice-Presidents
H. Frese
(Germany)
M. A. El Ashkar
(U.A.R.)
VII President
T. Sudo
(Japan)
(Netherlands)
Past-President
D. J. Doeglas
(Australia)
Vice-Presidents
R. Brewer
(Spain)
F. Gonzales Garcia
6. Article 1—7 of the Rules provides that the Commissions, with the approval of the Council, may hold special meetings between the Congresses.
The following was approved:
a) a joint meeting of Commissions I and VI will be held in 1962, at a place
and time to be determined later.
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b) Commission III will organize a Symposium on Soil Zoology, late in
summer of 1962, in Oosterbeek (Netherlands).
c) a joint meeting of the Commissions IV and V will be held in New
Zealand in 1962.
The Council also accepted the following proposals:
a) A Soil Physics Terminology Committee be established. The officers of
Commission I have proposed the following membership to the Council and
this proposal has been accepted: H. C. Aslyng, Denmark (Chairman);
G. H. Bolt, Netherlands; W. R. Gardner, U.S.A.; J. W. Holmes, Australia;
R. D. Miller, U.S.A.; A. A. Rode, U.S.S.R. and E. G. Youngs, United
Kingdom.
b) The Council of ISSS strongly recommends the general use of the metric
system in all scientific publications by the members, by its commissions
and by the national soil science societies.
c) The Council authorizes Commission I to appoint working groups for
establishing international laboratory techniques for soil structure investigations.
d) The Council recommends that full support be given to endeavours to
find ways and means for publication of soil maps and appropriate texts in
support of the F.A.O. Freedom from Hunger Campaign.
e) The Council approved that a Working Party on Forest Soils in relation
to Plant Ecology be established.
f) The Council agreed to continue the regulations for the program of
future International Congresses as adopted in Paris, 1956, and communicated
in Bulletin no. 10, viz.:
1. Not more than 400 papers shall be included in the program, equally
divided among the Commissions.
2. Only members of the Society shall present papers to the Congress.
3. A member of the Society may serve as senior author on only one paper
and as junior author on only one additional paper.
4. The Organizing Committee shall screen papers to fit predetermined
themes in the several commissions and shall give low priority to
papers mainly of local interest.
5. Papers shall be included in the program only:
a) Upon receipt of manuscript before an announced date
b) Normally upon receipt of the registration fee of at least one of the
authors,
and recommends that the following additional rules be observed:
6. Only papers actually presented at the Congress will be printed in the
Transactions,
7. The Organizing Committee of the Host Country is requested to give
consideration to providing Congress registrants with some type of
abstract or condensation of each paper to study at the Congress,
8. The total equivalent length of manuscripts including illustrations and
tables accepted for publication in the Proceedings shall be limited to
approximately 3000 words. Special invitational papers may be exempt
from this regulation at the discretion of the Organizing Committee
of the Host Country.
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g) The Council decided to establish a special Committee to study the
feasibility of admitting other languages than English, French and German
as official languages of ISSS. A report shall be presented at the next Congress. As members of this Committee have been appointed: V. Kovda,
UNESCO, Paris; V. Ignatieff, FAO, Rome; V. Aleixandre, Spain; H. C.
Aslyng, Denmark; G. V. Jacks, United Kingdom.
h) The Council decided that a special Committee be established to study
the interpretation of article K.2 of the Rules of ISSS regarding the voting
procedure. The Committee shall consist of six members, two of which have
English as their native tongue, two French and two German. The Secretary
General will be the Chairman of this Committee.
7.

RESOLUTIONS

1. The International Society of Soil Science assembled in Madison on the
occasion of the 7th International Congress, wishes to express the thanks of
its members to the Government and the University of Wisconsin for the
great hospitality which has been extended to the members.
2. The Society wishes to thank also the Organizing Committee which
under Chairmanship of Dr. R. Bradfield, succeeded in realizing the best
possible conditions necessary to carry out the work. Special appreciation is
expressed to Professor Emil Truog and his assistants who, with unlimited
activity, have not only solved the material problems posed by the Congress
but also have fulfilled time and again the wishes of the members.
3. Dr. C. E. Kellogg proposed the following resolution: Since the theme of
the 7th Congress of the International Society of Soil Science is 'To Promote
Peace and Health by Alleviating Hunger through Soil Science' and since the
Food and Agriculture Organization of the United Nations launched a
'Freedom from Hunger Campaign' on July 1 of this year, the Congress
expresses its full support of this campaign and appeals to soil scientists
throughout the world to assist the campaign through the full application
of their knowledge and experience for sustained and efficient food production.
4. An Honorary professorship is established in the North Carolina State
College to pay honour to the late Dr. H.*H. Bennett. The Council decided
to donate $ 200.— to the Hugh Bennett Professorship in Soils, in this way
paying tribute to Dr. Bennett's outstanding achievements in the field of
soil conservation.
Votes of thanks were formulated by Dr. M. R. Anwar (U.A.R.), Prof.
Dr. N. R. Dhar (India), Prof. G. Aubert (France), Prof. Dr. J. Ziemiecka
(Poland), Prof. Dr. I. V. Tiurin (U.S.S.R.), Dr. Herreira (Ecuador), Dr.
N. H. Taylor (New Zealand) and Prof. Dr. H. Deuel (Switzerland).
The resolutions and votes of thanks carried with acclamation by the
Meeting.
8.

ADDRESS OF PROF. D R . V. KOVDA, DIRECTOR OF UNESCO'S D E P T . OF
NATURAL SCIENCES

Mr. President, Mr. Vice-President,
Mr. Secretary-General, Dear Congress Members,
It is a very great pleasure for me to congratulate you, on behalf of the
United Nations Educational, Scientific and Cultural Organization, for the
successful work of the Seventh International Soil Science Congress, held in
Madison.
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The scientific results of fruitful discussions devoted to different problems
of pedology have tremendous importance for soil science, agriculture and
forestry. No doubt, scientific achievements of this Seventh Congress will
figure among the most important events in the history of pedology and
agronomy.
I think I express as a common opinion that the excellent preparation of
this Congress and the perfect execution and termination of its agenda is a
very important achievement of the Soil Science Society of America.
I would like to congratulate the soil scientists of the Rumanian People's
Republic on the selection of their country as the place for the future Eighth
International Congress of Soil Science in 1964. It was indeed a wise decision
of this Congress.
We are full of confidence in the Rumanian soil scientists who, before the
first world war, combined efforts with their Hungarian colleagues and
convened the first International Soil Science Conference in Budapest.
In 1964, Rumanian soil scientists and agronomists will show us undoubtedly not only the excellent nature of their country which has a wonderful
collection of different types of soils, but also great achievements in science
and progress in agriculture. The Unesco Department of Natural Sciences is
ready to assist the Rumanian soil scientists, through the Unesco National
Commission for Rumania, in the preparation of all the arrangements of
the future Eighth Congress.
The United Nations Educational, Scientific and Cultural Organization is
one of the largest inter-governmental organizations of the United Nations
family. One of the most important responsibilities of Unesco is the development of, and all forms of assistance to international cooperation in
culture, education and science. In this connection, Unesco is obliged to
serve first of all the interest of the 82 States which are Members of our
Organization.
Apart from this, the permanent duty of Unesco is to help nongovernmental international organizations who cooperated with Unesco. More than
90 international unions representing hundreds of thousands of scientists
acting in different fields of basic and applied sciences have consultative
status with Unesco, as well as permanent assistance from Unesco and help
Unesco in the execution of its tasks. The department of Natural Sciences of
the Unesco Secretariat is responsible for the execution of the programme
in the field of international cooperation and for the general promotion
of basic and applied sciences through governmental and nongovernmental
organizations. The Unesco Department of Natural Sciences has five Divisions
at its Headquarters, serving different branches of natural and exact sciences:
Division of oceanography, Division of studies and research of natural
resources, Division of international cooperation in basic sciences, Division
of university science teaching and Division of technology.
Apart from this, the Department of Natural Sciences has four Field
Science Cooperation Offices in Latin America (Montevideo), in the Middle
East (Cairo), in South Asia (New Delhi) and in South-East Asia (Djakarta).
In its programme, the Department has special additional projects of very
great economical value devoted to different fields of applied sciences and
technological education in less developed countries, in accordance with the
authorization of the Special Fund budget of the United Nations. Many
projects of the Department of Natural Sciences are linked to pedology,
geology, geography, hydrology and basic agronomy. We have a very important programme devoted to arid zone research whereas a considerable
part of our activities is connected with problems of humid tropics.
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For our future programme, several projects are proposed in the fields of
cartography, classification and nomenclature of soils, biochemistry and
basic aspects of fertility of soils, etc.
The department as a rule closely cooperates with international scientific
unions, inviting representatives of scientific circles to consult Unesco re the
formulation of the programme of related projects, inviting also scientists as
experts or lectures for the execution of the various items of the Department's programme.
Many outstanding soil scientists of Europe, America, Asia as well as of
Africa, are involved regularly in the cooperation with Unesco in the field
of arid zone tropics research, salinity and reclamation of soils, ecology,
science teaching, etc.
During the forthcoming 11th Unesco General Conference in November—
December 1960, it will be proposed that the International Society of Soil
Sciense joins Unesco on the basis of consultative status. This means that
opportunities for the development and improvement of fruitful cooperation
between Unesco and representatives of the international community of
pedologists will be much more easily achieved. It opens a new stage of
our cooperation.
As representative of Unesco's Director-General here on the one hand,
and as pedologist and professor of general soil science at Moscow University
on the other hand, I would like to stress the following three most important
achievements of this Seventh Congress.
First, during this Congress, it was unanimously shown and proved that
fertility and productivity of soil have no limitation and can be permanently
increased in order to obtain more and more food and raw material for industry. These very optimistic results of the Seventh Congress demonstrate
that the pessimistic estimation of the perspective of mankind as interrelated
to population, standard of living and fertility of soils is wrong. The full
utilization and realisation of recent discoveries in the field of pedology,
chemistry, physics, biology and industry can increase very much the
productivity of the soil. Difficulties are not in a limited fertility of soils,
but in the problems of rationalization of agriculture and rationalization of
the distribution of global food production.
The second very important general conclusion on the basis of the scientific
achievements of the Seventh Congress is the concept of the peculiarity of
local soil types and units as correlated with the specific nature of local means
of tillage, use of fertilizers and any soil requisite aiming at keeping and
increasing their fertility. There do not exist universal and standard prescriptions for keeping and increasing soil fertility. Each soil unit needs its
own programme of action raising the level of its productivity and the efficiency of man's work.
Third conclusion: Soil scientists of different countries and continents
accumulated a tremendous mass of data, local maps and local facts showing
properties and differences of soils. This data is being integrated in the form
of regional, national and continental soil maps. However, the activities of
soil scientists of different countries and continents in the field of preparation
of national, continental and global soil maps are relatively badly coordinated. Different scientific schools have a different approach to this matter
and many of the maps are not comparable. As a consequence it is very
difficult to apply scientific and practical achievements of one country to
the conditions of another country. The first important steps have been
made during this Seventh Congress. We have seen new soil maps of Latin
America, Europe (East and West), Asia, Australia, but the technique of the
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presented nomenclature and legend applied to these maps are different
and not yet comparable. I think that now is the time for UNESCO, FAO
and the International Society of Soil Science to start and improve joint
activities in the field of correlation and unification of global nomenclature
and legend of international and global soil maps. This will be the key for
future accelerated utilization of the achievements of pedology in the practice
of existing agriculture and forestry.
Apart from these fundamental scientific results, the Seventh Congress
demonstrated how effective is the peaceful cooperation of scientists representing different countries, provided scientists work in peaceful fields to
peaceful ends and for the benefit of mankind.
9. PRESIDENTIAL ADDRESS BY THE PRESIDENT-ELECT, P R O F . D R . C. N. CERNESCU.

Mr. Chairman, Ladies and Gentlemen,
Allow me to express, on behalf of the Rumanian Academy of Soil Science
and on behalf of the Rumanian Soil Scientists, my deep gratitude for
having chosen my country as the seat of the next congress of the International Society of Soil Science. It is indeed a great honour for us and we
will do our utmost efforts to assure the success of the Vlllth International
Congress of our Society.
As you may know, the first International Conference at Budapest, in 1909,
was due to the initiative of P. Treitz (Hungary), G. Murgoci (Rumania)
and Nobokich (Russia). During all his life Murgoci has been one of the promotors of international collaboration, and also T. Saidel, his collaborator
and successor as head of the Section of Soil Science of the Geological Institute of Rumania.
Murgoci was convinced that soils developed under the influence of specific
pedogenetic conditions will have similar characteristics, thus he believed
that the experience acquired in one country can be applied in every other
country, providing that the methods of research and interpretation of the
results, as well as the classification and nomenclature of the soils are based on
identical scientific principles. International collaboration has imposed itself
because of the need for establishing a uniformity of methods and concepts
in the study of soils. The progress obtained during fifty years of international
collaboration and especially after the establishment of our Society in 1924,
has been very striking. The activities of this VHth International Congress
are the best proof.
Ladies and Gentlemen, allow me to add my cordial thanks to those of the
other participants for the friendly welcome that we have enjoyed here at
Madison and during the tours. We are deeply grateful to the members of the
Soil Science Society of America and of the University of Wisconsin and
especially to our President, Dr. Bradfield, to our Vice-President, Dr. Ch.
Kellogg, to Professor Truog, Congress-Manager, and to our Secretary General, Professor van Baren. Their efforts have assured the success of the
Vllth Congress. I invite all of you to participate in the Vlllth International
Congress at Bucarest, and I can assure you that the wellknown hospitality
of the Rumanian people will provide you the best conditions during the
next Congress and Congress Tours.
10. There being no further business, President Cernescu closed the
Meeting at 4.15 P.M.
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R E P O R T S OF COMMISSIONS
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COMMISSION I.
Session 1 held on August 16 was presided over by Dr. De Leenheer. The
Chairman mentioned with regret the passing of Dr. R. K. Schofield, President
of Commission I. Nine papers were presented on the subject of flow and retention of water in soil.
Session 2 was held on August 17 under the chairmanship of Dr. Marshall.
Nine papers were given having to do with évapotranspiration and micrometeorology.
Session 3 on August 19 was led by Professor Antipov-Karataev in which
eight papers on soil structure were read. Further discussion on this subject
was held during two informal evening gatherings.
The final and 4th session of Commission I was held on August 19 under the
direction of Dr. Kirkham. Seven papers, dealing mainly with methods of measurement in soil physics, were given.
An informal evening discussion was held on the subject of terminology in
the physics of soil water.
Two joint sessions were held with Commissions IV and VI on soil-plantwater relation and its bearing upon nutrient uptake. Dr. Kovda presided on
August 22 and eight papers were given, mainly on controlled experiments.
Field experiments relating to the same subject were discussed in the second
joint session. Dr. Russell conducted the presentation of six contributions.
Commission I sponsored a resolution to the General Council to make the
metric system mandatory for reports in the First Commission in future Congresses. The resolution was adopted.
The First Commission requested further that a Committee on Soil Physics
Terminology be appointed by the General Council. This request was granted
and the Committee appointed as follows: H. C. Aslyng (Denmark), Chairman;
H. C. Bolt (Netherlands); W. R. Gardner (U.S.A.); J. W. Holmes (Australia);
R. D. Miller (U.S.A.); A. S. Rode (U.S.S.R.); and E. G. Youngs (U.K.).
The General Council also granted authority to Commission I to organize a
Committee on Soil Structure which would act as a work group to unify methods
of measurement. Plans for this Committee are still tentative.
C. H. M. VAN BAVEL.
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COMMISSION II.
Commission II held 10 meetings during which 77 papers were read scheduled
as follows:
Subject
Presiding
Number of
Commissions
Date and
Papers
involved
time
Modern analytical
Aug. 16, p.m. II
methods in soil
research
H. Deuel
Aug. 17, a.m.
II-IV
Radioactive isotopes in the study
of ion uptake by
plants
G. Barbier
Aug. 17, p.m.
II-VII
Clay and oxide mineralogy in relation to exchange
reactions and elecL. Wiklander
tro-chemistry
Secondary and
Aug. 19, a.m.
II-IV
10
minor elements
I. Tiurin
and
Aug. 19, p.m. II-V-VII Weathering
mineralogy of soil
genesis
N. H. Taylor
II-IV-VII Phosphates in soils
Aug. 20, a.m.
and their availability
S. B. Hendricks
Aug. 20, p.m. II-IV-VII Phosphates insoils
and their availabiE. v. Boguslawski
lity
Aug. 22, a.m. II
Chemistry of soil
organic matter
W. Flaig
Aug. 22, p.m. II-IV
Physical chemistry and soil
formation
M. G. Cline
Aug. 23, a.m. II
Miscellaneous contributions in soil
C . A . Black
chemistry
Discussion sessions
Special sessions for discussion were held Aug. 16, 17, 19, and 22 from 8 to
10 p.m. Topics of special interest were chemistry of soil and fertilizer phosphorus and soil organic matter, ion uptake by plants, and physiology of iron
nutrition of plants.
Special actions
No special actions were taken by the commission except to vote unanimous
approval of the officers proposed by the nominating committee for the next
four years.
C. A. BLACK.
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COMMISSION III.
The opening session of Commission III was held beginning at 9.00 a.m.,
August 16, 1960. Francis E. Clark, Program Chairman and American VicePresident, and W. P. Martin, Secretary, made opening announcements. In the
absence of President J. Pochon, Past President A. G. Norman officially welcomed
the delegates on behalf of Commission III. The first technical session was then
convened, with W. V. Bartholomew and W. P. Martin, U.S.A., acting as cochairmen. Nine papers were read on soil nitrogen. Four further technical
sessions were held as follows: morning of August 17, 8 papers on relationships
of soil microorganisms and higher plants, with Clark, U.S.A., as chairman;
afternoon of August 17, jointly with Commission V, 5 papers on the soil fauna,
with P. W. Murphy, U.K., as chairman; morning of August 19, 6 papers on
nitrification and nitrogen fixation, with J. Macura, Czechoslovakia, as chairman;
afternoon of August 19, 8 papers on microbial methods and microbial ecology,
with P. A. Burges, U.K., as chairman. All told, 36 papers were presented from
14 countries, and substantial discussion was had during the technical sessions
and in informal group discussions convened on August 18, 19, and 20. Additionally, the Commission I I I delegates were guests of the Biochemistry and
Bacteriology Departments by invitation from Professors Burris and Allen,
respectively, for informal tours and discussions.
In a business session on August 19, the soil microbiological exhibits at the
Congress and the local arrangements committee were commended by the
delegates. A nominating committee consisting of Burges and Y. Dommergues
was chosen to represent Commission I I I on the general nominating committee
of the Congress. The following were approved by the nominating committee,
by the I.S.S.S. Council, and by Commission III as officers-elect: H. L. Jensen,
Denmark, President; E. N. Mishustin, U.S.S.R., 1st Vice President; H. R.
Débauche, Belgium, 2nd Vice President; J. Pochon, France, Past President.
In the evening discussion group on August 19 under the chairmanship of
P. Tardieux, the delegates voted approval of exploring the feasibility of a
Commission I I I newsletter and designated Pochon and Burges as an executive
committee for this endeavor.
In other action, the Soil Zoology Committee, functioning within the framework of Commission III, announced the following committee officers for the
next four years: Débauche, chairman; Murphy, vice-chairman; Nef, secretary.
The Zoology Committee also announced plans for a colloquium on soil microflora-soil fauna inter-relationships, to be held at Arnhem, Netherlands, in 1962.
FRANCIS E. CLARK.
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COMMISSION IV.
The officers of Commission IV were as follows:
President —• F . Scheffer; Vice-President — I. V. Tiurin; American VicePresident — W. L. Nelson; American Secretary — Matthias Stelly. All officers
were present at the Congress. President Scheffer officiated.
Six half-day sessions were held, exclusive of six joint sessions with II, I and
VI, II and VII. In total 98 papers were read in regular and joint sessions as
summarized below:
Date and Commissions
time
involved
Aug. 15 p.m. IV
Aug.
Aug.
Aug.
Aug.
Aug.

16,
16,
17,
17,
17,

a.m.
p.m.
a.m.
a.m.
p.m.

IV
IV
IV
II-IV
IV

Aug. 19, a.m.
Aug. 19, p.m.

II-IV
IV

Aug. 20, a.m.
Aug. 20, p.m.
Aug. 22, a.m.
Aug. 23, a.m.
Aug. 23, p.m.

Subject
Soil fertility in relation to nutritive
value of crops
Diagnostic tools
Diagnostic tools
Residual fertility
See report Comm.II
Root development
and nutrition
See report Comm.II
Miscellaneous contributions in soil
fertility

Presiding

F.
J.
V.
F.

Number of
Papers

Scheffer
W. Fitts
Ignatieff
van der Paauw

5
9
10
4

Y. Ishizuka

H. N. Mukerjee
II-IV-VII
See report Comm.II
II-IV-VII
IV
Forest
L. Leyton and
C. O. Tamm
fertilization
Water-fertilityI-IV-VI
crop growth relationships
W. B. Russell
Nutrient availabiI-IV-VI
lity as related to
moisture and other
soil physical factors
V. A. Kovda

11

On the night of August 18, a most successful discussion was held on the subject
of residual fertility and root development.
Another discussion was held on radioactive isotopes in the study of ion
uptake on the night of August 19. On Monday night, August 22, two discussion
sessions were held in which Commission IV was involved. These were on 'Phosphorus' held jointly with Commissions II, IV and VII and on 'Forest fertilization'
by Commission IV only. Both of these periods were actively used for discussion.
It is suggested that discussion periods with previously assigned rooms become
a part of any overall ISSS program in the future.
At a second business meeting of Commission IV, a proposal was read by
President Scheffer which suggested the use of the metric system and of the
Celsius-scale for temperature by Commission IV in all future transactions.
This was amended by Dr. W. L. Nelson to suggest the use of the 'dollar' in
reference to matters of monetarial values. Although no vote was taken, it
appeared that all were in favor of the proposal and the amendment.
F . SCHEFFER,
W. L. NELSON,
MATTHIAS STELLY.
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COMMISSION V
At the Paris Conference in 1956, the incoming officers of Commission V
were charged with (1) developing and correlating the classification of soils of
great regions of the world (2) inviting contributions on the classification of
cultivated and reclaimed soils, and (3) inviting contributions on the influence
of changes of soil environment on soil genesis. In addition, weathering as a
factor in soil formation, and the genesis and classification of hydromorphic soils
remained undeveloped subjects, that had been proposed for the 1956 Congress.
After informal meetings in London, Rome and Moscow, it was decided to
make the major project, for the 1960 Congress, the development of classification
and maps of great regions. In addition, contributions were invited on the other
four topics enumerated above.
Of 139 contributions offered directly to Commission V 60 were finally accommodated in 7 half-day sessions of Commission V and one joint session of
Commissions II, V and VII for which Commission V assumed primary responsibility. In addition 27 contributions were presented in 3 other joint sessions,
with Commission II, I I I and VII for which the co-operating commissions assumed primary responsibility. The topics of the programme were as follows:
A.

Sessions of Commission V
1. Classification and Geography of Soils of Great Regions — 6 papers.
2. Classification and Geography of Soils of Nations or Provinces — 7 papers.
3. Principles and Systems of Soil Classification — 8 papers.
4a. Geomorphology and Time as Factors of Soil Genesis — 3 papers (1/2
session).
4b. Genesis and Classification of Hydromorphic Soils —• 5 papers (1/2 session).
5. Morphology and Genesis of Soils, Tropical Regions — 9 papers.
6. Morphology and Genesis of Soils, General — 8 papers.
7. Soil Survey and its application — 8 papers.

B.

Joint Sessions
1. Commissions III and V — Soil Fauna and Soil Formation — 10 papers.
2. Commissions V and VII — Mineralogy and Soil Classification — 6 papers.
3. Commissions II, V and VII — Weathering and Mineralogy of Soil Genesis
— 6 papers.
4. Commissions II and V •—• Physical Chemistry and Soil Formation — 11
papers.

Good progress was made on the topic of major emphasis, the development of
classification and maps of great regions. Maps of five great regions were presented.
A special discussion session was held to deal with the topic. It was well attended,
and considerable progress made in reaching understanding of the correlations
among soils of these regions. The Commission recommends further efforts to
establish such correlations.
The integration of the map of Europe remains to be finalised, but the parties
concerned have given assurance that problems of correlation and cartography
will be resolved. Commission V in session has recommended that the parties
concerned meet a t a mutually acceptable place to resolve these matters.
Full value cannot be obtained from these maps of great regions unless they
are published together with appropriate text. To this end, Commission V has
voted the following resolution, and the officers of the commission recommend
its implementation in the immediate future:
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Considering the great need for soil maps that will integrate knowledge of
soils of the world as cultural and educational media designed to promote freedom
from hunger, wherever it mav be, it is resolved:
(1) That Commission V express its appreciation to the persons and bodies who
have co-operated to present maps and systems of classifications for 5 of the
great regions of the world.
(2) That Commission V recommends that ways and means be found for publication of these and other maps of great regions at adequate scale with
appropriate text.
(3) That the president of this, the seventh International Congress of Soil
Science be requested to convey this resolution to appropriate bodies and to
seek their co-operation in attaining this objective.
The session on Principles and Systems of Soil Classification was also of special
significance and interest. The Great Hall was filled to capacity during the session
as was the room of the special meeting held for discussion. The high point of
Commission V program was the paper by G. D. Smith, A Scheme of Soil Classification (Seventh Approximation).
As is usual the tours were much appreciated and well attended by members
of Commission V.
Additional
Suggestions for future work of the Commission that had been received by
the officers were placed before the Commission in Session and were given evidence of interest by those present, in the order listed:
1. Initiate the compilation of existing knowledge of mineralogy and weathering as factors in soil formation.
2. Place stronger emphasis on the subject of soil survey and its application,
including its use in land classification.
3. Continue efforts to assemble knowledge of soils changed by cultivation and
reclamation.
4. Appoint a committee to study international horizon designations, including
the system of Professor Whiteside.
5. Communicate with the appropriate committees of the soil science societies
of U.S.A. and Canada relative to the development of a soil map of the North
American continent, analogous to those of other great regions.
Certain general comments appear to be pertinent to this report:
( 1 ) Generally the papers presented at the Seventh Congress set a high standard,
possibly due to conditions for acceptance laid down at the Sixth Congress.
(2) The value of joint sessions was demonstrated.
(3) The necessity of adequate translation should receive special consideration.
(4) The outstanding interest in Commission V makes for full use of available
time in regular sessions and poses problems of adequate discussion. Although
special discussion sessions were held to the extent of available time, it was
necessary to resort to individual conferences with authors, running concurrently with regular program sessions. The incoming officers should give
special consideration to this problem.
(5) To permit continuity of effort and experience, it is requested that the
Commission report be printed in full in the Bulletin of the Society. In
addition it is recommended that copies of the rules and procedures of the
society be furnished to incoming officers.
NORMAN H. TAYLOR.
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COMMISSION VI.
During the week of August 15—23, 1960, Commission VI participated in
nine programme sessions in addition to the general congress sessions. Of these,
four sessions dealt only with Commission VI papers, three were held jointly
with Commission I, and two were held jointly with Commissions I and IV.
These were as follows:
Commission VI
Soil Physical Factors in Relation to Water Management
First session chairman
Robert M. Hagan
Dept. of Irrigation
University of California
Davis, California
Soil Physical Factors in Relation to Water Management
Second session chairman
Prof. Dr. J. V. Botelho Da Costa
Institute Superior de Agronomia, I.S.A.
Tapada da Ajuda
Lisbon, Portugal
Management of Saline and Alkaline Soils
First session chairman
L. A. Richards
U. S. Salinity Laboratory
P. O. Box 672
Riverside, California
Management of Saline and Alkaline Soils
Second session chairman
Dr. C. van den Berg, Director
Institute for Land and Water
Management Research
Wageningen, The Netherlands
Commission I and VI
Soil Management
First session chairman
M. De Boodt
Soil Science Institute
State Agricultural University
Coupure Links 233,
Ghent, Belgium
Commission I and VI (Contd)
Soil Management
Second session chairman
H. Frese
Institut für Bodenbearbeitung
der Forschungsanstalt für
Landwirtschaft, Bundesallee 50
Braunschweig, Germany
Water-Soil-Plant Relationships
chairman
H. C. Aslyng
Hydrotechnical Laboratory
Rolighedsvej 26
Copenhagen, Denmark
Commission I, IV and VI
Nutrient Availability as Related to Moisture and Other Soil Physical Factors
Chairman: V. A. Kovda
c/o Dr. I. V. Tiurin, Director
Soil Institute Dokouchaiev
Pyjevski per 7
Moscow 17, Russia
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Water-Fertility-Crop Growth Relationships
Chairman: M. B. Russell
Agronomy Department
University of Illinois
Urbana, Illinois
Commission VI General Lecture
Haben wir ein Konzept für eine Wissenschaft von der Bodenbearbeitung ?
H. Frese, Braunschweig, Germany
Commission VI participated with Commission I in informal discussions of
terminology, soil structure, and the thermodynamic concepts of soil moisture,
and recommended participation in an interim meeting somewhere in the middle
east in 1962.
Commission VI is deeply grateful to American Vice President Hagan for
his efforts in developing a very outstanding program.
W. A. RANEY.
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C O M M I S S I O N VII.
The officers of Commission VII for the Seventh Congress were as follows:
President
D. J. Doeglas Landbouw Hogeschool, Afd. voor Regionale Bodemkunde, Geologie, Duivendaalselaan 2, Wageningen, Netherlands
Vice-President
A. Ferrandis Serrano 113, Madrid, Spain
T. Sudo
Tokyo University, Oisuka, Bunkyo-Ku,
Tokyo, Japan
American Vice-Pres. S. B. Hendricks Soil and Water Conservation, USDA
Beltsville, Maryland
Secretary
J. E. Gieseking Department of Agronomy, University of
Illinois, Urbana, Illinois
The following statements will describe the sessions involving Commission VII:
1. The first session of Commission VII was opened on Monday afternoon,
August 15, at 2,45 o'clock by Commission President Dr. D. J. Doeglas who
welcomed members of the Congress to the Commission meetings. Dr. Doeglas
served as chairman of this session. Two papers were presented.
2. The second session was held Wednesday morning, August 17, starting at
9,00 o'clock. Six papers were presented at this session under the chairmanship
of Dr. T. Sudo.
3. On Wednesday afternoon, August 17, a joint session was held with Commission II. Seven papers were presented at this session and a special meeting was
held from 8.00 to 10.00 p.m. for the purpose of further discussions on phenomena
a t clay interfaces. The chairman of these sessions was Dr. L. Wiklander.
4. On Friday morning, August 19, a joint session was held with Commission V
under the chairmanship of Dr. R. Brewer. Four papers were presented at this
meeting.
5. On Friday afternoon a joint session was held with Commissions II and V
under the chairmanship of Dr. Norman Taylor. Five papers were presented at
this meeting.
6. On Saturday morning and afternoon, August 20, two joint sessions were
held with Commissions II and IV. Both of these sessions were on soil-plantphosphate considerations. Dr. Sterling Hendricks was chairman of the morning
session and Dr. E. Boguslawski was the chairman of the afternoon session.
Thirteen papers were presented at these two sessions.
A record of all discussions was made. From these discussions it is evident that
members attending our sessions were very favorably impressed with the programme.
J . E. GIESEKING.

LXIII

7 T H INTERN. CONGRESS OF SOIL SCIENCE, MADISON, W I S C , U.S.A., 1 9 6 0

REPORT OF THE SSSA ORGANIZING COMMITTEE
EXECUTIVE

COMMITTEE

The Executive Committee met in Chicago, Illinois, on December 4, 1960.
Reports from all of the subcommittees were presented, reviewed and
accepted. These reports are published in detail below.
The main item of unfinished business, in connection with the Congress,
is the publication and distribution of the Transactions of the Congress.
The Publications (Editorial) Committee (F. E. Bear, chairman) has arranged
for the publication of the Transactions by the General Secretary of the ISSS,
Dr. F. A. van Baren. The original understanding with Dr. van Baren called
for the publication of a sufficient number of sets of the Transactions to
supply a set to each registrant at the Congress who paid the regular fee
of $25.00. This would require about 1200 copies. In addition Dr. van Baren
is to publish 500 sets for sale to members not attending the Congress,
libraries and other subscribers without any expense or responsibility to the
SSSA. The demand for the Transactions of the 6th Congress in Paris in 1956
was so great that the available supply was exhausted within 2 years and
before many libraries were able to obtain sets. To provide more adequately
for this anticipated demand this Committe has recommended that:
The SSSA underwrite (from Congress Funds) the publication of 300
additional copies of the Transactions to be sold through Dr. van Baren's
office, the profits from these sales to be split equally between Dr.
van Baren's office and the SSSA Soil Congress Fund.
The Congress Manager was unable to present a final report at this time
as there are still several items to settle. He estimates, however, that there
will be a small unencumbered surplus. The Committee recommends that:
The $6,000 advanced for its use by the SSSA be repaid and that
any remaining balance after all expenses are paid be used to establish
a Soil Congress Endowment Fund. It recommends further that the
SSSA appoint a small committee to work out a detailed proposal
regarding the use of this residue for the consideration of the Society
at its next annual meeting in 1961.
Since the work of most members of the Committee has been completed
it recommends that:
The Organizing Committee be dismissed and that a small committee
consisting of: the Congress Manager, Professor Truog; the Chairman
of the Publications Committee, Professor F. E. Bear; and one additional member, be appointed to look after any unfinished business in
connection with the publication of the Transactions.
Since there is still considerable unfinished business for the Congress
Manager the Committee recommends that:
The appointment of the Congress Manager, Prof. E. Truog, be extended through December 31, 1960.
The Committee wishes to express its appreciation of the splendid support
and cooperation received from the officers and members of the SSSA,
many of whom were able to participate in the Congress or the Tours.
In order to facilitate the work of committees having responsibilities for
the organizing of future International Congresses the Committee recommends
that:
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A complete file of each committee and subcommittee's activities be
submitted to the Congress Manager for filling in the Archives of the
SSSA and the ISSS.
Members present:
J. W. FITTS
L. B. NELSON
M. B. RUSSELL

C. E.

G. D. SMITH
E. TRUOG
KELLOGG,

vice chairman

R. BRADFIELD, chairman
REPORT OF THE MANAGER

Because several items connected with the Congress, principally the
financial one relating to the publication of the Transactions will not be
concluded for several months, this report as regards financial matters is
incomplete. A detailed financial report of income and expenditures will be
given later. Suffice it to say at this time that a substantial balance will
remain after the return of the $6000 which the SSSA advanced to initiate
the business of the Congress prior to receipt of contributions given specifically in its support. A detailed account of these contributions is provided at this time in the Report of the Finance Committee.
Preliminary Plans
Fortunately, when I took over officially as Manager on November 1,
1959, the groundwork for the Congress had been rather well provided for
by several committees, namely, the Executive, the Program, the Editorial,
the Finance, and the Tours Committees. As early as November 1957,
shortly after it was definitely decided to hold the Congress on the campus
of the University of Wisconsin, I contacted the pertinent University officials
of the Housing Bureau, Union Building, and Wisconsin Center Building
regarding reservations for facilities needed for the Congress. Also, in June
1959, I received the following letter from Vice President F. H. Harrington
(Chairman, Auditoriums Committee) :
'Go ahead with your plans for the Soil Science Conference, as outlined
in your letter of May 26.
Because arrangements were made in President Fred's administration
(Dr. Fred had invited the Congress to come to Madison) and because
of the special value of this conference, we will not charge for meeting
rooms. As you suggest, we would want reimbursement for special installation costs, etc. We have no objection to your use of the Armory.'
Also, at the same time we got permission from Ivan B. Williamson,
Director of Intercollegiate Athletics to use the Field House and Memorial
Building (Athletic Arena) as facilities for our envisioned Congress Hospitality
and Entertainment Evening consisting of a barbecue dinner (Wisconsin
grown food provided largely gratis by Madison merchants) followed by
three acts: (1) Dance and pageantry by a Troupe of Menominee Indians,
dressed in full Indian regalia. (2) Performance by Swiss Yodelers and Flag
Throwers of NewGlarus, Wisconsin. (3) Precision maneuvering with music
by the famed Four Lakes Bugle Corps. This recreational Saturday evening,
after a full week of intensive Congress activities, was much enjoyed and
appreciated by the Congress registrants and their wives and children,
numbering some 1600 in all.
Early in 1960 I prepared and had printed 5000 copies of a four-page
leaflet giving information about tours, costs in general, necessary deposits,
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travel aid, exhibits, preparation of papers with timetable, and various
other pertinent matters. This leaflet along with a detailed reservation card
for dormitory housing and meal service and tours addressed to the Congress
Manager, was sent airmail (weight confined to one-half ounce so as to
economize on postage) to all members of the ISSS in other countries. Similar
information for members of the ISSS in the USA was printed in the SSSA
Proceedings and Agronomy News.
Although May 1, 1960, had been set as a final date for receipt of tour
reservations with a deposit, this was not held too rigidly for various reasons.
In many cases the deposits were scheduled to be made by governmental
and other agencies rather than the individuals involved, causing unavoidable
delays of weeks and months because of red tape, etc. However, a deadline
of this kind does have a useful purpose, since it serves to hasten to some extent reservations and deposits, and should an oversubscription come to
pass for an item like a tour, a legitimate reason for dropping the late reservations is at hand.
Tour Arrangements and Problems
In this connection, the most critical problem arose with respect to
Tour III where a quota of 125 had been set because of difficulty in getting
adequate housing at some of the overnight stops. Through the cooperation
of A. R. Aandahl, chairman of Tour III, this quota was raised from 125
to 150. Fortunately in the final 'roundup' no registrant was denied a place
on any of the tours. Also, fortunately, the number wishing to take the tours
was such in each case that the buses required and their capacity could be
adjusted to the number of participants without an unreasonable excess of
empty seats which would have to be paid for.
The participants of the tours (Tour 1,191; Tour II, 69; and Tour III, 144),
as was planned, were almost entirely from other countries, and many
expressed amazement that these tours were made available at a cost which
they considered very low. I am confident that the cost per participant of
each tour could have been raised by $10 without any adverse reaction or
reduction in number of participants. In fact we did raise the cost per person
of Tour I by $5 when it was found on arrival at Madison that the actual cost
was close to $120 in place of $110. Fortunately, in all of the literature given
out, it was expressly indicated that the stated costs of the tours were
approximate figures. When we explained that the actual cost of Tour I
was close to $120 in place of $110, and that we would need to charge $115
which, after all, included only about one-half of the expense beyond the
$110 estimate, not a single complaint was raised.
In order to facilitate collection of the fees for Tour I, this collection was
delayed until registration at Madison when we knew the actual cost. In extensive tours of this kind, it is impossible to tell closer than about $10 per
person what the cost will be because actual mileage on which cost of bus
travel is calculated, and actual cost of subsistence cannot be precisely
foretold. In the case of Tours II and III, it was explained before departure
from Madison that if on arrival at the destination the cost was found to
exceed the estimated by $10 or more per person, an additional charge of
$5 per person would be made. Fortunately, in neither case did an additional
charge become necessary.
Dr. C. E. Kellogg, Dr. Guy D. Smith and their associates on the various
Tours Committees certainly did an outstanding job in the planning, arranging, and execution of these tours. The comprehensive Tour Guides,
giving factual data of the soils and agriculture of the areas traversed were
highly prized by the tour participants.
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A so-called business manager accompanied each tour. Just before the
start of the tour he was given enough money to pay the cost of the meals
and lodging of the participants during the tour. He deposited this money
in a bank in a special account under his name. Thus, in paying bills he simply
wrote checks against this account. The canceled checks served as receipts
for all payments, and following the close of the tour, the balance remaining
in the bank account was returned to the regular SSSA Congress account.
For Tour I, Professor T. R. Nielsen of Cornell was business manager, and
for Tours II and III it was Professors J. R. Lowe and J. T. Murdock, respectively, both of the University of Wisconsin who served without further
pay beyond their travel expenses.
In Connection with these tours, it was originally planned to give each
participant of a particular tour a booklet of tickets, each ticket, as the
case might be, entitling the participant to a meal or night's lodging. This
was abandoned in favor of the following simpler plan: At the beginning
of a tour, each bonafide participant was given a lapel name tag carrying
his name. The color of the tag was different for each tour. This tag entitled
the bearer to all meals and lodgings scheduled for the tour, and made it
possible for the tour manager to become quickly acquainted with all of the
bonafide participants, and check on their eligibility for meals and lodging.
Of course, the tour manager knew the number of participants in a tour,
and so in settling a bill for a meal and/or lodging, it was after all, a very
simple matter.
Although negotiations with the Greyhound Bus Lines for bus service for
the tours were started in 1957, final arrangements were not concluded until
a few months prior to the Congress. This was due to a declining supply of
travel equipment by the Greyhound Corporation which arranged with the
Campus Coach Co. of New York to supply the buses for Tour I. The buses
for Tour II were supplied by Badger Coaches, Inc., of Madison, Wisconsin,
and for Tour III, equally by the Greyhound and Badger Corporations.
The bus service provided was most excellent in all cases.
Financially the three tours in total provided receipts of approximately
$60,000. Fortunately, total disbursements did not exceed this by more than
about $1000, occasioned largely by Tour I. The expenditures were approximately 46 % for bus service and 54 % for subsistence of the participants
which averaged $7 to $8 per person per day.
By committee action at an early date it was decided to discourage complimentary meals at various stops because of possible delay thus occasioned.
I feel this was a mistake for several reasons: First, it deprived the local
people of an unusual opportunity to visit with people from many countries,
and likewise deprived these visitors of becoming better acquainted with
Americans at the grassroots level. Second, had provision for complimentary
meals been encouraged, the saving in outlay for the tours would have been
lessened by at least several thousand dollars. In fact at two stops, the insistence by the local people of serving a complimentary meal became so
great that the tour manager finally consented. The saving in these two
cases probably lessened the total loss occasioned by the tours by $400 to
$500. It was also found that with good planning, it took no longer and
probably less time in these cases to serve the meal than at commercial
restaurants.
In planning the tours, it was arranged wherever feasible to obtain meals
and lodging at college dormitories. This proved to be highly advantageous
because it usually not only greatly reduced costs but also gave uniformly
better service and accommodations.
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Local Arrangements at Madison
Professor Engelbert, Chairman of the local Arrangements Committee
is reporting in connection with matters pertinent to his committee, and
hence this report omits such matters for the most part. It should be stated,
however, that during the month or two prior to the Congress, Professor
Engelbert devoted most of his time to Congress affairs. To a lesser but
considerable extent, the other members of the Soils Department and Professor O. N. Allen of the Bacteriology Department similarly devoted their
time unstintingly.
Also, the wholehearted cooperation of the University Administration,
and the Management Personnel of the Dormitories, Union and Center
Buildings, and Building and Grounds Service Department added immeasurably to the success of the Congress. The existence of the Headquarters Office of the SSSA in Madison greatly facilitated the banking,
disbursement, and accounting of the large amount of funds involved.
Without the help of the personnel of this nearby facility for the services
indicated and also for registration, the work of the manager would have
been very much more difficult.
Attendance
Attendance at the Congress was generally close to expectations. It was
estimated that possibly about 400 would come from other countries. Not
including the 71 delegates from Canada, 396 came from other countries.
The number coming from the USA, 629 (includes two from Puerto Rico),
was below expectations, considering that the SSSA has about 1600 members.
However, in addition to this number, 52 came from industrial contributors
and 28 from exhibitors of industrial products. It was very gratifying that
194 graduate students, many from other lands studying in this country,
came to the Congress. A considerable number of these (69) received a
nominal travel aid grant, and all could register for a reduced fee of $5.00
in place of the regular fee of $25.00 under a special provision for graduate
students which included all perquisites except the Transactions. The total
number of registrants including representatives of financial contributors
and exhibitors was 1371.
A detailed listing of those coming from other countries, not including
Canada, follows: Algeria, 2; Argentina, 11; Australia, 13; Austria, 1;
Belgium, 21; Brazil, 11; Bulgaria, 2; Cambodia, 1; Cameroons, 1; Ceylon, 1;
Chile, 3; Formosa, 3; Colombia, 3; Congo, 2; Costa Rica, 2; Czechoslovakia,
1; Denmark, 4; Equador, 2; Egypt, 10; Finland, 3; France, 22; French
West Africa, 2; Germany, 29; Ghana, 6; Greece, 1; Honduras, 5; Hungary, 6;
Iceland, 1; India, 18; Indonesia, 1; Iran, 3; Iraq, 1; Ireland, 5; Israel, 4;
Italy, 8; Ivory Coast, 2; Japan, 6; Korea, 2; Mexico, 3; Morocco, 1; Netherlands, 22; New Zealand, 4; Norway, 2; Pakistan, 1; Peru, 6; Philippines, 6;
Poland, 5; Portugal, 3; Roumania, 2; Spain, 14; Sudan, 2; Surinam, 1;
Sweden, 6; Switzerland, 1; Thailand, 5; Turkey, 5; Union of South Africa,
3; United Kingdom (Not including Australia, Canada, and New Zealand),
44; Uruguay, 1; U.S.S.R., 30; Venezuela, 4; Viet Nam, 1; and Yugoslavia, 5.
In Retrospect
Looking back it seems incredible that so many fortuitous but favorable
occurrences should have taken place in connection with the Congress.
To mention all of these would make a long story. Not the least important
was the very pleasant weather that prevailed during the Congress. This
would not have been the case had not the University of Wisconsin recently
changed its calendar so that its Summer School Session closed a week earlier
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than previously. Without this change, the opening of the Congress would
have been delayed and the Congress would have run into a very uncomfortably hot period, and would have closed later than was desirable. Also,
it so happened that only a year or two prior to the Congress there were
completed the new Center Building, especially designed for meetings, and
the eleven-story dormitory where the foreign delegates were housed, only
two blocks from the place of the meetings. That all of the problems connected with the tours, such as satisfactory arrangements for the buses, accommodations for all that wished to take the tours, and attaining a close
balance between receipts and expenditures involving in each case approximately $60,000, ended so well is really amazing.
Without the financial contributions received from various sources, it
would have been, of course, well nigh impossible to hold the Congress.
Aside from this consideration, the great success of the Congress was due to
the countless number of members of the SSSA who devoted their talents
and much of their time to the cause. This, I am certain, speaks well for
the future of soil science in the USA. Finally, the indispensable and able
services of Professors Richard Bradfield and F. A. van Baren, President,
and Secretary-General of the ISSS, respectively, in connection with the
success of the Congress should be fully recognized.
For all of the help received from countless people in connection with the
Congress and through the Acts of God the manager of the Congress is duly
thankful. — Emil Truog, Manager 7th Congress, ISSS.
FINANCE COMMITTEE

In 1955, Dr. D. W. Thorne, then President of the SSSA appointed me to
act as chairman of a committee to solicit funds needed by the Society in
connection with the forthcoming Seventh Congress of the International
Society of Soil Science. The committee as later constituted consisted of the
following:
D. G. ALDRICH
F. E. BEAR
RUSSELL COLEMAN
R. L. COOK
H. J. HARPER

M. H. LOCKWOOD
C. L. LUNDELL
H. E. MYERS
G. D. SCARSETH, vice chairman
EMIL TRUOG, chairman

To pay for the expenses of the preliminary work connected with the
Congress, the Soil Science Society of America at the outset appropriated
$6,000 from its surplus. Although some work in connection with the solicitation of funds, particularly from foundations, was started in late 1957,
the active solicitations from industry did not get fully underway until
early 1959. For the solicitation campaign, Dr. G. D. Scarseth suggested
that we should have a slogan. This idea crystallized into the following:
'Promote Peace and Health by Alleviating Hunger Through Soil Science.'
An emblem depicting the essence of the slogan was drawn up, and both the
slogan and emblem were featured on the stationery used in the solicitation
of funds, and later in Congress correspondence and publications in general.
It was fortuitous that the slogan and emblem epitomized the general theme
of the Congress as it finally developed.
Although the Committee consisted of 10 members, the chairman after
due deliberation concluded that the more active work could be most expeditiously and effectively prosecuted by a smaller committee, employing
the others largely for consultation. Accordingly, the chairman engaged
three members of the committee, in addition to himself, namely D. G.
Aldrich, F. E. Bear, and G. D. Scarseth for this purpose. These three people
represented not only the East and West Coasts and the Center of the Country,
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but were also well acquainted with the pertinent people and agencies in
their respective regions.
Early in 1959 the Chairman prepared a special list of industry prospects
which members of the smaller committee were to solicit for contributions.
Some special literature for use in this connection was also provided. This
gave seven reasons why it was good business for industry to make contributions, and all contributors of $250 or more were promised free registration
at the Congress for two representatives, a complimentary set of the Abstracts and Transactions, and exhibit space at the Congress without charge.
In total about 125 industrial firms and agencies were solicited, and of these,
63 made contributions which, except for one of $25, one of $50 and three
each of $100, ranged from $250 to $1500. Contributions were received until
about 2 months before the time of the Congress and the total received was
$20,625.
In addition to the 63 industry contributors, 8 manufacturers of special
laboratory apparatus used in soils research, subscribed for exhibit space.
Of these, seven took the larger booths at a charge of $150 each, and one a
smaller booth at a charge of $100. The total contributed for exhibit space
alone was $1150. The exhibitors of soils literature - books, journals, e t c . were not charged for exhibit space, but donated their exhibit material
to the Soils Department of the University of Wisconsin.
Of the foundations and public supported agencies solicited, the following
six made substantial contributions:
National Science Foundation, Washington, D. C.
•Rockefeller Foundation, New York, N. Y.
•Foundation for Microbiology, New Brunswick, N. J.
•Atomic Energy Commission of U. S., Washington, D. C.
Public Health Service of U. S., Washington, D. C.
University of Wisconsin, Graduate School, Madison, Wis.
A summary of all direct financial contributions made in support of the
Congress follows:
Soil Science Society of America
$ 6,000.00
Industry
20,625.00
Exhibitors for exhibit space
1,150.00
Foundations and Public Supported Agencies
80,750.00
Total Contributed
$108,525.00
In addition to the direct financial support, other agencies made contributions as follows: The Ford Foundation in connection with its Development Program in India, financed the attendance at the Congress of 10 soil
scientists of that country. For soil scientists in other less developed countries,
ICA provided travel aid for 39 of these, and FAO encouraged the governments of such countries to assist their soil scientists as regards costs of
attending the Congress. The travel aid in dollars provided in this manner
would probably exceed $50,000.
Services provided by Federal and State Agencies, particularly the former,
in the editing and printing of Tour Guides probably had a cash value of
about $15,000. These amounts added to the $108,525 listed above give a
grand total of direct contributions in support of the Congress of approximately $175,000. - Emil Truog, chairman.
* The Rockefeller contribution was given expressly for travel aid to delegates
coming from the less developed countries, that from the Foundation for Microbiology for publication of papers dealing with Microbiology, and that from
the Atomic Energy Commission for publications in general.
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PROGRAM

COMMITTEE

As appointed by SSSA President Bodman in February 1958, the Program
Committee of the SSSA Organizing Committee for the Seventh Congress of
the International Society of Soil Science was composed of the American
vice-president and secretary of each of the seven Commissions of ISSS,
together with A. G. Norman and M. B. Russell, who served as vice-chairman
and chairman, respectively. The Program Committee met at Purdue University in August 1958, at Cincinnati in November 1959, and at Madison,
Wisconsin, just prior to the opening of the Seventh Congress in August 1960.
Most of the work of the Committee was conducted by correspondence.
At the meeting at Purdue, the Committee adopted a set of operating
policies, a general plan for the Congress program, and a timetable for submission of titles, abstracts, registration fees, and manuscripts for program
participants. The plans adopted were in accord with the Program Regulations established by the ISSS at its Sixth Congress in Paris in 1956.
The SSSA Organizing Committee adopted the Program Committee's
recommendation that extended abstracts called Congress Working Papers
be printed prior to the Congress and that only the papers which were
actually presented at the Congress, together with the discussion pertaining
thereto, be published in the Transactions.
The program regulations and timetable were made a part of the First
Announcement of the Seventh Congress which was printed late in 1958
in Bulletin No. 13 of the ISSS. The Second Announcement giving a tentative
list of subjects to be featured in the Congress program appeared in the
spring of 1959 in Bulletin No. 14. Because of the late date at which the
Second Announcement reached some of the ISSS membership, it was
necessary to extend the July 1, 1959, deadhne for submission of titles for
the Congress Program.
A total of nearly 500 titles were considered by the Program Committee
for inclusion in the Seventh Congress. Some were withdrawn by the authors,
others were not in accord with the program regulations, and several were
submitted too late to be included. In its final printed form the technical
program for the Seventh Congress consisted of 404 papers arranged in 43
separate half-day sessions. The latter were composed of 29 sessions of
individual Commissions and 14 Joint Sessions involving two or more Commissions. The 43 sessions were each two and three-fourths hours in length
and were distributed throughout 12 half-day meetings from noon on August
15 to noon on August 23, 1960. Four sessions were held simultaneously on
eight of the half days: three were scheduled on each of three half days, and
on one half day only two sessions were held. Each Commission also held one
or more discussion sessions during the Congress at which time papers previously presented and research in progress or contemplated were discussed
at greater length than was possible during the regularly scheduled paperreading sessions.
Inability of some authors to attend the Congress made necessary some
last-minute changes in the program. These were handled very effectively
by the Commission officers who were able to meet most, if not all, requests
for program adjustments made by Congress participants. The late cancellations and program modifications reduced the total number of papers
from the original 404 to 319. Table 1 summarizes the programs of the
seven Commissions. In addition to the 43 technical sessions, the Congress
program included seven General Sessions lectures, the opening and closing
plenary sessions, a symposium on Tropical Soil Resources sponsored by the
Food and Agriculture Organization of United Nations, and to be published
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TABLE 1.

Summary

of Seventh Congress program.
N u m b e r of Sessions

Comission
Independent
I
II
III
IV
V
VI
VII

4
3
4
6
7
3
2

Subtotals

(29)

I-VI
I-IV-VI
II-IV
II-V
II-VII
II-IV-VII
II-V-VII
III-V
V-VII
Totals

Joint

Pro-rata
(2 1/6)
(3)
(1/2)
(2 1/3)
(1 5/6)
(2 1/6)
(2)

5
7
1
6
4
5
5
(33)

(14)

N u m b e r of P a p e r s
Total
9
10
5
12
11
8
7

Presented

37
35
41
60
69
29
14

34
25
32
52
53
21
8

21
15
21
11
9
17
8
10
7

20
13
20
5
8
13
6
5
4

404

319

(62)

3
2
2
1
1
2
1
1
1
29 +

Scheduled

14 = 4 3

in Soil Science, several local tours a n d events, a n d three extended tours
which covered a substantial portion of the United States.
Three copies of this report, together with copies of materials used in t h e
development of t h e program for the Seventh Congress have been prepared.
One copy has been placed in t h e archives of t h e SSSA, a n d one copy given
to the General Secretary of ISSS. The third copy will be sent to the President
of ISSS for use of those planning the program for the Eighth Congress.

Commission
I
II
III
IV
V
VI
VII

M. B. RUSSELL, chairman
A. G. NORMAN, vice chairman
American
Vice
President
DON KIRKHAM
C. E . M A R S H A L L
F. E. CLARK
W. L. N E L S O N
M. G. C L I N E
R . M. H A G A N
S. B . H E N D R I C K S

American

Secretary

Z. H .

M. VAN B A V E L
C. A. B L A C K
W. P. MARTIN
M. S T E L L Y
G . A . BOURBEAU
W . A. R A N E Y
J. E. GIESEKING

TOURS COMMITTEE

One pre-Congress Tour a n d two post-Congress Tours were successfully
carried out as proposed a t t h e 1959 SSSA meeting (See Soil Sei. Soc. Am.
Proc. 24: 74—75 1960). Tour participants, especially those from overseas,
commented favorably on the tour arrangements a n d programs. T o most t h e
costs seemed low.
Besides t h e leaders, Tour I from New York to Madison h a d 191 participants from 45 countries; Tour I I from Madison to Washington via Memphis
and Knoxville h a d 69 participants from 26 countries; a n d Tour I I I from
Madison t o Berkeley via Colorado a n d t h e Southwest h a d 144 participants
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from 30 countries. It was anticipated that participation in Tour III would
be limited by the available accommodations at a few overnight stops.
Yet during the Congress it was found possible to raise the quota and in the
final arrangement no Congress registrant had to be refused a place on any
of the tours.
Tour costs were very close to the estimates, except for a small subsidy
for Tour I from Congress funds. On net, the Congress subsidy was about
$500.00. A free meal sponsored by the Farm Bureau in Keiser, Arkansas,
and one sponsored by the Soil Conservation District Supervisors at Colorado
Springs helped materially in keeping costs down.
Tour I was led by Dr. M. G. Cline, and Drs. T. R. Nielson and R. Freuer
served as business managers. Tour II was led by Drs. W. S. Ligon and Eric
Winters, and Dr. James Love served as business manager. Tour III was
led by Dr. A. R. Aandahl and the business manager was Dr. J. T. Murdock.
Besides these men who gave so much of themselves, the Society had a
great deal of help with the tours from its other members, from people in
several Federal, State, and local agencies, and from farmers and other
interested folks. Probably 300 American citizens played significant parts
in the tour programs. Then too, for explanations and demonstrations we
had the generous help of many of our multi-lingual colleagues from overseas.
Several of these agencies and groups took care of local costs for the preparation of demonstrations and for special transport and entertainment.
Manuscripts for the tour guides were prepared largely by members of
the Society in the separate states, assembled by the tour leaders, and finally
prepared for publication by the Soil Conservation Service. They were printed
jointly by the Soil Conservation Service and the Agricultural Research
Service of the U. S. Department of Agriculture. Enough copies were available
for the tour participants. A set of the guides was sent to the librarian of
each land-grant college and to the librarian of the principal soil research
centers of the U. S. Department of Agriculture. The Soil Survey office of
the Soil Conservation Service has only a very small reserve from which a
few copies will be made available to scholars in soil classification not serviced
by these libraries.
W. H.

A. R. AANDAHL
ALLAWAY

G. D.

E. WINTERS
SMITH,

M. G. CLINE

C. E. KELLOGG, chairman

vice chairman

LOCAL ARRANGEMENTS COMMITTEE

In July of 1958 the Local Arrangements Chairman appointed a Local
Arrangements Committee and numerous subcommittees to plan for the
Congress. The task of the local committees was lightened considerably by the
wholehearted support of the University of Wisconsin and courtesy of the
citizens of Madison.
The percentage of Congress participants preregistered was exceptionally
high. This simplified planning particularly with regard to housing and
the handling of mail because room assignments could be made in advance.
The Program Committee did a commendable job in planning the Commission meetings. Needs were made known well in advance so that such things
as offices with telephone and secretarial help could be provided for the
Commission officers.
Preregistration greatly facilitated registration at the Congress. Delegates
from English-speaking countries registered at the Memorial Union and all
others registered at the Wisconsin Center Building. Registration went so
smoothly that the 'special questions and problems' desk was inactive most
of the time.
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Special meeting rooms provided for discussion of papers were little used
during the day. However, the number of ad hoc sessions held in the evening
and the numbers attending were surprising. All reports were that the ad hoc
sessions were extremely valuable and informative.
In the early spring of 1960 the Congress Manager engaged Mr. Willard
Smith, former Madison correspondent for the Milwaukee Journal, to publicize the Congress. Mr. Smith did an excellent job of informing the national
press of the scope and importance of the Congress. During the Congress,
John Fett, in cooperation with the University of Wisconsin Agricultural
Journalism staff, arranged press, radio and television interviews. As a result,
the Congress received excellent coverage not only by the state press but
also by the New York Times, Newsweek and several other national publications.
The all-day tours on Thursday, August 18, were arranged insofar as
possible to view research and points of interest which could not be seen on
the intra-state tours. There were approximately 500 participants in the
Thursday tours. Thanks to the USDA Agricultural Research Service and
Purdue University, Congress participants, especially those interested in soil
and water conservation, were able to study a new type infiltrometer and
the artificial rainmaker in action.
Approximately 130 wives and 70 children of participants registered
at the Congress. Twenty-nine of the wives were from countries other than
the United States. The highlight of the women's program was the 'getacquainted' tea at the University President's home on Tuesday. The trip
to the Wisconsin Dells was enjoyed especially by the children. It is of interest to note that the Dells Boat Company publicized the Congress by
flying the flags of all nations having participants at the Congress. These
flags were flown on one of the excursion boats on the day wives and children
visited the Dells.
To lighten the rigors of the many paper sessions, a family barbecue and
evening entertainment program was planned for Saturday evening, August
20. About 1400 meals were served and the Congress participants had a
chance to taste the best in Wisconsin cheese and beer. The foreign participants and families particularly enjoyed the native dances of the American
Indian troupe dressed in native costume.
One fact about the Congress should not go unmentioned. The many
University of Wisconsin employees who came in contact with Congress
participants were effuse in their praise of the Congress. This was the most
friendly and considerate of any group that they have had the pleasure of
serving.
O. N. ALLEN
O. J. ATTOE

L. G. MONTHEY
E. TRUOG

L. E. ENGELBERT, chairman
TRAVEL ASSISTANCE

COMMITTEE

The Travel Assistance Committee was appointed in December 1958
by Dr. Guy D. Smith, President of the Soil Science Society of America.
The primary function of the Committee was to handle problems connected
with the making of travel assistance grants for the Seventh Congress of the
International Society of Soil Science.
The 1959 report of the Committee (published in Soil Sei. Soc. Am. Proc.
24: 71, 1960) outlined preliminary plans, including criteria and procedures
for making applications to be used in making grants.
As a result of the successful efforts of the Finance Committee in raising
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travel-aid funds it was possible not only to assist 81 scientists from other
countries in attending the meeting and participating in the program, but
also to provide modest travel assistance grants to 69 graduate students in
this country. Summary data relative to applications and grants are given in
tables 1 and 2.
TABLE 1. General summary of applications and grants, Travel Assistance Committee.
A. Scientists from other countries
Applications
and grants
1. Number of applications
2. Applications withdrawn or
grants not approved
3. Number of grants offered
(a) Not accepted
(b) Accepted
4. Total amount of grants accepted
5. Average size of grants accepted
B.

Less developed
countries

Other
countries

Total

72

45

119

13
58

3
45

16
103

17
41
$21,755
$ 531

5
40
$14,735
$ 368

22
81
$36,490
$ 451

Graduate students (and visiting scientists from other countries)
Applications and grants

1. Number of applications
2. Applications withdrawn or grants not approved
3. Number of grants, offered
(a) Not accepted
(b) Accepted
4. Amount of grants, accepted
5. Average size of grants, accepted
C. Grant Total (A + B)
1. Number of grants
2. Amount of grants

Numbers or amounts
86
12
74
5
69
$4,935
$ 71.51

150
$41,425

The grants to scientists from other countries were made on the basis
of financial need, contribution to soil science, participation in the Congress
program, and potential benefit from attending the Congress, both to the
applicant and to his country. A total of 119 applications were received from
scientists in 49 other countries. One hundred and three grants were offered
to scientists from other countries; 16 were not accepted for various reasons.
Of the 81 soil scientists from 42 countries who received grants, 41 were
from less developed countries. The size of the grants ranged from $100,
where other assistance was available from government and other sources,
to a maximum of $1,200, where invited speakers came from considerable
distances. The average-size grant to soil scientists from less developed
countries was $531, compared to $368 for those from other countries.
At the suggestion of our Committee, the SSSA Organizing Committee
agreed to make available a total of $5,000 for travel grants to worthy and
needy graduate students in this country. A special application form was
provided for making application. Through the excellent cooperation of
Department Heads and graduate student advisors at the various colleges
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TABLE

2. Summary of number of grants to scientists from other countries.

E U R O P E - (39)
Belgium
Czechoslavakia
Denmark
England
France
Germany
Iceland
Ireland
Italy
Netherlands
Norway
Poland
Scotland
Spain
Sweden
Yugoslavia

4
1
1
7
8
7
1
1
1
S
2
1
2
I
3
1

MIDDLE & FAR EAST - (13)
Ceylon
Taiwan, China
India
Iran
Iraq
Israel
Japan
Malaya
Thailand
Turkey
Viet-Nam
S. & CENTR. AMERICA - (H)
Argentina
2
British Guiana
2
Costa Rica
1
Ecuador
2
Peru
3
Venezuela
1

AFRICA - (11)
Congo
3
Egypt
4
SOUTHWEST PACIFIC - (7)
Ghana
1
French West Africa
1
Australia
5
Kenya
1
New Zealand
1
Sudan
1
Fiji
1
Totals - 81 grants to scientists from 4 2 countries.

and universities, a total of 69 graduate students received grants. Of these,
36 were citizens of other countries and 33 were United States citizens. The
grants varied in size from $50 to $100 and averaged $71.
The Committee also cooperated with the Food and Agricultural Organization (FAO), the International Cooperation Administration (ICA)
and the Rockefeller Foundation and the Ford Foundation, all of whom
where instrument in facilitating travel of a considerable number of soil
scientists to the Congress. The Rockefeller Foundation provided a substantial travel-aid grant for soil scientists in the less developed countries, and
the Ford Foundation, through its development program in India, aided
10 soil scientists of that country.
L. A. RICHARDS
R. W. SIMONSON

D. W. THORNE
JACKSON,

M. L.

assoc. chairman

W. H. PIERRE, chairman
EXHIBITS COMMITTEE

Following its appointment in August 1959 by SSSA President Guy D.
Smith, the committee met November 16, 1959, to plan for the Congress
exhibits. All further planning was carried on by correspondence. A local
committee composed of M. T. Beatty, Zenas Beers, K. C. Berger, C. J.
Chapman, R. B. Corey, William De Young, R. C. Dinauer, F. D. Hole,
H. H. Hull, G. B. Lee, J. T. Murdock, A. E. Peterson and L. M. Walsh
was appointed by L. E. Engelbert; chairman of the Local Arrangements
Committee, to facilitate the setting up of the exhibits.
There was a total of 109 exhibits, 29 of which (mostly soil maps) were
from other countries. The educational exhibits from the United States were
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sponsored by various state universities and federal agencies, including
Agricultural Research Service, Soil Conservation Service, Tennessee Valley
Authority and Argonne National Laboratory. The educational exhibits
from other countries were also sponsored by various universities and
governmental agencies. More than 200 people took part in planning,
construction and providing the many excellent exhibits. About one-third
of the exhibits, mostly purely educational, such as soils literature and special
laboratory methods and techniques, were displayed in the exhibit rooms of
the Wisconsin Center Building and two-thirds, mostly industrial and soil
maps, on the main floor of the Armory Building. Because of the many
requests for exhibit pictures, a professional photographer was employed
to photograph all exhibits that were 'photogenic'. A set of these pictures
will be filed in the archives of the Soil Science Society of America. An
estimated 1800 people viewed the exhibits. The exhibits are classified as
follows:
Number
Kind

of

of

Exhibits

Exhibit
USA

Educational
Soil classification a n d m a p p i n g
Soil conservation, irrigation a n d d r a i n a g e
Soil c h e m i s t r y a n d fertility
Soil microbiology
Soil m i n e r a l o g y
A g r i c u l t u r a l meteorology
Plot equipment
B o o k displays
N u m b e r of books
Miscellaneous

11
2
7
5
2
2
5
15
(86)
2

Industrial
Fertilizers, chemicals, e t c .
Laboratory equipment

20
9

Total

80

Foreign

14

14
(103)
1

M. ALEXANDER
B. R. BERTRAMSON
W. M. JOHNSON

W. A. RANEY
C. I. RICH
P. E. WAGGONER

M. PEECH

O. J. ATTOE, chairman

29
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R E P O R T S ON T O U R S

7 T H INTERN. CONGRESS OF SOIL SCIENCE, MADISON, W I S C , U.S.A., 1 9 6 0

REPORT ON TOUR I.
by
Dr.

MARLIN G. CLINE

Ithaca, New York
One hundred ninety persons representing 45 countries participated in
this 9-day precongress tour from New York City to Madison, Wisconsin,
under the leadership of Professor M. G. Cline with Professors T. R. Nielsen
and R. Feuer as business managers. The 1900 mile excursion occupied 9
days and passed through the States of New York, Pennsylvania, Ohio,
Indiana, Illinois, and Wisconsin where local personnel of the State Agricultural Experiment Stations and Universities and of the Soil Conservation
Service and Agricultural Research Service of the United States Department
of Agriculture served as guides and as hosts. Approximately 95 persons
were involved in the planning and operation of the tour. Participants
traveled in 5 air-conditioned busses equipped with amplifying systems for
commentaries while traveling. One bus was reserved for French-speaking
participants; one, for German; and three, for English.
On the first day, August 5, participants were introduced to the seventh
approximation of the new soil classification system of the United States
Cooperative Soil Survey, and this remained a major topic of discussion

Fig. 1. Part of the participants of Tour 1 at a soil profile at Coshocton, Ohio.
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as its application was demonstrated at soil-profile stops throughout the
tour.
The route led across the region of Sols Bruns Acides with fragipans (Fragochrepts) and their wet associates (Fragaquepts) of the Allegheney Plateau
of eastern New York into the Central lowlands adjacent to the Great Lakes,
where Gray Brown Podzolic Soils (Typudalfs) are dominant as far as Western
Indiana, and finally into the region of Prairie Soils (Mollisols) of the heart
of the 'corn belt'. Agriculturally, the land use pattern changed with the
soils from dairying, recreation, and forestry on the Sols Bruns Acides to
general farming, vegetables, and fruit on the Gray Brown Podzolic Soils,
and finally to the Corn — soybean — livestock economy of the Prairie Soils.
Turning northward into Wisconsin, the excursion again entered a region of
general farming and dairying on Gray Brown Podzolic Soils just before
reaching Madison.

Fig. 2. Profiles containing fragipans were of special interest.
Soil profile stops were arranged on the major kinds of zonal soils as well as
on a number of their wetter associates. Glacial geology was a principal
topic of discussion while traveling, as were the relations between soils
and land use. Use of soils information in engineering was emphasized in
Indiana. Two dairy farms, a fruit farm, and 2 grain-livestock farms were
visited to illustrate farming operations in relation to soil resources. Visits
to eight experimental stations and experimental farms provided an opportunity for discussion of major soil problems, research procedures, and
experimental results.
The excursion was accommodated overnight at three major Universities
where participants had an opportunity to see the accommodations for
students and some of the facilities for research and instruction. One night
was also spent at a teacher's college and another at one of the private liberal
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arts colleges as samples of academic atmospheres in smaller institutions of
higher education. The commentaries while traveling included many aspects
of cultural patterns, local history, customs, and every-day living in the
American setting.
The excursion was by no means all devoted to business. Social hours were
held at several of the overnight stops, where local scientists and their wives
joined the party. At several places where the itinerary permitted, ladies
on the excursion were given respite from traveling and were entertained
by ladies of the local institution. The tour was routed to permit a leisurely
stop at Niagara Falls. Most significant, however, was the spirit of companionship and good fellowship that prevailed among the participants
throughout the excursion, the friendships made or renewed, and the incidents that will remain conversation pieces for many years to come.
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REPORT ON TOUR II
by
Dr. ERIC WINTERS

Knoxville, Tennessee
Tour II through the Southern States had approximately 72 participants
representing about 26 different nationalities. The group traveled in two
chartered buses and were en route from August 24 through September 3,
1960. The general route was south from Madison, Wisconsin to Memphis,
Tennessee, east from Memphis to Raleigh, North Carolina, and north from
Raleigh to Washington, D. C. where the group disbanded. Dr. W. S. Ligon,
SCS, was leader of the group from Madison to Knoxville, Tennessee, and
Dr. Eric Winters, UT, was leader from Knoxville to Washington, D. C.
Dr. James Love, University of Wisconsin, served very ably as Tour Manager and helped make the tour very pleasant for everyone concerned.
Several important soil areas and some of the major types of farming of
the eastern United States were studied. Going south from Madison, the
group passed through a representative section of the Corn Belt of central
United States. Some of the important soils in the area are those developed
under grass in a humid region, referred to as 'Brunizems'. The Corn Belt
agriculture observed in Illinois is characterized by fairly large farms with a
high proportion of the acreage in grain crops, particularly corn and soybeans,
and a considerable number of hogs and cattle produced per farm.
In Missouri and Arkansas, the group traveled through a portion of the
famous Mississippi Delta area of deep alluvial soils varying from fine to
medium-coarse in texture. Much of this area is protected from stream overflow by dikes and levees. Cotton, soybeans, corn, and some rice, are produced.
Power machinery used for land clearing and rice harvesting was seen. A
demonstration of fertilizing rice from an airplane especially interested the
group.
In the vicinity of Memphis, Tennessee the group observed small cotton
producing farms where most of the soils are developed on uplands from
a medium-thick wind-blown deposit (loess) under forest vegetation.
The soils are transitional between the Red-Yellow Podzolic and GrayBrown Podzolic soils. Further east, most of the farming is general in nature
with hay pasture, some grains, and small acreages of intensive crops,
particularly tobacco. The soils, in general, belong to the Red-Yellow Podzolic group and through most of Tennessee are developed in residuum
from limestone, sandstones and shales. Soil profiles of particular interest
to the party were one representing the high phosphate soils of Tennessee
and Kentucky, and one with a fragipan. East of Knoxville the group passed
over the Great Smoky Mountains and enjoyed the very beautiful scenery
of that area, particularly in the National Park area near Gatlinburg.
Farming in the mountain area is mostly of a subsistence character with
farms very small in size and topography too steep for much row crop production. Beyond the mountains, on the Piedmont Plateau of North Carolina,
the farming is again very similar to that of Tennessee, with tobacco the
specialty cash crop and general farming on medium to small size farms the
characteristic production pattern. A similar type of agriculture was observed through much of the area seen in Virginia. Only the very edge of the
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Coastal Plain was seen. Profiles representative of common soil series in the
Piedmont and Coastal Plain were observed.
The group was a very congenial and friendly one and all seemed to enjoy
the eleven days together thoroughly. A particularly memorable evening
was spent at Knoxville when the group sang songs, including an original
song composed in honor of Dr. Ligon who left the tour at that point. The
accompanying map shows the general tour itinerary through the several
States (See page LXXIX).
The tour participants were very appreciative of the courtesies and attention shown to them by the various people who helped arrange for and
carry through the tour. These people included representatives of the Soil
Conservation Service and other agencies of the United States Department of
Agriculture, and staff members of the State colleges and experiment stations
of the seven States through which the tour passed.
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R E P O R T ON T O U R I I I
by
A. R. AANDAHL

Lincoln, Nebraska
Tour I I I from Madison, Wisconsin to Berkeley, California included a
wide variety of soils, climate, scenery, people a n d agriculture. T h e 146
participants were from more than 30 countries.
Corn seemed to be everywhere from Madison, across Iowa, to m a n y
miles west of Lincoln, Nebraska. Soil stops here included a Gray-Brown
Podzolic, a Brunizem, a n d a Humic Gley. The Brunizem was examined on
the Wilson farm where they specialize in corn, hogs a n d cattle. The Humic
Gley was observed on the experimental plots a t Iowa State University.
B o t h land treatments a n d structural measures of t h e Upper Salt Creek
Watershed program were observed south of Lincoln. These watershed
programs are local undertakings with Federal aid.

Fig. l.
Arvad Cline describing the gray wooded soil at the Manitou Station, Colorado.
W h e a t a n d range replaced corn in t h e landscape as t h e tour moved into
the region of Chernozem, Chestnut a n d Brown soils. A Chernozem was
studied near Hastings, Nebraska. During t h e visit t o t h e wheat farm in
eastern Colorado, one of t h e participants commented, 'just feel this d r y
heat!' T h e weather was cooperating, it would have been unfortunate if it
had been cool and rainy here. A Brown soil was observed a t t h e Central
Great Plains Field Station, Akron, Colorado.
A d a y of rest was enjoyed a t the Colorado State University in Fort
Collins near the Rockies.
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The drive through the Big Thompson Canyon, over Trail Ridge Road,
to the Fraser Experimental Forest and on to Denver was blessed with a
beautiful sunshiny day. Colorado Springs will be remembered by the group
as the area where they saw their first Cowboy and enjoyed Western Hospitality.
Madison by now was miles behind but Berkeley was still far away so the
tour had to hurry on through this area of mountains and mesas, Reddish
Brown and Desert soils, cowboys and Indians. At Taos, New Mexico, famous
as an art center, the American Indians danced for the group. These Indians
have lived in Pueblo for hundreds of years. Albuquerque, Gallys, Flagstaff
and then there was the Grand Canyon in all its glory.

Fig. 2. The Mohave Desert Soil, California.
The Grumosol seen between Flagstaff and Prescott, Arizona was fascinating to many. The idea of a churning soil was something new.
On to Riverside, California, but en route the Giant Catci and the Desert
pavement served to remind all that the Cornbelt and the wheat of the
Great Plains were far behind. Here, another Sunday for rest, and Monday
the group visited the Salinity Laboratory, the Citrus Experiment Station
and saw a Noncalcic Brown soil.
From Riverside the tour headed north into the Mohave Desert where
they saw a Desert soil. Then, the tour left the desert with its fascinating
vegetation and entered the valley of Central California. Here they saw
another Noncalcic Brown soil but this one had a hardpan.
Two treats were yet to be enjoyed, the farm of Clayton Brown and the
wineries near Livermore. Clayton Brown specializes in cotton and alfalfa
but the group will remember most their hospitality and their swimming pool.
The sampling of the products of the wineries provided a fitting climax.
Then, on to Berkeley and many farewells completed the tour.
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PHOTOGRAPHIC IMPRESSIONS OF THE
7TH INTERNATIONAL CONGRESS OF SOIL SCIENCE
1. The opening of the Congress at Madison, Wise.
Dr. Bradfield delivers his Presidential Address.
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2. Wisconsin's Gray Brown Podzolic
draws very great attention.
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3. This Iowa soil surely presents a problem!
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4. Beef cattle in Nebraska assist
in growing healthy people.
Photo's: V.F Shubin, U.S.S.R.

5. Colorado makes thirsty! Unesco's
Dr Kovda and the Secretary General
of I.S.S.S. share a coke.

6. America's most scenic Grand
Canyon.
7. A Non-calcic brown soil near Riverside, Cal.
The interest is as lively as right at
the start.

8. At the completion of Tour III in Madera, Cal.
Thank you, Andy!
Photo's 5-7: V.F. Shubin, U.S.S.R.
Photo 8: P. Buringh, Netherlands.
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THE PETROGRAPHIC APPROACH TO THE STUDY OF SOILS
by
R.

BREWER

C.S.I.R.O. Div. of Soils, Canberra, Australia
INTRODUCTION

As soil science has developed, the systematic description of soil profiles
in the field and in the laboratory has become progressively more detailed
a n d complicated. In the early days, the prime objective was to distinguish
different kinds of profiles on the number and arrangement of recognisable
horizons which were described very broadly in terms of colour and texture.
These descriptions were amplified later to include structure and consistence
and the occurrence of detectable amounts of relatively soluble materials,
such as carbonates and sulphates. Still more recently, such morphological
features as 'clay skins' have been described. Concomitant with this development there has been an increasing demand for chemical, physical and
mineralogical analyses.
This progression in complexity of description points to the fact t h a t many
soil materials are highly heterogeneous, in contrast to earlier concepts of
the relative homogeneity of single soil horizons. Morphological studies b y
microscopic methods have emphasized this heterogeneity and revealed
m a n y significant expressions of it which hitherto received no attention.
They have also shown t h a t the physical constitution of soil materials has
m a n y similarities with t h a t of sedimentary rocks. T h e problems of description and study of these materials, then, can be expected to be similar
to those for sediments. These problems have largely been met b y sedimentary petrologists by the techniques of petrography.
Petrography is concerned primarily with description, b u t the scope of
such description has been interpreted differently b y various workers (14, 9,
13) from descriptions based on direct observation on unaltered materials
to descriptions based on all possible data, morphological, chemical, physical
and mineralogical. For the purpose of this paper petrography will be taken
to include description of the physical and mineralogical constitution, t h a t is,
description of the internal organisation due to the physical characteristics and arrangement of the constituents, and the qualitative and quantitative estimation of the constituents.
It is worthy of emphasis at the outset t h a t petrography is nothing more
t h a n description, but it is description based on a rather specific outlook
and specialised techniques.
T H E NATURE OF SOILS

To apply pétrographie methods to the study of soils, it is necessary first
to examine the nature of soil materials and soil profiles.
There are a number of ways of viewing soils for particular purposes
but basically they are the result of weathering of hard rocks or sedimentary
bodies, and of the reorganisation, translocation and concentration of t h e
more mobile constituents. I t is reasonable, therefore, to view soils as complex, heterogeneous bodies of material which consist essentially of mineral
grains weathered to varying degrees, and which have taken on different
characteristics in different parts of the profile due to rearrangement of the
1
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more mobile constituents. Thus, a profile is composed of a number of soil
materials with particular characteristics, arranged in a particular order.
Viewed in this way, as Kubiena (10) points out, soils consist essentially
of two broad groups of constituents with very different physical and physicochemical properties. One group, the skeleton grains, is relatively stable
both in regard to its physical and chemical properties and in regard to
its position in the profile while the second group, the plasma, is relatively
unstable because of the ease with which it can be translocated through the
profile and because its physical and chemical properties can be modified by
relatively small changes in conditions and environment (6). The first
group includes the larger mineral grains and other stable bodies such as
phytoliths while the second includes colloid-size grains, solubles such
as carbonate, and fractions of the humified organic matter. It is the activity
of the plasma which causes many of the significant features and properties
of soil materials.
These constituents become organised in various ways during soil formation
and this organisation may be expressed by the development of feds, pedological features and matrices, together with their associated voids. In
this context these phenomena are defined as follows:
Peds are individual natural soil aggregates consisting of clusters of
primary (individual) particles and separated from adjoining peds by surfaces
of weakness which are recognisable as voids or natural surfaces (Sleeman,
personal communication).
Pedological features are recognisable units within a soil material which
are distinguishable from the enclosing material for any reason such as
origin (deposition as an entity), differences in concentration of some fraction of the plasma, or differences in arrangement of the constituents (6).
Matrix of a soil material is the material within peds, or composing unaggregated soil materials, in which the pedological features occur; certain
pedological features recognised by differences in arrangement of constituents
(the plasma separations of Brewer and Sleeman (6)) are essentially part of
the matrix.
Each of these units can exhibit levels of organisation. Simple or primary
peds can be arranged to form larger recognisable compounds or secondary
peds which can be further arranged to form tertiary peds; pedological
features, such as nodules of carbonates, can occur as compound types,
small features (the included features) being included in a large unit (the
host feature): matrices can have their plasma grains organised into units
of various sizes and shapes (plasma aggregates).
Soils, then, consist essentially of skeleton grains and plasma which can
be identified and whose arrangements can be studied both within a relatively uniform soil material and with regard to depth in a profile. Further,
their variation with depth within the profile can be estimated quantitatively.
Both of these studies, the physical and mineralogical constitution of soil
materials and profiles, are the province of petrography.
PRINCIPLES OF PETROGRAPHY

Pétrographie methods offer the means of extending the description of
soils to include characteristics which cannot be determined by other means.
The basic principles of sedimentary petrography (structure and fabric
analysis, and mineral analysis) are applicable in a general way to soil
materials, but some modifications are necessary. The modifications necessary in structure and fabric analysis are not so much in principle as in
the kind of characteristic described because of the nature of the constituents
2
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and the kinds of arrangement which occur in soils; those necessary in
mineral analysis are entirely in the kind of analyses made because of the
variation in qualitative and quantitative mineralogy with depth in the
profile.
(a) Principles of Structure and Fabric Analysis
(1) Concepts: Because of variations in definitions between groups of
workers, Brewer and Sleeman (6) redefined soil structure and soil fabric
having regard to current concepts in geology and pedology, the nature of
soil materials, and usability of the proposed definitions in all fields of soil
science. The definitions proposed were:
Soil structure is the physical constitution of a soil material as expressed
by the size, shape and arrangement of the solid particles and voids, including in the former both primary particles to form compound particles
and the compound particles. Soil fabric is the element of structure which
deals with arrangement.
Structure and fabric can be described at each of the various levels of
organisation. Kubiena (10) applied this principle in splitting fabric into
'elementary fabrics' and 'fabrics of higher order' but this can be extended
further. Consider a highly complex soil material such as that shown diagrammatically in Fig. 1. The levels which can be described are:
(i) Levels within the matrix:
Plasmic — appertaining to the plasma within the matrix.
Basic
— appertaining to the plasma and skeleton grains within the
matrix.
(ii) Levels due to the occurrence of intrapedal pedological features:
Elementary — appertaining to characteristic arrangements of specific
intrapedal pedological features in relation to the matrix. (Cf. Kubiena's
Elementary Fabric (10)).
Primary — appertaining to all the intrapedal pedological features in
relation to the matrix.
(iii) Levels due to pedality:
Secondary — appertaining to primary peds and their interpedal pedological features.
Tertiary — appertaining to secondary peds (units composed of groups
of primary peds) and their interpedal pedological features.
(iv) Levels within pedological features: Pedological features have their
own internal structure and fabric. In complex types the host and the
included pedological features each have a matrix and the host has included
pedological features, so levels comparable with those within primary peds
can be described (plasmic, basic, elementary, primary).
A schedule for the complete description of soil materials is set out in
Table 1.
(2) Application: The complete systematic description of structure requires examination at all possible scales of magnification. Certain characteristics, such as sets of extensive shear planes, can only be studied
megascopically in the field. At the other end of the scale, the organisation
of the plasma usually requires microscopic, or even electron microscopic,
examination.
The characteristics describable in the field usually include the size, shape
3
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LEVELS OF STRUCTURE

MATRIX
Plasmic and Basic Structure

SECONDARY FED
PEDOLOGICAL
FEATURES

Secondary structure

Fig. 1.
TABLE 1. Description of Structure.
Structure
level

Material

Pedological
features

Individual pedological
features *

Plasma, skeleton
grains, voids.

Plasmic
structure
Basic
structure

Matrix

Plasma, voids.

Size

Matrix

Plasma, skeleton
grains, voids.

Shape :
roundness,
sphericity

Components

Elementary Matrix, specific
structure
intrapedal
pedological features

Plasma, skeleton
grains, voids,
pedological features

Primary
structure

Matrix, all intrapedal
pedological features

do.

Secondary
structure

Primary peds as units,
interpedal pedological
features

Primary peds, interpedal voids and pedological features.

Tertiary
structure

Secondary peds as
units, interpedal
pedological features

Secondary peds, interpedal voids and
pedological features

Characteristics

Arrangement :
distribution,
orientation

* Pedological features may have levels of organisation requiring description
in terms of several plasmic and basic structures, and their relations to each other.
and arrangement of megascopic voids, pedological features and peds.
This includes secondary and higher levels of structure.
On h a n d specimens, with the aid of a lens or stereo-microscope, m a n y
pedological features and secondary and higher levels of structure can be
described in detail. Basic fabrics also can be described to some extent.
For example, Kubiena (10, 11) recognised 'peptised' and 'pectised' plasma
4
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and particular arrangements of plasma and skeleton grains. It is not pertinent to argue here whether Kubiena's two forms of plasma are, indeed,
dispersed and flocculated. It is sufficient that he, and others, for example
Churchward (8) who termed them lac and floe respectively, have been
able to recognise two distinct forms in the handspecimen. In addition, it is
possible to recognise specific arrangements of these forms of plasma with
regard to the skeleton grains, such as:
Porphyritic: skeleton grains set in a dense ground mass of plasma after
the manner of phenocrysts in a porphyritic rock.
Agglomeratie: (after Kubiena (10)) the plasma occurring as loose or
incomplete fillings in the spaces between the skeleton grains.
Intertextic: (after Kubiena (10)) the plasma occurring as bridges linking
the skeleton grains.
Granular: there is no plasma or it all occurs as pedological features.
In thin section, the size, shape and arrangement of constituents too
small to see otherwise, and characteristics which can be observed only
under the petrological microscope, are described; that is, the details of
plasmic, basic, elementary and primary structure, and the internal structure
of pedological features. Even though individual plasma grains may not be
visible by this technique, interpretation of the degree and pattern of
anisotropy of the plasma, in terms of distribution and degree of orientation,
can be made. If the plasma is isotropic or opaque then only its distribution can be described by this technique and complete description of size,
shape and arrangement of the grains requires some other technique such
as electron microscopy, by which means actual intergranular contacts can
be observed.
The complete description of structure of a complex soil material is long
and involved. Brewer and Sleeman (6) have attempted to simplify it by
selecting descriptive terms from sedimentary petrography and modifying
them where necessary because of the nature of soil materials. In addition,
commonly occurring fabrics can be named and used in the same way as
fabric names are used in rock descriptions.
(b) Mineral Analysis.
The pétrographie methods of mineral analysis of soil materials are concerned with mineral identification and description of the size and shape
of particles. The standard techniques of sedimentary petrography are
well suited for such studies. There are several methods of particle-size
analysis, some of which involve the weighing of size fractions separated
by elutriation, sedimentation and/or sieving, while others depend on density
measurements of suspensions. Techniques have also been evolved for
particle-size analysis in thin section but this is often unsatisfactory for soil
materials in which a large proportion of the section consists of clay-size or
silt-size grains so that there are too few coarser grains for the method to be
sufficiently accurate. Particle-shape analysis is probably best done on size
separates since shape often varies considerably with size. Both roundness
and sphericity (9) are described. For the plasma, shape can be described
adequately only from electron micrographs. Mineral description and identification is also most conveniently achieved on separates, but, in this case,
on specific gravity and magnetic fractions as well as size fractions. The
most significant diagnostic minerals are usually rare; they often occur in
the fractions of higher specific gravity and are also often magnetic to
varying degrees so that such separations concentrate them and make
identification easier.
5
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THE SIGNIFICANCE OF PETROGRAPHIC STUDIES

There are three broad phases of pedological studies: the characterisation
of soils (soil materials and profiles), the study of soil genesis, and the
classification of soil materials and profiles. The present purpose, then,
is to discuss the significance of the petrographic approach to these, and
to studies of soil-plant relationships.
(a) Characterisation of Soils.
Soils are characterized by description and by measurement of properties.
(1) Description: The main value of petrographic methods to description
is the much more comprehensive description obtained by using its special
techniques to study in detail the characteristics of soil materials, many of
which are neglected by other descriptive systems. The application of the
petrographic approach has already shown deficiencies in accuracy and
completeness in current descriptive systems. The following examples may
suffice to justify this statement.
(i) Natural Surfaces. Sleeman * (personal communication) has shown
that it is possible to distinguish natural surfaces from fracture surfaces by
petrographic methods on criteria such as shape, colour, lustre, porosity,
and occurrence of exposed mineral grains and coatings. On this basis he
has been able to formulate a positive definition of peds as units enclosed by
natural surfaces which are recognisable by specific observable characteristics.
This positive identification of peds is in contrast to previous methods which
depend on recognition of populations of units of similar size and shape
after application of a force to a mass of soil; such units are assumed to
represent peds separated by a regular pattern of surfaces of weakness (6)
for which no positive distinguishing characteristics are quoted. Sleeman
has demonstrated that the production of populations of units of similar
size and shape by applying forces is not a dependable criterion for peds.
In some soil materials such populations consist almost entirely of fragments
and not peds with natural surfaces, while in others true peds occur in a
wide range of sizes and shapes.
(ii) Pedological features. The petrographic approach focusses attention
on the nature and distribution of pedological features, which comprise an
important record of the genesis and history of soil materials and profiles.
Clay skins, as recognised in handspecimens, are now used as a criterion for
classification. Petrographic examination of these and related phenomena,
however, have demonstrated that they vary widely in internal structure and
in their relationships with voids and other constituents of the soil material;
they can be classified and interpreted on these characteristics (4). This
also applies to other kinds of pedological features. For example, the occurrence of 'concretions' is often reported. Petrographic examination of
these shows that they include features with a wide variety of internal
structures other than the classic concentric arrangement typical of concretions.
(iii) Basic Fabric. Description of basic fabric has generally been completely ignored. The grosser characteristics of basic fabric can be described
from handspecimens, just as can the grosser characteristics of rock fabric.
Such data should be supplemented by examination of thin sections since
many characteristics are observable only by microscopic techniques because
of their size or nature. Just as descriptions of rocks are incomplete without
* J. R. Sleeman, C.S.I.R.O. Division of Soils, Canberra, Australia.
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such pétrographie examination so descriptions of soil materials are incomplete without it.
(2) Measurement of Properties. Pétrographie analysis of structure has
focussed attention on the highly organised, extremely heterogeneous
nature of many soil materials. It is this heterogeneity that is significant
to the measurement of properties and interpretation of the data. It would
be impossible to consider here all the variations in structure of soil materials
which have been observed, so some of the more obvious expressions of
heterogeneity have been chosen as illustrations of the significance of
pétrographie data. Also, since little work has been done on the correlation
of pétrographie analyses with other data, only suggestions of the possible
significance can be made.
(i) Soil Chemistry. The usual methods of grinding and sieving before
analysis effectively reduce the soil material to a homogeneous mass. Such
materials may have quite different properties to those of the original soil
material which had a characteristic distribution and arrangement of its
constituents. Measurements made on ground samples average the data
for the whole soil material but provide inadequate information concerning
the chemical characteristics of the environment within an undisturbed
soil material. The information required for many purposes is the chemical
characteristics of the various kinds of materials as they occur within a
soil material. An analogy can be drawn with, for example, silica, whose
properties vary widely according to whether it occurs as a gel, as an amorphous or crypto-crystalline substance, such as opal and chalcedony, or as
crystalline quartz. Similarly, it is probable that the properties of a clay
mineral, such as illite, will vary according to such characteristics as grain
size and degree of orientation of the individual grains. Therefore, the variation in chemical properties of the constituents of soil materials with
variation in distribution and arrangement should be studied. Such data,
in conjunction with structure analyses, may make it possible to assess the
chemical characteristics of various kinds of soil materials. A simple illustration of this is provided by numerous soil materials which contain soft
coatings of manganese oxides on the walls of particular voids, as compared
with others with similar proportions of manganese oxides occurring as
very finely disseminated grains. In the former, the bulk of the material
may be relatively deficient in manganese, while in the latter it will be high
in manganese. Chemical analyses of these two soil materials will not differentiate them in any way in regard to manganese.
The problem, then, is to determine the effect of the mode of occurrence
of the constituents on the overall properties of the soil materials.
(ii) Clay Mineralogy. The problems posed for the clay mineralogist by
soil heterogeneity are parallel to those for the soil chemist. More specifically,
there is a need for accurate identification of the fractions of the plasma
which are concentrated in particular parts of the soil material, that is, in the
pedological features, and even in different parts of the various kinds of
pedological features. These fractions can be recognised microscopically as
being different from each other and, usually, they can be identified as
dominantly clay minerals (layer-lattice minerals), iron oxides, calcite, and
so on, but a more definite and complete investigation is necessary. An
example of this kind of investigation is the work on palygorskite (2).
Obvious questions which can be posed are: (i) does fractionation in grain
size and/or kind of material occur during concentration and reorganisation
of the plasma into the various pedological features, (ii) do these processes
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simply concentrate existing constituents or produce new mineral species,
and (iii) do particular constituents tend to concentrate together under
specific conditions? Buol and Hole (7) made such a study on a grey-brown
podzolic soil.
(iii) Soil Physics. Three aspects of soil heterogeneity can be used to
illustrate the significance of pétrographie analysis in the measurement of
the physical properties of soil materials.
Voids. The shape and arrangement of the macro-voids, as recorded in
fabric studies, demonstrate a high degree of anisotropy in many soils
materials, for example, where sets of planar voids occur with vertical,
horizontal and sub-horizontal orientations. Several sets can occur in the
one material and the spacing within a set can be very variable. Such pétrographie data may be a guide to the size of sample appropriate for various
physical measurements. It also indicates that valuable information would
be obtained from studies of the physical properties of the surfaces of such
planar voids since they must, to a large extent, control many physical properties such as permeability. It seems that study of such anisotropy by
flow methods and correlation of the data with pétrographie fabrics would be
rewarding.
Clay Mineral Cutans. One of the most significant aspects of soil heterogeneity, is the occurrence of clay mineral cutans (4) on skeleton grains,
the surfaces of peds, and the surfaces of voids, especially systems of subparallel planar and elongate voids. Such coatings may materially increase
anisotropy, which was originally due to the arrangement of the voids,
because of the differences in physical properties between the clay coatings
and the material coated; if they effectively coat the bulk of the soil material
they may control certain of its characteristics. It is important, therefore,
to study the physical properties of such coatings of which there are many
varieties with different internal arrangements; their physical properties
probably vary according to their fabric. It has already been shown that the
manner and rate of breakdown of soil materials when wetted rapidly depends
on the degree of development and internal fabric of clay mineral cutans (5).
Basic Fabric. A further problem is the assessment of the effect of
different degrees of orientation and patterns of distribution of the plasma
and skeleton grains in the basic fabric on the physical properties of soil
materials. It has been suggested (1) that many of the properties of soil
materials depend on the clay mineral grains behaving as aggregates rather
than as individuals. This suggests a correlation between the behaviour of
soil materials and the petrography of the basic fabric. Studies of basic
fabrics have shown that the clay minerals do often occur as aggregates of
varying size, shape and degree of orientation both within the aggregates
and between aggregates. Similarly, some physical properties depend on the
packing of the skeleton grains, for example, the impermeability of some
fragipans is due to density of packing.
(b) Study of Soil Genesis.
There are four main methods of study of soil genesis:
(1) calculations of soil formation,
(2) qualitative study of weathering,
(3) interpretation of structure and fabric analyses, and
(4) interpretation of a series of analyses and measurements.
The first three of these methods are purely pétrographie while the
pétrographie approach is most important in the fourth.
S
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(1) Calculations of soil formation. Calculations of soil formation are
based on quantitative mineral analysis of the various horizons in a soil
profile, using the ratio of the percentage of some stable constituent in
each horizon to that in the parent material as a measure of the amount of
parent material that has gone to form each soil horizon. The first requirement for such a study is proof of the uniformity of the parent material.
Quantitative mineralogical analysis, with special reference to the so-called
heavy minerals, will identify a material mineralogically and indicate vertical
and horizontal variability: qualitative and quantitative differences in the
suite of the most resistant heavy minerals are characteristic of differences
in geological materials, and qualitative similarity of the suite of heavy
minerals but quantitative differences in mineral ratio are characteristic of
differences in conditions of deposition (12). Varietal differences within a
single mineral species and the ratio of zircon content to tourmaline content
are important in such studies. Particle-size and particle-shape analyses
may indicate transported parent materials.
If the requirement of uniformity of parent material is fulfilled then
calculations can be made on each soil horizon, as compared with the parent
material, as to:
(i) net gain or loss in weight,
(ii) net gain or loss in thickness,
(iii) net gain or loss of any constituent or size fraction,
(iv) percentage of each mineral species weathered.
These calculations can then be applied to the whole profile to calculate
total gains or losses during weathering and soil formation.
(2) Qualitative Study of Weathering. The qualitative study of weathering
during soil formation requires knowledge of the properties and condition
of the minerals in the parent material, to be assured that features of weathering observed are due to soil formation and not to prior processes.
The usefulness of pétrographie methods in this field is limited by their
ability to identify the products of weathering which are often so fine-grained
and intermixed that some other technique, such as x-ray, is necessary for
identification. However, pétrographie microscopic methods can identify
progressive changes in properties and appearance of mineral grains during
weathering, the proportions of the grains weathered, the distribution of
the weathering products within the individual grains, and, in some cases,
the nature of the weathering product. In this way, the methods facilitate
recognition and isolation of particular weathered grains so that the degree
and kind of weathering can be assessed by other techniques. Such studies
have been made by a number of workers, including Walker (17) who found
it possible to identify weathering stages in biotite directly by optical
methods.
(3) Structure and Fabric Analysis. For the interpretation of structure
and fabric analyses, a knowledge of the prior state of the parent material,
that is, its original structure is advantageous but is not always essential.
The differences between the structure of the soil material of a horizon and
that of the parent material is a reflection of the effects of the processes of
soil formation. For example, it is now generally accepted that skins of
strongly oriented clay minerals associated with the walls of voids are
formed by illuviation in suspension and subsequent deposition. This interpretation is supported if several specimens show a waxing and waning of
the development of such skins with depth in a profile, and especially if the
degree of development can be correlated with percentage of clay-size
»

Gen.1
material and changes in bulk density (3, 8). Similar interpretations are
possible for other pedological features and fabric phenomena. Such interpretations should be supported by experimental reproduction of the phenomena and, in fact, pétrographie methods suggest the kind of experimental
work which should be done by revealing the kinds of phenomena which
occur in soils. The end products of such experiments should also be examined
petrographically to show whether they do, in fact, produce fabrics similar
to the naturally occurring ones.
(4) Measurement of Properties. Gross changes in the properties of soil
materials due to soil formation can be measured by analyses on bulked
samples but, as has been stressed, such analyses give little real information
regarding soil genesis. It is essential to know the prior state of the parent
material in terms of uniformity and the characteristics analysed. It is
also essential to dissect the soil material to be analysed, if the analyses are
chemical or mineralogical, and to know their structure and fabric in detail
if the analyses are physical. Interpretation of the analytical data in terms
of genesis requires a knowledge of structure and fabric.
(c) Soil-Plant Relationships.
The size, shape and arrangement of the constituents and voids (structure)
are important factors in soil-plant relationships. Since plant roots tend to
follow existing voids, the pattern of voids is significant and the properties
of the surfaces may be most important. Cutans on the surfaces of voids
may control the environment of plant roots by coating the majority of
potential root channels with various substances; soil materials without
cutans act as porous media in which most of the constituents are readily
accessible, but cutans may radically change the environment. For example,
clay mineral cutans may form a colloid membrane coating a porous material
thus effectively locking away the bulk of the soil material from the activity
of plant roots. Rovira and Graecen (15) have shown that organic matter
can be locked away in soil materials and cutans may enhance such effects.
In addition to their physical effect, since most cutans are concentrations
of certain fractions of the plasma, they control the chemical environment
of the roots also; such nutrients as minor elements may be concentrated or
diluted in the cutans as compared with the bulk of the soil materials.
(d) Classification.
Structure and fabric descriptions are an integral part of the description
of soil materials and form the basis of studies in soil genesis. Further, the
arrangement of fabrics down a profile is an important characteristic of the
profile. Thus, these fabric arrangements are important characteristics for
soil classification whether it is based on description or genesis. This argument
applies not only to the characteristics of structure and fabric which are
readily observable in the field or in handspecimen but also to those which
can be observed only by finer techniques, such as the petrological microscope. This is entirely parallel to geological practice where rock fabric is
used extensively in classification, and field observations are amplified by
laboratory observations.
CONCLUSIONS

The pétrographie approach to the study of soils has considerable significance to most branches of soil science. The kind of description possible
by using pétrographie techniques provides a basis for investigation of the
phenomena which occur and the processes of soil formation, and for exit)
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perimental reproduction of soil fabrics, interpretation of analytical data,
and classification. I n particular, t h e application of pétrographie techniques
to soil studies lead to the following conclusions:
(1) Soil materials are highly heterogeneous.
(2) Pétrographie methods provide t h e means for much more accurate a n d
complete descriptions of soils; pétrographie description is an essential
part of soil description.
(3) Analyses of whole soil materials are relatively unrewarding compared
with analyses of specific constituents correlated with their distribution
and arrangement.
(4) The physical behaviour of soil materials m a y depend on their structure
and fabric, especially t h e distribution and arrangement of t h e plasma.
(5) Genetic studies of weathering and soil formation must be preceded b y
establishing t h e prior state of t h e parent material b y sedimentary
pétrographie studies.
(6) Some of t h e properties of soil fertility such as permeability, root environment, a n d accessibility of nutrients depend on structure and
fabric.
(7) Structure and fabric studies indicate t h e kind of experimental work
needed to study t h e soil-forming processes; t h e success of such experiments in reproducing t h e structure and fabric of soils can be
checked b y pétrographie methods.
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SUMMARY

Petrography is, literally, the description of rocks but more especially
description of their physical constitution (structure and fabric analysis)
and their mineralogical constitution (mineral analysis). Pétrographie
principles can be applied to the study of soils provided a sound system is
developed from consideration of the nature of soils and the phenomena
which occur in them. Such studies are invaluable in:
(i) the characterisation of soils by description, which includes features
not considered by other descriptive techniques, and by the measurement of
chemical, physical and mineralogical properties,
(ii) the study of soil genesis by calculations of soil formation, the qualitative study of mineral weathering during soil formation, the interpretation
of observed structure and fabric phenomena, and the interpretation of
analyses of soil horizons,
(iii) the study of soil-plant relationships, especially in regard to root
environment in relation to fabric, and
(iv) the classification of soil materials and soil profiles.
RÉSUMÉ

Au sens littéral du terme, la pétrographie est la description des roches
mais plus spécialement la description de leur constitution physique (analyse
de leur structure et de leur assemblage) et de leur constitution minéralogique. Les principes pétrographiques peuvent être appliqués à l'étude des
sols à condition de mettre préalablement au point un système solide,
prenant en considération la nature particulière des sols et les phénomènes
dont ils sont le siège. Ces études ont une grande valeur pour:
(i) la caractérisation descriptive des sols, du fait qu'ils tiennent compte
de certaines particularités qui échappent à d'autres techniques descriptives
et aux déterminations chimiques, physiques et minéralogiques.
(ii) l'étude de la pédogénèse par calcul de la formation du sol, par l'étude
qualitative de l'altération des minéraux au cours de la formation du sol,
par l'interprétation des phénomènes de structure et d'assemblage observés,
et par l'interprétation des analyses d'horizons pédologiques.
(iii) l'étude des relations sol — plante, spécialement les rapports entre
les conditions de milieu régnant aux environs immédiats des racines et
l'assemblage du sol.
(iv) la classification des constituants du sol et des profils pédologiques.
ZUSAMMENFASSUNG

Pétrographie ist, wörtlich, die Beschreibung von Gesteinen, aber ferner
mehr speziell die Beschreibung ihrer physischen Eigenart (Analyse von
Struktur und Aufbau) und ihrer mineralogischen Zusammensetzung
(Mineralanalyse). Petrographische Ausgangspunkte können beim Bodenstudium dienlich sein, vorausgesetzt dass man über ein gesundes System,
die Natur der Böden und die darin auftretenden Phénomène zu betrachten,
verfügt. Solche Studien sind nicht zu überschätzen:
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(i) bei der karakteristischen Beschreibung der Böden, weil sie Gegebenheiten umfassen, die bei anderen technischen Beschreibungen, sowie in der
Bestimmung chemischer, physischer und mineralogischer Eigentümlichkeiten, nicht erwähnt werden;
(ii) beim Studium der Bodenbildung an Hand der Zahlenergebnisse der
Analysen; beim qualitativen Studium der Mineralverwitterung während
der Bodenbildung; bei der Erklärung der beobachteten Struktur- und
Aufbaugegebenheiten, und den Analysen der Bodenhorizonte;
(iii) beim Studium der Boden-Pflanze-Beziehungen, speziell die Bewurzelung im Verhältnis zum Bodenaufbau betreffend, und
(iv) bei der Klassifikation der Bodenbestandteile und -Profile.
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THE CONTRIBUTION OF PEDOLOGY TO THE DEVELOPMENT
OF AGRICULTURE IN THE USSR
by
I . V. TlURIN

Dokuchaiev Institute, Moscow, USSR
From its very beginning t h e development of pedology in Russia was
associated with t h e participation of soil specialists in t h e solution of important problems of national economy. Among t h e most vital was, first
of all, a comparative grade estimation of t h e lands for different purposes,
including t h e transformation of virgin lands into arable territories, a n d ,
secondly, t h e problem of raising soil productivity. As examples can serve
classical researches carried out b y V. V. Dokuchaev and his collaborators
on t h e study of Russian chernozem a n d of t h e soils in Nizhni-Novgorod
and Poltava governments a t t h e end of t h e nineteenth century. Undertaken with a practical purpose of raising agriculture in the chernozem area
and to obtain a comparative valuation of t h e lands, these researches
permitted t o l a y a scientific foundation of modern pedology a n d work
out a complex scientific method of studying soils, which is generally accepted
now.
During t h e post-Dokuchaev period — a t t h e beginning of t h e 20th
century — Dokuchaev's followers, with Prof. Glinka as their head, tried
to develop pedology as a pure science without a n y connection with utilitarian aims. B u t even during this period vast soil-geographical researches
have been carried out under t h e guidance of Prof. Glinka in Siberia a n d
Middle Asia for t h e practical purpose of introducing agriculture into new
little-populated areas. At t h e same time within European Russia soil
researches were taking place in m a n y territories for a correct organization
of a n e t of experimental agricultural stations. As result of these studies
extensive scientific data have been accumulated. Their analysis and summarization lead to important scientific conclusions on t h e genesis, classification a n d geography of soils.
The number of such examples of mutual relations between theory a n d
practice in soil researches, carried out in Russia a t the end of the 19th and
a t t h e beginning of the 20th centuries, could be considerably extended.
After t h e Great October socialist revolution t h e necessity of using t h e
achievements in pedology for national economy of t h e country became
much greater. For this reason pedology in the USSR obtained much wider
possibilities for the development of research work in all the main branches
of this science. This, in its turn, permitted a much greater participation
of soil specialists in the solution of those problems which faced agriculture
in its transition t o a socialistic w a y of development.
DEVELOPMENT OF SOIL-CARTOGRAPHIC WORKS IN USSR AND THEIR UTILIZATION
IN A PERSPECTIVE PLANNING OF AGRICULTURE IN THE COUNTRY

Throughout t h e entire history of pedology in USSR great attention h a s
been always paid t o t h e geographical study a n d mapping of soils. These
researches became especially developed after 1917, which can be well
illustrated b y t h e following d a t a (Table 1).
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At the present time there are soil maps of a small and medium scale
for more than half of the entire territory of the Soviet Union, including
all the agricultural areas of the country.
TABLE

1. Development of soil-cartographic work in Russia and te USSR for
the period from 1877 to 1957.
Scale of survey

Detailed soil survey
sc. > 1 : 50 000
Medium scale survey
1 : 50 000—1 : 200 000
Small-scale survey
1 : 300 000— 1 : 1 000 000
General soil maps
1 : 2,5 mln—1 : 4 mln

From 1887 to 1917

From 1917 to 1957

Single estates

About 250 mln. ha

About 150 mln. ha

About 500 mln. ha

About 450 mln. ha

About 1200 mln. ha

European part of
Russia ( Caucasus
not included)

Entire territory of the
USSR

Along with a greater volume of soil-cartographic work during the last
forty years there has been an improvement in the methods of field and
laboratory soil researches; the content and appearance of the maps became
much better; more details have been introduced in the classification and
systematics of soils, which found its reflection in the legends of the maps.
Especially much has been done in this respect during the last 15 years,
when a general soil map of the country has been in compilation. On this
map all local soil subdivisions, which have been used previously, have been
unified into one system and soil nomenclature for the entire Soviet Union.
The principles of this system, worked out by the Dokuchaev Institute of
Soil Science, consist of the following main points.
The basic taxonomie unit is a soil type, closely corresponding to the soil
type concept of European pedologists and in a somewhat more narrow sense
to the concept of 'great soil group' of American authors. Each soil type
unites a group of soils, which develop under bioclimatic and hydrological
conditions of the same type and which are characterized by the same type
of soil profile. The number of soil types established by Dokuchaev, Sibirtzev and Glinka by the beginning of the 20th century, did not exceed 12.
At the present time, as a result of the establishment of new soil types and
a partial subdivision of old ones — i.e. previously existent — their number
considerably increased and amounts for the territory of the USSR to 60.
In their turn, soil types are subdivided into genetic subtypes among
which it is customary to distinguish normal subtypes — i.e. most characteristic for this type — and transitory subtypes, which possess a certain
number of features typical for other — neighbouring — types of soils.
For instance:
podzolic type
— subtypes of podzolic, surface-gley-podzolic, boggypodzolic soils;
chernozem type — subtypes of thick and ordinary chernozems, leached
chernozems, calcareous chernozems, alkaline — solonetz — chernozems, etc.
Lately there is a tendency to distinguish facies — regional subtypes — or
subtype groups — by the specific features of the hydrothermal regime,
which is of a substantial practical value.
Within each subtype large-scale maps indicate genetic kinds (variants)
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and varieties by the degree to which the features characteristic for the given
type of soil are developed. For instance: by the degree of podzolization for
the podzolic type of soils, by their humic content for chernozems etc.
Along with a subdivision based on features due to bioclimatic and hydrological conditions of soil formation, there is also a subdivision into
genera, by the mechanical composition and lithological features of the
parent rocks — for instance, genera of clay and heavy-loam, loam (mediumand light), sandy loam, and sandy soils, etc.
This way, the classification and taxonomy of soils in USSR is based on a
consistent application of the genetic principle in distinguishing taxonomie
units — from the soil type to a soil kind or variety. In the actual determination of the kinds and varieties of soils the name of the genetic type and
subtype is preserved, which guarantees a clearness of soil maps for a very
wide circle of practical workers in agriculture and forestry who are familiar
with the fundamentals of soil science. For specialists in soil science this
facilitates wide scientific comparisons and generalizations.
It should be pointed out, that a consistent application of the genetic
principle facilitates a further improvement of soil systematics on the basis
of a fuller appreciation of all soil properties and the conditions of their
development. Systematic studies in this direction proceed at the present time.
The use of one system of classification and taxonomy in soil-mapping
makes it easier to use soil maps of a medium and small scale for the solution of some problems connected with the planning of extensive improvements in agriculture, in correspondence with the soil and climatic conditions, in various parts of the country. In particular, soil maps serve as a
basis for a general scheme of soil-agronomic regioning of the USSR, on the
basis of which the problems of specialization in agriculture are being settled
and the different systems of agricultural processes are decided upon.
Very important for the planning of future expansion in agriculture are
studies on a qualitative estimation (inventory) of land resources, i.e. the
determination of the territories occupied by various soils for the entire
country and for individual administrative regions. These works have been
started thirty years ago by the late Academician Prasolov and are continued
now at the Dokuchaev Institute of Soil Science with the help of latest
soil-cartographic data. As result, areas occupied by soils of various types
and subtypes have been determined and the extent to which they are being
used has also been established. Material provided by such an estimate
permits to determine the possible size of land suitable for agriculture,
the order in which work should proceed on the utilization of new lands in
different zones and regions and the necessary amount of capital investments.
An outstanding example of a use of soil-cartographic material for the
solution of similar tasks was a preliminary determination of virgin land
resources suitable for immediate tilling — without any melioration —
and sowing of grain crops in the Eastern regions of the country. This preliminary work, carried out in the Dokuchaev Institute of Soil Science,
served as a basis for the well-known government decree on the utilization
of virgin lands in Siberia, Kazakstan, and the area beyond the Volga.
After that a considerable number of soil specialists worked locally, selecting
and picking out territories suitable for tilling, and the organisation of new
State farms. During the following 5 years the total area of newly used lands
came to 38 mln. ha.
During the coming few years Soviet pedologists are called upon to carry
out an extensive amount of researches on the study, valuation and selection
of new lands suitable for agriculture on a vast sub-taiga — not schernozem
— territory of European Russia, Siberia and the Far East.
16
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Another important division of soil researches directly associated with
the problems of raising the productivity of lands used in agriculture, is a
detailed or large-scale study and mapping of soils in collective and state
farms.
Before the October revolution such studies have not been developing
on any wide range owing to the extensive character of farming, which was
predominant then. Only single estates with an advanced type of farming
or some experimental stations and forestries undertook the compilation of
large scale soil maps.
The beginning of mass researches on large scale mapping of soils belongs
to the end of the twenties of this century. New problems in agriculture,
which faced the Soviet state at that time, namely, the creation of large
grain state farms and the organization of collective farms, the beginning
of an extensive application of liming and mineral fertilizers, development
of irrigation construction, etc., demanded the compilation of large scale
soil maps (1 : 10 000—1 : 50 000) for territories covering many tens of
millions of hectares. These studies were considerably extended during the
thirties, but then were interrupted by the Great Patriotic war against
Hitlerite Germany. During the war a considerable part of soil maps compiled
for collective and state farms, located on the occupied territory, were
destroyed.
The compilation of large scale soil maps was resumed at the end of the
forties and was especially extensively developed within the last decade
(1950—1960). At the present time large scale mapping embraces a territory
of about 25Ó mln ha, while during 1959 alone detailed soil maps for collective and state farms have been compiled on an area of 28 mln. ha.
It should be said, however, that the standard of the studies carried out
at different times was not uniform and not always very satisfactory. The
use of the maps compiled in state and collective farms was also insufficient,
for various reasons. This is especially true as regards the maps which have
been compiled during the pre-war period, inasmuch as at that time the
methods of compilation have not been properly worked out yet and the
organization of the studies was not satisfactory.
This situation induced the Dokuchaev Institute of Soil Science and the
magazine 'Pochvovedenie' (Pedology) to make a proposal in 1953 of a
decisive improvement in the organization and methods of detailed mapping
of the soils in collective and state farms in order to guarantee their most
effective use and a rise in the productivity of agriculture. These suggestions
were favourably accepted by the union republics where corresponding
organizations have been created now, which operate according to considerably improved programs. These programs schedule the following links of
this study: 1) compilation of soil maps; 2) agricultural and meliorative
characteristic of the soils; 3) recommendations on the organization of the
territory for each farm and on the necessary agrotechnical and meliorative
measures for increasing its productivity.
Most intense studies of this kind took place in the Ukraine, where it
was decided to embrace with large scale mapping (sc. 1 : 10 000—1 : 25 000)
all lands involved in agriculture on a total area of about 47 mln. ha. These
studies follow one method, worked out by scientific research institutions
of the Ukrainian Agricultural Academy.
The elementary i.e. the smallest taxonomie unit in these studies is a soil
kind, which means a unit of the soil cover, homogeneous by its genetic
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features of the soil profile (i.e. corresponding to the soil kind concept of
the general soil classification for USSR) and by relatively stable characteristics of an economic utilization. In other words, a soil kind is understood
in Ukrainian researches as a homogeneous productive-genetic unit.
The soil kinds are grouped (united) into larger productive groups, characterized by approximately the same main agroproductive indices, like:
the texture of the soil and the character of the parent material, position
in respect to relief and moisture, character and degree of soil cultivation.
As result of the studies for each collective and state farm a soil map
(sc. 1 : 10 000 or 1 : 25 000) and cartograms are compiled, the latter characterizing individual agroproductive properties of the soils and recommendations for their best use.
In addition a monograph is written for each farm, containing a description of the outlines distinguished on the soil map, a characteristic of soil
kinds and agroproductive groups of soils, of climatic, topographic and
other natural conditions, as well as recommendations on tilling, fertilizing,
melioration, control of erosion etc. For the compilation of practical recommendations the soil survey groups include corresponding specialists in
agriculture.
The experience of studies in the Ukraine is being used now in working
out analogous research programs for other republics. It should be mentioned, that in compiling detailed soil maps at the present time air photography is being used more and more, which greatly helps in determining
more precisely the boundaries of soil contours and to decipher them on the
basis of Dokuchaev's principle of the relations existing between the genesis
of soils and the factors (conditions) prevailing during the process of soil
formation.
SOIL RESEARCHES FOR SPECIAL PURPOSES

To appreciate the contribution made by pedology to the development of
agriculture of particular interest are specialized soil-melioration researches.
Special soil-meliorative researches are most significant in areas with an
artificial irrigation, which in USSR is used mainly in the most arid and hot
regions of Middle Asia and Transcaucasia. On the basis of the experience of
past years irrigation here was often accompanied by a secondary salination
of the soils. To foresee, prevent or liquidate such a salting is an impossible
task without a special careful study of the irrigated soils, their water-salt
regime and the influence exerted upon soil processes by the entire complex
of natural and economic factors. This stimulated the development in USSR
of soil-meliorative researches (soil-cartographic and stationary), which
were used as a basis for working out the main principles of this branch of
pedology.
Soil researches of a meliorative trend began to develop especially extensively after 1921 owing to large meliorative construction projects for
the reconstruction of old and the building of new irrigation systems in cotton
growing areas. During the past 40 years all the territories of presently
operating irrigation systems have been studied and mapped in detail; areas
where new irrigation could have been introduced have also been studied.
The general aim of these studies, along with a territorial study and detailed
soil mapping, included also the establishment of laws governing the migration and accumulation of salts in soils under conditions of irrigation
farming. On the basis of these studies one could predict where a secondary
salinization might be expected and what practical measures could prevent
it or fight against it.
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For a successful solution of these problems special methods have been
worked out which indicate a complex study of soils, grounds and ground
waters in respect of their salt composition and content to the entire depth
of the soil-ground mass containing water. This is connected with the study
of physical constants and functional water-physical properties of soils and
grounds, which affect the water-salt regime of the soils and of the entire
irrigated territory. These studies include also the establishment of the
changes in the soil properties and processes, which originate as result of an
agrotechnical and meliorative interference of man.
The application of this method demands a combination of soil-cartographic work with experimental observations on temporary key plots and
with lengthy observations on constantly operating experimental stations
created in a number of irrigation regions. It demands also a registration of
the mass economic experience of the farmers.
An idea of the contribution made by soil science in the development of
irrigation farming in USSR can be obtained from the following factors.
The area of irrigated lands used in agriculture increased in the USSR after
1917 — 1921 more than twice and exceeds now 10 mln. ha. All new irrigation
projects have been carried out on the basis of results obtained by such
preliminary detailed soil researches. This provided, as a rule, a successful
operation of the irrigation systems built and the effectiveness of the meliorative agrotechnique. As result a part of previously abandoned lands,
which were thought unsuitable owing to their secondary salinity, was
meliorated and returned into agriculture. Considerable territories of deserted
virgin lands were transformed into fertile fields. That is why the area under
cotton increased in USSR during the last 30 years 2,5 times, and the average
yield rose from 7—9 centners per hectare up to 20—22 centners of raw
cotton and even more. This permitted the Soviet Union to step up to the
first place in the world by the yields of cotton and to the second place after
the USA by the bulk output of cotton instead of the fifth place in 1917.
Certainly, such great successes in irrigation farming were achieved as
result of a combined effect of favourable social and economic conditions,
a high level of mechanization, progressive agrotechnical methods, and the
introduction of fertilizers. However, the influence of these factors could have
been effective only on the basis of the results of detailed soil researches.
It should be added, that at the present time, mostly for the second time,
work has been started in areas of irrigation farming on over-all detailed
soil researches on the lands of state and collective farms to effect a control
over the meliorative state of the soil and to work out the most perfect
system of agrotechnical and meliorative measures, considering the specific
features of the soils. The purpose of this work is to achieve a further rise
in the yields of all the crops and, first of all, of cotton.
Among the other specialized soil researches, which substantially helped
the realization of certain agricultural problems in USSR, mention should
be made of soil researches in the non-chernozem territory for the establishment of lands needing liming, on the selection and study of soils in various
regions of the Caucasus suitable for the creation of tea and citrus plantations,
on the study of soils in connection with the projects of creating protective
forest belts in steppe areas, on the study of soils in areas subjected to
flooding around the sites of large hydroelectric power plants etc. I am
unable to deal with all these problems in detail owing to the lack of time.
In all researches of this kind one common system of soil classification was
used with additional grouping of soil kinds by their indices, which were
important for a successful realization of the measure planned.
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T H E ROLE OF SOIL SCIENCE IN WORKING OUT NEW WAYS OF RAISING SOIL
FERTILITY

There is one of the new tendencies in Soviet soil science which strives to
work out new ways to raise soil fertility by chemical, physical, meliorative
and biological methods with consideration given to genetic peculiarities
of different soils.
I would like to quote as an example certain works which are of practical
importance and which are introduced into the economy.
By joint researches of pedologists and agrochemists the effectivity has
been studied of the application of organic and mineral fertilizers for the
main types of soils. It has been established, that mineral fertilizers are
much more effective on soils of more humid areas, in other words on podzolic and grey forest soils, degraded and leached chernozems. On soils of
more arid zones — ordinary and southern chernozems and dark chestnut
soils, — the effectivity of fertilizers drops considerably, being obvious
mainly in comparatively humid years. The Central subzone of thick chernozems occupies in this respect an intermediary position.
When large doses (1,2 centn./ha of acting element) of fertilizers are
applied the greatest effect on all soils is of nitrogen, then comes phosphorus
and, finely, potassium.
With average doses (0,45—0,65 centn/ha) this order changes on deep
and ordinary chernozems, the first place belonging here to phosphorus,
the second to nitrogen and the third to potassium. The exception is on deep
chernozems in old arable lands where sugar beets were growing — here
potassium is just as effective as nitrogen.
A study of the effectivity of fertilizers in irrigation farming has shown,
that in areas of a comparatively young agriculture (on southern and subcaucasian chernozems and chestnut soils of the area beyond the Volga)
irrigation is a more powerful factor in a rise of crops than the introduction
of fertilizers, though the effectivity of the latter is fairly high, especially
on the fields of corn and alfalfa. This indicates, that the reserves of nutritive
substances mobilized during irrigation in the soils of these areas are still
sufficiently large and can provide high crops if correct agrotechnical methods are used. In old agricultural regions of sugar beet growing the reserves
of easily mobilized nutritive matter are much reduced; for this reason irrigation is less effective — in wheat growing — than the introduction of
fertilizers.
The highest effectivity of mineral fertilizers, particularly of nitrogen,
under conditions of irrigation has been established on serozems of Middle
Asia in growing cotton.
Thus, the effectivity of fertilizers varies for different types of soils and
displays a distinct dependence upon the conditions of humidity and upon
the size of nutritive matter reserves, which are capable of changing into
absorbable forms. This amount is determined, on one hand, by the genetic
type of soils and, on the other hand, by a varying degree to which the soil
has been depleted in respect to certain elements as result of a lengthy
agricultural use when the introduction of fertilizers was not sufficient.
The results obtained serve as a basis for a differentiated use of fertilizers
in different soil zones and economic regions of the country and are referred
to in the compilation of a perspective plan for the development of the fertilizers industry and for the distribution of fertilizers among various regions
of our country.
Another example of a successful application of the achievements of
pedology in agriculture can be the work on effective melioration methods
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and a farming utilization of alkaline soils (solonetz) so widely developed
in the arid zone of chestnut soils, as well as in the chernozem zone.
The main bases in the study on the genesis of solonetz soils and the principles of their chemical melioration by replacing exchange sodium by calcium were worked out by the outstanding Soviet scientist Prof. Gedroitz.
During the period of time, which passed since his death, these foundations
and principles were developed in subsequent papers of numerous authors,
who have introduced new suggestions to simplify and make more accessible
methods of a fundamental improvement of solonetz soils.
Among such methods are those which use for the replacement of exchange sodium by calcium the reserves of gypsum or calcium carbonate
contained in the lower horizons of the solonetz themselves. This is achieved
by deep ploughing and additional moistening either by snow retention,
or by irrigation. To speed up the replacement reaction when calcium from
the calcium carbonate (in the absence of gypsum) takes the place of exchangeable sodium, an important additional factor (under conditions of
artificial irrigation) is the planting of perennial grasses (alfalfa). Their
development causes an increase in the content of C0 2 in the soil and a
higher solubility of calcium carbonate. These methods have been tested
and produced positive results both in experimental and production conditions. They open the possibility of a wide use of considerable areas of
virgin lands in dry steppes in the south-east and in the eastern regions of
the country, where until recently the presence of a great number of solonetz patches excluded a chance of using these lands for agriculture.
I can not dwell on other examples of a successful participation of pedologists in a search and elaboration of new routes for a higher fertility of the
soil in various natural zones of our country. I would like to mention only
such methods as meliorative plowing of derno-podzolic soils — to a depth
of 40 cm — which results during a number of years in an improved water
regime and higher yields of crops, especially in the case of dry summers.
Mention should be made of a successful application of magnesium fertilizers
on sandy soils, etc. Many researches in this direction are still in their stage
of development and tests and it is to be hoped that their results will be
effective.
PROBLEM OF SOIL EROSION CONTROL IN

USSR

Owing to a number of reasons the processes of soil erosion on the territory
of the Soviet Union, with the exception of certain mountainous regions and
deeply dissected elevated plateaus, are not so widely developed as in the
USA (according to Bennett). Probably that is why they became a subject
of attentive study by Soviet pedologists only during the past 2—3 decades,
though the presence and threatening significance of erosion processes in the
chernozem area has been indicated already by Dokuchaev nearly seventy
years ago. Recent researches permitted to establish the areas on which these
processes are developed and the intensity of water and wind erosion, to
determine the categories of the eroded soils and to formulate an approximate
idea on the amount of yearly losses caused by erosion. These proved to be
considerable. Owing to the serious importance which erosion has for present
day agriculture in USSR and for its future, the problem of erosion control
and on the liquidation of their negative consequences attracted the attention of many pedologists and other specialists.
With an active participation of pedologists-specialists in soil erosin a
system of general and local measures to control erosion has been worked
out. These measures are part of the obligatory recommendations given to
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state and collective farms when detailed soil researches are effected. This
way they begin to be introduced into everyday practice everywhere.
CONCLUSION

Naturally, I did not exhaust my subject and left untouched a number
of questions pertaining here. However, I dare to hope, that what I have
said, will give you a general idea on the role of soil science in the general
progress of agriculture in USSR. We, soil scientists, are not inclined to
overestimate this role; on the contrary, we often feel and express our discontent, that the achievements of pedology are too slowly and not sufficiently used in practical agriculture. But there are important reasons for
this and one of them is extremely vital — I mean the Great Patriotic war
against Hitlerite Germany, which has been tremendously horrible by its
consequences in all aspects of the life of Soviet people, in its industry and
agriculture. The disasters caused by this lengthy and devastating war
were so enourmous, that a rather long period of time was necessary to
bring back normal conditions of life and restore agriculture. It is obvious
that during this time there have been no material or organizational means
for taking advantage of all the achievements which science could offer,
including the achievements of soil science, for the development of agriculture.
Now this difficult rehabilitation period is mainly completed and the
socialist agriculture of the Soviet Union, having reached a considerable
uplift, has a chance — and its leaders are full of determination — to raise
the culture of farming by making full use of the progress in science. If the
hopes of all the nations for the establishment of a general and firm peace
will come true, and the threat of a new war will be eliminated, one can be
sure, that a further progress of agriculture in USSR will continue with a
growing success and a prominent role in this success will belong to the
utilization of the achievements of pedology.
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CONTRIBUTION OF THE NUTRIO-PHYSIOLOGICAL STUDIES
TO THE FERTILIZER APPLICATION FOR LOWLAND
RICE IN JAPAN
by
YOSHIAKI ISHIZUKA

Faculty of Agriculture Hokkaido University, Japan
INTRODUCTION

Japanese agriculture is an intensive agriculture. The main point is to
produce as high an average crop yield as possible by large inputs of labor and
capital. We have to support a population equal to one half that of the
United States on a land area the size of California. This is our tragedy,
but we are solving this problem.
Accordingly all efforts are aimed at producing the maximum average
yield, and fertilizer application is among these efforts, of course. To
produce a maximum yield safely and economically is a difficult task.
For example, we can produce a large yield by applying a larger amount of
nitrogen on a field, but higher nitrogen at the same time increases the dangers
of lodging, fungus diseases etc. Thus the practice of fertilizer application
in Japan is most complicated and difficult.
Today I wish to talk about how Japanese plant nutrio-physiologists are
contributing to solve this problem, taking the rice plant as an example.
What is the most appropriate amount of fertilizer to be
used on the crop to produce its maximum yield?
To solve this problem many kinds of experiments are being carried out
now. Especially well known are those of Mitscherlich, whose procedures
are based on the formula 'yield = F (Fertilizer)'. But, from this expression
we can not get any information about the physiological condition of the
crop thus produced.
Accordingly it is more reasonable to consider the formulas for example
1). Content of N in the plant body = ¥1 (Amount of N applied).
2). Yield = F 2 (Content of N in plant body). If we represent this concept
by a graph we obtain the followings. (Fig. 1).

' LUXURIOUS
' OK UNBALANCED

'

DtftCIEHI

YIELD
0

Fig. 1. Function Yield = F (% of nutrient in a plant)
This conception has been proposed separately, by several investigators
and we can express it to obtain the maximum yield at the point of inflexion
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between the normal condition and the luxurious condition. An example of
practical nitrogen application for the rice plant is shown in tablé 1.
TABLE 1. Influence of the nitrogen concentration in the responsiveness of the rice
plant to the increasing supply of nitrogen under lowland conditions
[Northern part of Japan).
A m o u n t of N
Supplied

G r a i n (unhulled)
Yield L b s . / A

N%

0
15
30
45
60
75
90
105
120

2430
2700
3300
3450
3630
3750
3870
3770
3720

1.00
1.01
1.01
1.02
1.02
1.03
1.05
1.08
1.14

N */.
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Fig. 2. Influence of the nitrogen application
In this case, other elements such as phosphorus, potassium etc. were kept
at a sufficient constant level. However, the yield of a crop is not only
dependent upon the amount of nitrogen applied, but also depends upon the
amount of these other elements applied and available.
I wish to show one example to illustrate this mutual relationship.
Figure 3 shows the relationship between the yield and the amount of
nitrogen which was applied to the same variety of the rice plant at various
phosphorus levels.
At each phosphorus level, the yield increases with the increase of nitrogen,
it reaches the maximum at some level of nitrogen and then it decreases
with the further increase of nitrogen. Judging from the curves in Figure 3,
the optimum amounts of nitrogen at 0, 0.2, 0.4, 0.8, 1.6 and 3.2 gm P 2 0 5 /
4 kg soil are at about 0.2, 0.5, 0.8, 1.0, and 1.0 N/4 kg soil respectively.
I t is clear t h a t the optimum nitrogen level goes u p with the increase of
phosphorus until it reaches 0.8 gm. However, beyond this level, the optimum
nitrogen level is kept at about 1.0 gm/kgm N regardless to the phosphorus
level. This relationship can easily be understood by the dotted curve in
25
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Figure 3, which connects the peaks of the yield-nitrogen
various phosphorus levels.

oT *

curves

at

AtfUTtD

Fig. 3. Relationship between the yield and amount of N applied at
various P 2 0 6 levels
By using the method described above, the curves were prepared (Fig. 4)
which show the relationship between the yield and the nitrogen content
of the ear at each phosphorus level. The curve for 0, 0.2 and 3.2 gm ¥2OJ
4 kg soil series have a very short or no horizontal part, suggesting t h a t it
is rather difficult to maintain the nitrogen metabolism of the rice plant
in t h e normal condition under these phosphorus levels. The curves for
0.4, 0.8 and 1.6 gm P 2 0 6 /4 kg soil series have a long horizontal part which
corresponds to the normal condition. The horizontal part of these curves is
at about 0.9 % N regardless to the phosphorus level. This phenomenon suggests t h a t the nitrogen content of the ear obtained from the rice plant
which was grown under the normal conditions, is about 0.9 % N under
the present experimental conditions.
The effect of the phosphorus levels to the yield of ear is shown in Fig. 5,
in which the yield phosphorus % curves at various nitrogen levels are given.
From this graph, we can observe the same phenomena which were pointed
out in the case of the yield-nitrogen % curves. If the amount of nitrogen
which is applied to the rice plant is extremely small or great (0.0, 0.2 and
3.2 gm N/4 kgm soil) the curves have no horizontal part. In the case of
0.4, 0.8 and 1.6 gm N/4 kgm soil series, there is a rather long horizontal part.
From these curves, it can be pointed out t h a t 0.8 gm/4 kg soil is the optimum
phosphorus level to produce the maximum yield, if the nitrogen is given
at the levels between 0.4 and 1.6 gm of N.
N*

P,0r^„

|.0-

30

40

i"0

60

- -S/f*

Fig. 4. Relationship between the
yield and nitrogen content at each
P 2 0 6 level

Fig. 5. Relationship between the
yield and phosphorus content at each
nitrogen level
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We can conclude that in order to determine the adequate amount of an
element to be given to a crop, the experiment must be conducted under
conditions in which the other elements are given at a level which is higher
than the respective optimum levels, because these elements must not be
limiting factors to the growth of the crop. If the level of these elements is
abnormally high, the yield-element % curve has a very short horizontal
part which corresponds to the normal condition. Therefore these elements
must not be given at such a high level as to make the plant abnormal.

1
Fig. 6. Way to get more yield
As shown in the above example, if we get a définit curve, we can not
increase the yield by the application of fertilizer beyond this point. Accordingly, to increase the yield beyond this point, we have to try to produce
a new yield response curve, something like that shown by the dotted line
(Fig. 6).
To produce a curve such as that shown by the dotted line, we must use
some of these procedures:
1). Develop a new higher productive variety by breeding.
2). Improve the nature or conditions of the soil.
3). Improve the method of fertilization in order to get higher efficiency
of the plant itself in utilizing fertilizer.
Today I wish to restrict my discussion to the third item, from the standpoint of nutritional physiology.
How to increase the yield per acre by the
improvement of fertilizer application.
The Japanese plant nutritional physiologists have concentrated their
efforts on the following items:
1). Biochemical Studies on the Life History of the rice plant.
2). Absorption and utilization of nutrients at different stages of the
growth. Fundamental principles contributing to productivity and
the conception of partial efficiency of nutrients at successive stages
of growth of the rice plant.
3). Physiological characteristics of the rice plant which is grown from
the South to the North and principles ruling the ecological characteristics of crops.
4). Problem of nitrogen top-dressing: The principles involved in topdressing the rice plant with nitrogen fertilizers.
5). Contribution of individual leaves to the comprehensive growth of the
rice plant.
Biochemical Studies of the Life History of the Rice Plant.
In order to study the method of rational fertilizer application, it is
necessary to determine the biochemical life history of the rice plant. Many
27

Gen.4
Japanese scholars are studying this point and many interesting phenomena
are being reported in detail. Today I wish to point out those points which
are closely connected to the present purpose.
(a) Absorption of Six Nutrients.
In Figure 7 are shown the amounts of N, P 2 0 5 , K 2 0, CaO, MgO and
S0 3 absorbed by the rice plant at nine stages of the growth.
These elements can be classified into three groups according to the process
and accumulation in the rice plant. Group I. (N, P 2 0 5 , S0 3 ) as shown in the
graphs, with nitrogen as an example, rice plants absorb these elements
from the beginning of growth to the earing stage, but after this stage, no
absorption or only slight absorption takes place and these three elements
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Fig. 7. Amounts of N and K 2 0 absorbed by the rice plant at nine stages
of the growth
stored in the leaf-and-stem begin to move into the ear. Group II. (K and Ca).
The rice plant absorbs these elements continuously from the beginning
to the end of the growth. Moreover, it is necessary to absorb these elements
until the end of the growth for the normal development of rice plants.
Group III (Mg) Rice plants absorb magnesium vigorously in the stage
between the ear-forming and the flowering stage.
(b) Synthesis and translocation of organic constituents.
Fig. 8 shows the percentage of each organic constituent at each stage of
growth to the maximum production of that constituent in the rice plant.
According to the graph in Fig. 8 the following points will become clear i.e.
At the early stage of growth protein is formed actively. After the ear forming
stage, much cellulose and lignin are formed and after the flowering stage,
carbohydrate is formed in comparatively large amounts.
A comparison of production and translocation of protein and carbohydrate
in the rice plant is shown in Figure 9. These graphs explain more clearly,
that the most of the protein which is accumulated in the ear is what was reserved in the leaf-and-stem before the flowering stage, while the part of the
carbohydrate which is accumulated in the ear is a product of assimilation
after the flowering stage.
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This conception is that the crop absorbs nutrients in different ratios and
in different amounts according to the progress of growth. If we can succeed
in synchronizing the application of fertilizers with the uptake of nutrients,
we will be able to obtain the maximum yield from a reasonable amount of
fertilizer.

Fig. 8. Pattern of the formation of organic constituents

far

/6nr

Xx

fat

?bm

Ax

Fig. 9. Production and translocation of protein and carbohydrate
This idea is not a new one, Gericke and Brenchley have published their
idea in 1929. I began this experiment systematically in 1930.
My university is situated in the northern part of Japan where the latitude
is the same as that of Madison. Accordingly it is not so easy to cultivate
the rice plant there, because originally it was a tropical plant. We are
usually endeavouring to protect the plant from cold, but it suffers from
severe cold damage once in twelve years. In the cold years the application of
superphosphate shows a remarkable effect, as shown in the next table.
Yield of the rice

Normal year
Cold year

Complete fertilizer

No phosphatic fertilizer

100
100

95
40

On the other hand, the amount of P 2 0 8 absorbed by the plant is nearly
the same in each of the two cases. It is evident that the rice plant requires a
supply of phosphorus at a definite stage of growth rather than at some other
stages of growth.
I conducted an experiment with several mineral nutrients using several
crops. The next graph is one example obtained with the rice plant (Fig. 10).
It is clear, how necessary it is to synchronize the application of fertilizers
to the crop with their time of necessity or time of maximum efficiency of
use.
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Fig. 10. Indispensable period for each nutrient
In the southern part of Japan, we are troubled by the physiological
disease called 'Akiochi' induced by high temperature. The cause of the
Akiochi phenomena is very complicated. The growth is vigorous in the
early summer and farmers expect a good yield, but growth is retarded
in midsummer and the final yield is below early expectations. On the
other hand, in the northern part of Japan, rice suffers once in every three
years from the so-called cold damage. The temperature of the early spring
is too cold to allow good growth of the rice plant. In that case the growth of
the rice plant has a tendency to delay the time of maturity and we can not
get a good yield in the autumn. Thus in the northern part of Japan, it is
a general practice that all techniques are aimed at accelerating the early
growth of the rice plant. On the other hand, in the southern part, all techniques are aimed at depressing early growth of the rice plant.
Table 2 also shows the nutrient content of the seedling at the time of
transplanting to the lowland field at each locality.
TABLE 2.

Locations
North A
B
C
D
E
F
G
South H

Temperature at the
time of
transplanting
38
41
42
44
44
45
45
45

Chemical Composition of plant at the
time of transplanting
N%

c%

C/N

SiOa

4.10
2.42
3.78
1.56
1.71
1.48
1.52
1.42

40.5
22.5
35.0
20.7
22.7
31.9
29.5
30.1

10
9
9
13
13
22
19
21

4.3
8.5
4.5
8.2
6.8
8.5
10.0
10.6

•

As shown in the above table, in the case of the cool area type, the nitrogen
content of seedlings is high, the phosphorus and potassium contents are also
rather high and the carbon nitrogen ratio is about 10. These facts suggest the
power of revival of the seedling after transplanting is strong. In the case of
a warm area, the nitrogen content of seedlings is low and the carbon nitrogen
ratio is about 20. Seedlings here are barely strong enough to regenerate
from this temporary depression by transplanting.
In the case of cool area, transplanting is made under rather cool condition,
so it is difficult for the seedlings to revive from the temporary depression
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of growth by transplanting. Also the time is rather short for the complete
growth of the rice plant. In the case of the warm area, transplanting is
made under rather hot conditions, so the seedlings can revive easily from
the depression of growth by transplanting and absorb their nutrients
vigorously at an early stage of growth but they often suffer from a shortage
of nutrients at a later stage of growth.
Top-dressing of fertilizer nitrogen.
In the case of paddy soil, the fertilizer in the soil is more unstable than
that of upland soil, especially so in the case of nitrogen. Accordingly the
problem of top-dressing of nitrogen for rice plants is one of the important
practices in my country.
To discuss this problem, it is necessary to make clear the pattern of
phase differentiation.
As shown in the graph of the rice plant in the South the formation of
flower primordia occurs about two weeks after the time of maximum tillering.
While in the rice plant in the North, the formation of flower primordia
occurs more than one week before it reaches the time of maximum tillering.
(Fig. 11). At Tohoku (G) the formation of flower primordia begins at the
time of maximum tillering. These differences are the key to solve the
problem of top-dressing.

O
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NORTH
B

c
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Fig. 11. The rice plant in the South and in the North
As I said before, one must conclude that the top-dressing with nitrogenous fertilizer is quite effective and rather necessary in the case of the
southern type of rice plant. The time of application is between the time of
maximum tillering and the time of the formation of flower primordia. On
the other hand, in the case of the northern type, top-dressing at the time of
the formation of flower primordia is quite inopportune, because the nitrogen will be divided into two purposes, one is for the formation of the
ear and the other is for the formation of the tillers. This division is bad,
because it has a tendency to elongate the growth phase and the plant is
susceptible to killing frost. The interval is too short to give top-dressing
between the time of transplanting and the time of the formation of flower
primordia.
Contribution of individual leaf on the stem to the
comprehensive growth of the plant.
It is normal to express, for example, the nitrogen content of leaves at
flowering time as X %. But if we understand this to mean that at flowering
time, the content of nitrogen in every leaf is X %', it is misleading. If we
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examine each leaf precisely and micro-chemically, the nitrogen % at
flowering time is only the mathematical mean of each different leaf and
does not represent the physiological activity of each leaf at the flowering
time.
Accordingly, from this point of view, a plant can be understood as a
colony of individual leaves and the age of the colony does not mean the age
of the individual leaves. To discuss the growth stage of a plant, we have to
keep this fact in mind.
To describe this relationship, it is necessary to give the nomenclature of
each leaf (Fig. 12).
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Fig. 12. Process of leafing
In this figure, the nomenclature of leaves by Nakayama was employed.
By this method, for example, the third leaf on the main stem is symbolized
by 3/0, where 0 means main stem.
There are définit relationships between the growth of leaves on the main
stem and growth of leaves on the tiller. Accordingly, to avoid a possible
confusion, I wish to explain only the leaves on the main stem.
a. GROWTH PROCESS OF LEAVES

The next figure shows the dry weight of leaves on the main stem at successive stages of growth (Fig. 13).
The dry weight of a leaf increases at the early stage of growth of the
leaf, reaches the maximum and then decreases after some time, the decrease
stops and then the weight of the leaf remains constant.
It is clear that, at some stage of growth of a rice plant, the weight of
some leaves is increasing, while that of other leaves is decreasing. That
is, the increase of total weight of a rice plant at a given moment means
the algebraic sum of increase and decrease of weight of individual leaves.
Therefore, regardless of the increase or decrease of total weight, some leaves
are gaining weight and others are losing weight.
Growth of a rice plant can be considered to be a chain reaction. Growth
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of 1/0 is indispensable to the growth of 2/0 and 3/0 grows by the help of 2/0
and 1/0. Generally n/0 is formed by the help of n—1/0, n—2/0, and n—x/0
and contributes to growth of n + 1/0, n+2/0 and n + x / 0 . The practical
meaning of x will be explained later.
DRY WElftHT

Fig. 13. Dry weight of leaves on the main stem
b. ACCUMULATION AND E F F L U X OF E L E M E N T S

Determination of N, P, K, Ca, Mg and S content of each leaf on the main
stem at successive stages of growth were carried out. And the amount of
nitrogen in each leaf at successive stages of growth was calculated by
multiplying the dry weight of a leaf by its content of nitrogen and other
individual elements.
For example, the amount of nitrogen of a leaf decreases after reaching
the maximum. This decrease is mainly due to translocation of nitrogen from
the leaf to the organs which grow later. It can be considered that the
degree of translocation of nitrogen from a leaf after having reached the
maximum weight of the leaf suggests the grade of contribution of that leaf to
the growth of a later stage by means of nitrogen which was once stored in
the leaf. The translocation quotient (TQ) is calculated by equation.
X.Q. =

Max. amount of N in a leaf — Amount of N a t the time of death of t h e leaf
,
Maximum amount of nitrogen in a leaf

We calculated the T.Q. for N, P, K, Ca, Mg and S as shown in table 3.
The translocation quotient of nitrogen differs according to the position of
leaves. In the case of 3/0—5/0, it is about 50 %, in the case of 6/0—8/0, it
is about 70 %, and in the case of 9/0—12/0, it is as high as 75 %. The quotient
of 1/0 and 2/0, which are formed during seedling stages, is large. However,
except for these two leaves, the higher the position of leaves, the larger the
quotient. In the case of 3/0, when the leaf died the nitrogen content was one
half of the maximum nitrogen amount in the leaf. On the other hand, 9/0—
12/0 maintained their activity even when the nitrogen in these leaves
decreased to about 20 % of the maximum.
The translocation quotient of phosphorus shows almost the same tendency
to that of nitrogen. The quotient is very large in the case of lower leaves,
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TABLE 3. Translocation Quotient of Elements.
Name
of leaf

Nitrogen Phosphorus Potassium

Calcium

Magnesium

Sulfur

12/0
11
10
9
8
7
6
5
4
3
2
1

74
77
77
77
71
71
70
61
40
51
60
75

68
91
93
90
85
82
77
38
33
93
97
100

23
25
24
24
26
26
35
39
58
76
74
86

0
0
0
0
0
0
0
0
0
0
31
45

10
43
63
59
60
54
58
66
57
17
66
79

17
46
72
67
70
57
70
74
48
23
52
61

Average

67

79

40

6

53

55

1/0, 3/0, t h a t of 4/0 and 5/0 is small. From 6/0, the higher the position,
the larger the quotient, except for the flag leaf.
The quotient for sulfur shows almost the same tendency as t h a t of nitrogen or phosphorus, but the quotient of 11/0 and 12/0 is extremely small.
The quotient of potassium continues to become smaller from lower to
upper leaf.
The quotient of calcium is zero except 1/0 and 2/0, the 1/0 a n d 2/0 die a n d
wither rapidly after transplanting, with the result that calcium seems to flow
from the leaves to the outside of the plant body.
The quotient of magnesium is larger t h a n t h a t of potassium, b u t is
smaller than t h a t of nitrogen, phosphorus or sulfur.
The translocation quotient shows the possibility of the translocation of
elements after accumulation from one organ to another organ. This t y p e of
translocation is generally called re-distribution. This quotient becomes
larger or smaller according to the condition of the supply of elements to the
plant. The quotient of the elements of each leaf differs according to the
position of the leaf. This is partly due to change of condition of element
supply in the soil during growth processes and partly due to differences of
the physiological character of leaves a t various position.
Anyway, generally speaking, the translocation quotient of those elements
which are constituents of protein, i.e., N, P and S, is large.
c. ACTIVE CENTRE L E A F AND ITS CONTRIBUTION TO THE WHOLE PLANT

At a given stage of growth of a rice plant, one leaf is a t its maximum
weight and other leaves are increasing or decreasing their weight.
I t seems t h a t a leaf discharges its greatest function at the growth stage
when the leaf takes its maximum dry weight.
A leaf at maximum weight seems to discharge the greatest physiological
functions of all leaves at t h a t stage. So, this leaf can be called the 'Active
Leaf'.
To illustrate this conception, we determined the photosynthetic activity
of leaves at various position on the main stem (Table 4).
And, the individual leaf makes a different contribution to the formation of
the plant as a whole. We can summarize this connection b y the following
figure (Fig. 14).
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TABLE 4.

Date of
measurement

leaf

C0 2 uptake
(mg/100 cm 2 /nr)

28/VI

7/0
6/0
5/0
4/0
10/0
9/0
8/0
7/0
12/0
11/0

13.0
36.6
58.7
15.0
18.3
26.6
20.3
14.1
11.1
6.1

27/VII

4/1X

FUNCTION
frSTARl.lSHI^fr
TH-LERIN«
jPifcfci^TjS fOKWTJ.0S

7/0 has just its morphological expansion 5/0
light wt.

'A 'A 3A Vo % % % % % S i

H-J 1

1

f

% %

_.J

1
f.. r

Fig. 14. Diagram of the characteristic predominant function of each leaf
on the main stem
Thus leaf contributing to the comprehensive growth of the rice plant
differs with the variety and locality. Accordingly, to get a large amount of
tillering, we t r y to produce a vigorous growth of leaves 3/0 to 5/0, and, the
time of fertilizer application has to coincide with the growth of these
leaves. But to get a high yield, it is difficult to decide generally which is
better, to produce a large number of tillers or to suppress the number of
tillers of a large number of plants.
If we want to get a great deal of water in a vessel, we have to take a
large vessel. The stage at which to make a large vessel is when there are
leaves 1/0—7/0. Although the vessel is large, one must put enough water in
it. The ability to do so will depend upon the function of leaves from
9/0 to 12/0.
The above conclusion is not final. Now, we are studying the pattern of
translocation of nutrients and assimilation within the plant body.
d. RELATIONSHIPS AMONG LEAVES ON THE MAIN STEM

To make these relationship clear, we carried out m a n y experiments.
The following d a t a is one to show clearly the relationship among leaves
on the main stem.
On J u l y 27, either 11/0, 9/0 or 7/0 was exposed to C 1 4 0 2 and the distribution of C14 after 24 hours was estimated. At this stage, 10/0 or 11/0 was the
active centre leaf. The C14 assimilated at 7/0 translocated vigorously to
roots and tillers. The C14 assimilated at 9/0 translocated actively to 12/0,
t o the ear-primordia and to the elongating stem. Considerable amount of
C14 translocated to tillers and also roots. The C14 assimilated at 11/0 entered
very actively into 12/0, ear and elongating stem. I n this case, the translocations to tillers or to roots was very small.
.-!.->
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TABLE

14

5. The distribution of C assimilated at 11/0, 9/0 or 7/0 on July 27
(cpm110 mg).
C1* was assimilated at
7/0
9/0
11/0

Organ
4

30

1585

2665

52
194
143
102
50
28

167
77
50
25
20

7333

14004
1921

38126

22
10

50
12
14
26

6-tiller

103

2209

1757

41

Roots

368

623

325

209

Ear-Primordia
Leaf-blade

12/0
11/0
10/0
9/0
8/0
7/0

240
41

23427

From these results, it is evident that after the beginning of internode
elongation, there is a division of activities among leaves. The upper leaves
which have elongated internodes are intimately related to the growing point of
the stem on which the leaf emerges. The lower leaves which have no elongated
internode are intimately related to roots of the stem and also to tillers.
The assimilation products of the lower leaves translocate to roots and
are consumed there by respiration. This respiration promotes absorption of
elements by roots. The elements, thus absorbed, translocate to the active
centre leaves and also growing points of the shoot. The assimilation products
of the active centre leaves translocate to the growing points, where they are
taken into constituents of the growing organs.
In this way, each leaf discharges its characteristic functions corresponding to its position.
The same type of experiment was conducted on August 21, at the milky
stage. C14 was assimilated at 12/0, 10/0 or 8/0.
C1* was assimilated at

Organ

8/0
Ear

Leaf blade

12/0
11/0
10/0
9/0
8/0

Roots

10/0

12/0
2562

505

60

370

140
210
190
120
70

106
66
50
40

160
130

51360

34
0

0
0
0
0

500

444

0

0

26560

36124

The C14 assimilated at 8/0 translocated actively to stem base and roots.
However, it does not enter appreciably into upper leaves, stem and ear. On
the other hand, the C14 assimilated at 12/0 actively enters into the ear.
In this case, no translocation to roots and leaves occurs below 11/0,
the behavior of C14 assimilated at 10/0 is intermediate between the case of
8/0 and 12/0.
During the maturing phase, assimilation products in the flag leaf or the
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next leaf, enter into ear, but they do not move downward. The assimilation
products in the lower leaves which have no elongated internode enter into
stem base and roots, but not into upper organs.
CONCLUSION

Through the efforts mentioned above the production of rice is increasing year after year cooperating with the other disciplines of agriculture.
Our present knowledge and current practice for the cultivation of the rice
plant is adequate to produce enough rice as the main food for our present
population.
Japanese scientists plan to increase the yield of rice by about 20 %, but
to decrease the acreage of rice fields about 20 %, devoting that released land
for the cultivation of forage crops to keep cattle. This is needed for the
improvement of our national health and also to produce an increase in the
amount of protein from the land to replace the decrease of protein from the
ocean.
For that purpose, we are now endeavouring to develop a new rotation
system, to replace continuous rice on a given area by a rotation of rice
with oats, clover and corn:
Red Clover
^ , n,
„.
n
Rice—Rice—Rice—Rice—Rice—
Oats
— ^ e d Clover—Corn—Rice
Low Land under irrigation
Upland after complete drainage
SUMMARY

Combined efforts resulted in the continuous increase in rice production.
The ultimate aim is to decrease rice acreage with 20 % devoting the released land to the cultivation of forage crops and nevertheless increasing
yields with 20 %. For that purpose a new rotation system has been developed.
RÉSUMÉ

Plusieurs efforts combinés ont contribué à augmenter de manière continue la production de riz. Le but final est de diminuer les emblavures
semées en riz de 20 % et d'utiliser les terres ainsi libérées pour des cultures
fouragères tout en augmentant les rendements de 20 %. Dans ce but un
nouveau système de rotation a été développé.
ZUSAMMENFASSUNG

Der Erfolg verschiedener Massnahmen war eine fortgesetzte Zunahme der
Reisproduktion. Die endgültige Absicht ist das Reisareal mit 20 % zu
vermindern, damit das frei kommende Land mit Futtergewächsen bepflanzt werden kann und dessenungeachtet die Erträge mit 20 % erhöht
werden. Zu diesem Zweck wurde ein neues Rotationssystem entwickelt.
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1. INTRODUCTION

Soil chemistry is still in its infancy. This can be demonstrated by going
through the abundant modern literature: in most publications no chemical
formulae at all are given, and, if such formulae are presented, they are in
many cases more symbols of our imagination and ignorance than symbols
for the arrangement of atoms in the soil. The soil seems to be so chaotic that
most chemists are discouraged from investigating it.
Even the soil as a static system is an extremely complex material for a
chemist to work with, although he has at his disposal the powerful tools
of modern chemistry. To start with, the soil contains numerous constituents,
the chemical structure of most of which have yet to be elucidated. One can
distinguish between
inorganic ( = I) soil constituents and
organic ( = 0) soil constituents.
In addition, the chemical architecture of the soil has to be considered;
the soil is heterogeneous, it contains gaseous, liquid, and solid phases,
and it is very rich in surfaces. In the soil there are areas of a high degree of
disorder as in gases and liquids, and areas of a high degree of order as in
crystals, but a large and characteristic part of the soil is something intermediate. The arrangement of the individual soil constituents and the
linkages between them have to be elucidated. Schematically, one can
distinguish three types of interaction products between the soil constituents:
I—I interaction products, e.g., Ca-clay,
O—O interaction products, e.g., humic acid-protein, and
ƒ—0 interaction products, e.g., clay-humic acid.
It is largely a matter of semantics whether or not an interaction product
is called I—0; e.g., phosphoric acid esters of inositol are generally not,
clay mineral-humic acid addition compounds are, and substances containing
Si—O—C linkages would be called I—O products. Little exact data on the
chemistry of I—0 compounds in the soil are available, but numerous
interesting observations and experiments about them are recorded in the
literature. Much work has been done on the so-called 'clay-humus complex'
(95, 22, 77, 103, 63, 92). Different I—O interaction products occur in
different soils and different soil horizons.
A chemist encounters still more difficulties if he is studying the soil
as a dynamic system. Mechanical translations and chemical transformations
are continuously taking place in the soil. The / compounds are derived
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mainly from the parent material, which is present from the very beginning
of soil formation; whereas the 0 compounds are derived from biotic material,
which is being continuously replenished. The soil is a special kind of chemical
as well as biochemical laboratory in which I and 0 compounds are degraded
and synthesized, outside and inside of organisms. Many of the most active
compounds may have a short life time; few of the soil organisms die a
'natural' death of old age (17). Various reactions take place concurrently
and proximately, the contact between different constituents being brought
about by physical processes or moving organisms. Reactions thus occur
not only within I compounds or within 0 compounds, but also between
ƒ and 0 compounds, leading to the previously-mentioned /—O products.
The chemical transformations in the soil are influenced by numerous
factors. These reactions are only partially controlled by the genes of organisms; this control being accomplished by a complex social community
(17, 85).
From the vast field of soil chemistry, only I—O interaction products
which actually or probably occur in the soil outside of living organisms
shall be discussed, mainly from a static point of view.
2. M O R P H O L O G Y O F I—O

INTERACTION

PRODUCTS

At first, the morphology of ƒ—O compounds shall be treated, without
reference to their chemical constitution and the type of linkage between
the constituents.
The I and O soil constituents consist of particles of different size, different
form and different number of functional groups per particle.
The size of the primary particles varies widely:
small ions and molecules,
medium sized molecules, or
large macromolecules, crystals and amorphous aggregates.
The form of the primary particles is more or less:
spherical,
lamellar, or
fibrillar.
The number of functional groups per primary particle also varies widely;
the constituents are:
1 : monofunctional,
n : oligofunctional, or
N: polyfunctional.
Schematically, the following six types of soil constituents can be distinguished :
I constituents:
It: K+, N0 3 -,
In : Ca2+, Fe 3+ , oligosilicic acid,
IN' sesquioxides, clay minerals, feldspars.
O constituents:
0l : acetic acid, mono-amines,
0n : citric acid, amino acids, sugars, low molecular fulvic acids,
Ojv: polypeptides, polysaccharides, lignin, high molecular humic acids.
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Consequently, different products may be formed by interactions between
these three types of I and three types of 0 soil constituents. Schematically,
the following nine types of I—0 interaction products can be distinguished:
~~~~—^_^_
I constituent
n u m b e r of
functional
g r o u p s per particle

0 constituent

number of functional groups per particle

^~~~~^^^

1

n

N

1
n
N

/,-0,
In - 0,
IN - Ol

/ , - On
InOn
IN - On

/ , - ON
In
-ON
IN — ON

Examples for these nine types of I—0 products can be given, e.g. :
7X — 0n : K+-fulvic acid,
IN—ON- sesquioxide-humic acid.
Besides the number, the availability and distribution of the functional
groups on the particle are of importance. In many cases, only a small
part of the functional groups is involved in the I—0 interaction, due to
steric effects. This is particularly true for the interaction between polyfunctional constituents.
The number of I and 0 primary particles linked together to form a secondary I—0 particle may vary; in the products
1 : one I or 0 particle,
f : few I or 0 particles, and
m: many I or 0 particles
may be united.
Reaction between monofunctional constituents produces I—O secondary
particles consisting of only two primary particles:
\ h—l
0lt e.g., K+-CH3COO-.
Reaction between oligofunctional constituents produces I—0 secondary
particles consisting of a limited number of primary particles:
i In — f 0n, e.g., Al-fulvic acid.
Reaction between mono- and polyfunctional constituents produces
surface I—0 compounds, involving a large number of primary particles:
1 IN — m Oj, e.g., sesquioxide-acetic acid,
m / x — 1 ON, e.g., K+-humic acid.
The I—0 products mentioned may be soluble or dispersed in soil water;
in most other cases, the products are insoluble aggregates:
m I„ — m ON, e.g., Ca-humic acid,
m IN — m ON, e.g., clay mineral-humic acid.
The aggregates may be tiny to large, loose to compact, having, theoretically, the tendency to grow infinitely. IN and ON constituents may form
interpenetrating three-dimensional networks in which entanglements and
cross-links between the I and 0 polymers occur, e.g., Fe(OH)3-humic acid.
Loose I—0 aggregates may accomodate in their pores H 2 0 and other
molecules (molecular imprisonment, clathrate).
In the soil, generally, many more than one type each of I and 0 constituents are combined, giving systems of higher order, such as crumbs; the whole
soil is the system of the highest order.
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3. CHEMISTRY or ƒ — O INTERACTION PRODUCTS

31. Constituents and Their Reactions
The elucidation of the chemical architecture of the I—0 products requires the knowledge of the chemical constitution of the / and 0 constituents,
mainly of their functional groups. We are, however, still far from being
able to give exact formulae for most of these constituents. Systematic
studies on the fractionation of soil constituents have only begun, and the
quantitative determination of well defined fractions is still in its initial
stage. One inherent difficulty is that the soil is complex and heterogeneous
not only on the macroscopic but also on the molecular level; many I and O
soil constituents are highly irregular heteropolymers. Often, whole series
of nearly related compounds are present, and it is improbable that in a
soil sample even two polymeric particles are identical, e.g., interstratified
clay minerals or humic acids. For many soil fractions, perhaps a statistical
characterization is the best that can be achieved.
ƒ Constituents: Many of the / soil constituents consist of cations, coordinated with H 2 0, OH - , O 2 - , and other anions, some of which are excellent
bridging ligands and give rise to amorphous and crystalline solid particles.
The crystalline particles show disorder and other imperfections and may
have amorphous coatings. The large surfaces contain many groups, among
which are oxygens, M—O—-M, and different kinds of M—OH groups which
can dissociate into M—O - or M+. In addition, electrical charges arise due
to ionic substitution inside the lattice.
O Constituents: Progress is slowly being made on the elucidation of the
constitution of the brown humic substances. The O soil constituents have
low to high molecular weight. Many of them seem to have highly irregular
molecules representing a kind of 'molecular compost heap' (40, 41). They
easily associate and condense or undergo the inverse reactions. The active
groups of 0 constituents (111) include > C = C < , > C — OH, > C = O,
— NH2, and, possibly, stabilized radicals (19).
Many I and 0 compounds are highly reactive; numerous types of homogeneous and, particularly, heterogeneous reactions between them may
be visualized, e.g.:
proton transfer with I as base and 0 as acid or vice versa,
complex formation with I as electron pair acceptor and O as donor,
electron transfer with I as oxidizing and 0 as reducing agent (80, 5),
condensation.
Many I—O products are ill defined, curious substances (insoluble,
amorphous, unstable, etc.).
32. Types of Linkage between I and 0 Constituents
The type of interaction between I and 0 compounds depends on many
factors : constitution of I and 0 compounds, their concentration, temperature,
pH, redox potential, etc. Different types of linkage may be formed by these
interactions (92). Correspondingly, the stability of an I—O linkage may
vary, but even weak bonds, if numerous enough, may firmly bind / and Ö
compounds. The presence of different I—0 linkages in soils is fairly convincing, but it has been established mainly by indirect evidence and not
by direct methods (10, 11). Therefore, many interesting conclusions found
in the literature can be, and have been repeatedly, criticized. The different
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types of ƒ — 0 linkages which have been postulated m a y now be briefly
reviewed.
Weak Van der Waals forces and hydrogen bonds may occur in the following interactions:
water — soil 0 matter,
clay minerals — 0 molecules.
Sugars, polysaccharides, and the external layers of bacteria, fungal spores,
or plant roots can be fixed to clay mineral surfaces. The interlamellar
adsorption of 0 molecules by montmorillonite m a y produce stable products
(42, 71, 36).
Ionic bonds seem to occur frequently (87, 43, 108, 99):
I cations — 0 anions,
I anions — 0 cations.
The I cations and anions are free or are located in the surfaces of clay
minerals and sesquioxides. 0 anions arise from acetic acid, phytin, acidic
polysaccharides, nucleic, fulvic, or humic acids, 0 cations from amines,
nucleosides, basic antibiotics, or proteins.
I ox 0 polyelectrolytes behave as ion exchangers. Their ion selectivity
is governed b y m a n y factors, e.g., their constitution. The electrostatic
attraction is especially strong between polyvalent cations and polyvalent
anions.
Coordinate bonds are formed between free or surface / cations and O
ligands (11, 23, 14, 50, 68, 93, 105, 47, 73, 75, 4, 60, 84). Cations of group
1 to 8 of the periodic system of the elements m a y be involved, e.g., Cu, Ag;
Ca, Zn; B, Al; Si, Ge, Pb, Ti, Zr; V; Cr, Mo, U; Mn; Fe, Co, Ni. The behavior
of the ƒ cations in the soil is greatly influenced by O compounds which can
replace I ligands such as H 2 0 , OH~ and O 2 - ; consequently, the ionic
potential of the cations (charge/radius) is of only limited importance in
evaluating the solubility and other properties of / compounds in the soil.
Many 0 soil constituents are complexing agents: compounds of the plant
(amino acids, polyphenols), microbial metabolites (citric acid, fusarinic
acid, lycomarasmin (24), 2-ketogluconic acid (27), o-diphenols), and brown
humic substances. These compounds are unidentate or polydentate ligands,
the latter chelating or bridging. The / — 0 products m a y be mono- or polynuclear, soluble or insoluble; low molecular fulvic acids forming more soluble
complexes than the higher molecular humic acids. In most cases the oxygen
of the O molecules acts as electron pair donor to m a n y different metal
cations; S and N donors which are less frequent would act as more selective
complexing groups for metal cations with an electron-deficient shell.
Many different elements, such as N, P, S, Se, Br or I, are fixed in soil 0
matter b y covalent bonds. If silicon-organic or organo-metallic compounds
would be found in soils, they would be considered I—0 compounds; the
existence of Si—O—C linkages in soils has been repeatedly postulated (6).
Surface Si—OH groups and freshly formed silicate surfaces are known to
react easily with various 0 compounds (25).
4. METHODS FOR THE STUDY OF ƒ — O INTERACTION PRODUCTS

The elucidation of the chemical constitution of the I—0 compounds
presents enormous difficulties. Often, the usual concepts of purity a n d
structure, developed primarily in the chemistry of simple small molecules,
cannot be applied. No isolation methods have been worked out for the
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I—O products, and mainly indirect methods have been used. Model reactions with isolated soil constituents or related compounds give valuable
information. Some methods may be enumerated:
Macroscopic, microscopic, and electronmicroscopic examination of the
soil:
morphological differences between 'mor', 'moder', and 'mull' (67),
distribution of I and 0 compounds (6).
Determination of active groups which are involved in /—0 interactions
in the soil:
specific blocking of active groups which are free in the soil,
determination of active groups which are blocked in the soil and are
freed by isolating the single soil constituents (68, 43, 110, 46).
Fractionation of the soil by physical methods:
according to aggregate size,
according to aggregate density (48),
wet-sieving,
characterization of the fractions.
Peptization of the soil aggregates by chemical methods:
fractional peptization by successive treatments (104, 58, 45, 64, 16,
79, 31),
exchange of counterions,
specific splitting of linkages,
specific degradation of / or 0 constituents.
Isolation of individual /, O and, if possible, I—0 compounds:
fractional extraction by successive treatments: by water, alkali,
acids, chelating and reducing agents, organic solvents, etc. (10, 11,
65, 74, 66, 96,12, 26, 63, 35); the extractability can give an indication
if, for example, a certain 0 compound is linked to Ca, AI, Fe, or clay
minerals,
fractionation of extracts by chromatography and other methods;
in general it is difficult to get / compounds free from O compounds
and vice versa.
Characterization of individual I, 0 and, if possible, /—0 compounds:
elucidation of constitution,
ion selectivity,
complex formation,
retention capacity for different ions,
ad- and desorption,
flocculation and dispersion.
Model reactions:
synthesis of I—O compounds, study of their constitution and stability,
transformations of ƒ by O compounds and vice versa,
transportation processes.
ö. EXAMPLES OF THE IMPORTANCE OF /—O INTERACTIONS IN SOIL PROCESSES
AtfD SOIL PROPERTIES

51. Transformations of I Compounds
The decomposition and synthesis of I compounds, such as carbonates,
phosphates and silicates, can be influenced by 0 compounds.
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There is no indication that biological or organic weathering by bacteria,
algae, lichens, etc. is brought about by specific enzymes (2), though it seems
curious that organisms, having been in contact with alumosilicates for
millions of years, have not developed enzymes for rock decomposition.
Perhaps, diatoms, which decompose silicates and deposit silica in a very
specific pattern, produce 'silicases'.
It is known, however, that soil microorganisms and plant roots form 0
compounds which are excreted and attack minerals by different mechanisms (55, 82, 61, 63, 18, 72, 102). Plants which are lower in the scale of
evolution can more easily mobilize nutrients from silicates. Bacterial
fertilizers may induce rock decomposition (20); the brown humic substances
may act similarly. Films of polymeric 0 substances on mineral surfaces
during drying can cause a mechanical attack (63). Many metabolites are
acids, which replace metal cations in silicate surfaces by H+. Living plants
provide a continuous source of H+ ions by nutritional utilization of metal
cations. Many silicates in the H+ form are very unstable; bonds, such as
Al—O—Al or Al—O—Si, are easily hydrolyzed. Many O metabolites can
cause chelative weathering (89, 94, 86). This is brought about by complex
formation, which keeps the metal ion activity in the soil solution very low.
Besides, cations, such as Ca, Fe, Al, Si, Ti or Zr, can be separated from
mineral surfaces; 'cheluviation' (101) of carbonates, phosphates or silicates
may occur under neutral or weakly alkaline conditions.
Very few model reactions on organic weathering have been performed.
Low molecular o-diphenols, such as pyrocatechol, form water-soluble
chelates of Al, Fe, Si, and many other cations, and can easily split many
Mx—O—M2 bonds, e.g., Si—O—AI and Si—O—Si. o-Diphenols are perhaps
active weathering agents in the soil (49); many plant tannins, and perhaps
humic substances, belong to this class, and o-diphenols are common intermediates in the degradation of aromatic compounds by soil bacteria (37).
On the other hand, minerals may be protected against decomposition by 0
coatings. This could be brought about, for example, by 0 polymers containing o-diphenol groups which form insoluble chelates with cations (AI, Fe,
Si, etc.) in mineral surfaces.
It seems that O compounds and organisms can also favor the synthesis
of certain minerals, such as different forms of Si0 2 , Mn0 2 , CaC03, dolomite,
maghemite, certain clay minerals, etc. (52, 83, 97, 109). During the decomposition of 0 material, many I ions are liberated, which may condense
to high molecular or crystalline I compounds. The separation or degradation
of the 0 component of /—0 compounds (e.g., of o-diphenol complexes
of Si and Al) may induce the synthesis of I compounds, as postulated for
the organo-chemical genesis of kaolinite in latosols (21). On the other hand
0 films on clay mineral surfaces may limit further growth of the crystals
and explain partially the colloidal size of many / substances synthesized in
the soil.
52. Transformations of 0 Compounds
The amount, distribution and kind of soil 0 matter is influenced by
ƒ compounds in different ways. / ions and surfaces form addition compounds
with O substances and catalyze their transformations.
Various 0 substances are adsorbed on the surfaces of clay minerals and
sesquioxides; thereby, the stability of an 0 compound can be increased,
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little influenced or decreased (70, 78, 34). Microbial transformations are
influenced in a manner difficult to predict; substrates, exoenzymes, microorganisms, and reaction products can be fixed at surfaces (33). Fulvic
acids of the podzol B-horizon, which are extremely reactive substances,
are stabilized by forming Fe and Al complexes. The accumulation of humic
substances increases, in general, with increasing clay content of the soil.
The synthesis of humic substances is enhanced by increasing metal cation
and decreasing silica content (106) of the decaying plant material. The
level of the soil 0 matter may be governed by the P content of the parent
material (107). I surfaces can favor the synthesis of humic substances,
and can also influence their constitution: it has been observed that the
cation exchange capacity of humic acids varies inversely with the clay
content of the soil (46). In model reactions, sesquioxides, silica, clay minerals
and other silicates act as catalysts for humic acid formation (112, 91, 90, 98).
/ surfaces can, however, also catalyze the degradation of humic acid (90),
perhaps in analogy to polyphenoloxydases, which catalyze the synthesis
and degradation of lignin.
53. Transportation Processes
I—0 interactions interfere with various transportation processes in the
soil.
There are cases in which living organisms participate; the living plant
brings / substances to the soil surface; / particles are translocated by
migrating organisms; insect larvae move in the direction of a positive C0 2
gradient, e.g., towards plant roots (62).
Many displacements occur with the percolating soil water. The migration of clay minerals, for example, can be induced by 0 substances with
a dispersing activity (8); on the other hand other 0 substances with a
flocculating power can inhibit the migration of clay particles. In these
processes the immobile part of the soil acts as a chemical filter; it is, therefore, easy to understand why a natural soil profile has much in common
with a chromatographic column. 0 substances as well as microorganisms
may be eluted with different speed, corresponding to their different fixation to / surfaces.
It is highly probable, and supported by the results of model reactions,
that iron and aluminum are eluted as soluble complexes of fulvic acids
(7, 3, 13, 38, 100, 69). In some forest soils Al shows a remarkable mobility
(88), and even at nearly neutral pH values, polyvalent metal cations may
be eluted. Thus, complex elution has been going on in soils millions of years
prior to the technique being utilized in the Plutonium Project during the
last World War.
54. Nutrient Supply
I—0 interactions influence the availability of / and 0 compounds, as
nutrients, activators or inhibitors for soil organisms and plant roots.
ƒ plant nutrients can be immobilized by microorganisms.
Trace elements, such as B, Fe, Zn and Cu, can form soluble or insoluble
chelates; thereby their availability can be increased or decreased. Soluble
complexes may provide the plant with useful metal cations or damage it
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with an excess of them; insoluble complexes may induce trace element
deficiency or cause an inactivation of toxic ions (24, 15, 81). Metal complex
formation can indirectly increase phosphate availability.
Plant growth substances and carbon sources for soil organisms can become less available by adsorption to I surfaces or by formation of insoluble
metal complexes.
55.

Soil Structure

Various pictures on the chemical architecture of the soil structure have
been presented. Besides / — / and 0—0 bonds, I—0 bonds are also postulated as cross-links in the crumb network, different bonds occurring not
only in different soils but even in the same soil. Many different / and 0
compounds are reported to participate: polyvalent cations, calcium carbonate, sesquioxides, clay minerals, and silt particles; microbial polysaccharides, humic acids, microbial filaments, small roots, etc. (53, 59, 39, 96,
9, 29, 30, 32, 44, 76, 31). It seems that long chain polysaccharides do not
contribute significantly to the water-stability of various soils (79). Natural
aggregates often possess a greater lability against mechanical forces as
compared to synthetic aggregates produced with long chain polymers.
This irreversible destruction by mechanical forces is an indication of the
possible role of smaller or more isometric molecules, such as humic acids,
in soil aggregation. Polyvalent cations can perhaps link humic acid molecules together and fix them to I surfaces by coordinate linkages. It has
been observed that in the same soil the large labile aggregates are richer
in fulvic acids and the smaller more stable aggregates richer in humic
acids (28). Aggregation increases with biological activity (microorganisms,
earthworms (57), shells) and with 0 matter content. In a well structured
soil, appropriate 0 compounds are probably more or less continuously degraded and synthesized. It is possible that humic substances in statu nascendi
are especially capable of bridging I particles.
6. C O N C L U D I N G

REMARKS

I—O interactions may have antithetical effects on soil processes and
soil properties, depending mainly on the size and solubility of the I—0
products formed. The behavior of I compounds may be changed by their
interactions with 0 compounds in the following ways:
increase
or decrease in solubility,
peptization
or flocculation,
transportation or immobilization,
increase
or decrease in availability to organisms,
promotion
or inhibition of degradation,
promotion
or inhibition of synthesis.
The behavior of 0 compounds can be similarly influenced by their
interactions with I compounds. The activity of microorganisms may be
stimulated or depressed by their fixation to I surfaces. The soil structure
can be improved or deteriorated by I—0 interaction (56).
Many practical methods exist for controlling I—0 interactions for an
improvement of soil fertility.
I—0 interactions related to those in soils are certainly important in bioand geochemistry, e.g., in the cycles of the elements on the earth's surface
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(85, 1). Perhaps, Si and Al have played more significant roles in organisms
of former times and in organic evolution (54, 51).
Intensified studies on these interactions in soils shall gradually reveal
rules and a certain order where to-day anarchy and disorder seem overwhelming.
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SUMMARY

The soil is a complex mixture of numerous / (inorganic) and 0 (organic)
compounds of small to large molecular weight or particle size. Many of
these constituents are irregular heteropolymers, the constitution of which
is not exactly known. In the soil, I and 0 compounds are continuously
degraded and synthesized, and an endless number of interactions between
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the many compounds and organisms takes place. Thereby, not only I—I
and O—O, but also /—O interaction products are formed.
These I—O products are soluble or insoluble depending on the chemical
constitution of the components (particle size and form; kind, number and
distribution of functional groups, etc.) and on the reaction conditions. The
secondary particles of the I—0 products consist of two to many I and O
primary particles. In these products, the I and 0 constituents are held
together by different bonds, very weak to very strong (van der Waals
forces, hydrogen, ionic, coordinate, and covalent bonds). For the elucidation
of the chemical architecture of I—0 compounds, different, mainly indirect
methods have been used, but more appropriate methods should be developed.
The I—O interactions are of great importance in many soil processes
and soil properties. The influence of these interactions on transformations
of ƒ and 0 compounds, on transportation processes, on the availability
of nutrient and growth substances, and on soil structure are discussed.
Antithetical effects can be caused by I—0 interactions, depending on the
prevailing conditions, e.g., an increase or decrease in solubility, peptization
or flocculation, transportation or immobilization, increase or decrease in
availability to organisms, promotion or inhibition of degradation, and promotion or inhibition of synthesis of a given substance.
RÉSUMÉ

Interactions entre constituants inorganiques et organiques du sol
Le sol représente un mélange complexe de composés I (inorganiques) et
0 (organiques) dont le poids moléculaire ou la dimension des particules
varie entre de vastes limites. Un grand nombre de constituants du sol sont
des polymères hétérogènes dont la constitution est encore peu connue.
Dans le sol les composés I et 0 sont constamment dégradés et synthétisés;
ils se produisent des interactions nombreuses entre les différents composants
et organismes. Ainsi se forment non seulement des produits I—I ou 0—0
mais aussi / — 0 .
Ces produits I—0 sont solubles ou insolubles suivant les conditions de
réaction et suivant la constitution chimique des composants (grandeur
et forme des particules; espèce, quantité et répartition des groupes actifs,
etc.). Les particules secondaires des produits /—0 se composent de deux ou
d'un grand nombre de particules primaires / et 0. Différentes liaisons faibles
ou fortes (forces de van der Waals, liaisons-hydrogène, liaisons ioniques,
coordinatives et covalentes) unissent les composants / et 0. Différentes
méthodes, méthodes indirectes surtout, ont été utilisées pour élucider la
constitution des composés I—0; de meilleures méthodes devraient être
mises au point.
Les interactions /—0 sont de grande importance pour quantité de
processus dans le sol et de propriétés du sol. On a discuté ici l'influence de
ces interactions sur la transformation des composés / et 0, sur les processus
de transport, sur la disponibilité des substances nutritives et sur la structure
du sol. Suivant les conditions on obtient des effets exactement opposés
par les interactions I—0; ces effets sont, par exemple, augmentation ou
diminution de la solubilité, dispersion ou floculation, transport ou immobilisation, augmentation ou diminution de la disponibilité pour les organismes, accélération ou ralentissement de la dégradation ainsi que catalyse
ou empêchement de la synthèse d'une substance donnée.
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Wechselwirkungen zwischen anorganischen und organischen Bodenbestandteilen
Der Boden stellt ein kompliziertes Gemisch zahlreicher I (anorganischer)
und O (organischer) Verbindungen mit kleinem bis grossem Molekular- bzw.
Teilchengewicht dar. Viele dieser Bestandteile sind unregelmässig gebaute
Heteropolymere, deren Konstitution nicht genau bekannt ist. Im Boden
werden ständig I und 0 Verbindungen abgebaut und synthetisiert, und es
kommt zu zahllosen Wechselwirkungen zwischen den vielen Verbindungen
und Organismen. Dabei werden nicht nur I—i- und O—O-, sondern auch
ƒ—O-Produkte gebildet.
Diese 7—O-Produkte sind je nach der chemischen Konstitution der
Komponenten (Grösse und Form der Teilchen; Art, Menge und Verteilung
der aktiven Gruppen usw.) und den Reaktionsbedingungen löslich oder
unlöslich. Die Sekundärteilchen der I—O-Produkte sind aus zwei bis sehr
vielen I- und O-Primärteilchen aufgebaut. In den Produkten werden die
I- und O-Komponenten durch verschiedene schwache bis feste Bindungen
zusammengehalten (van der Waals, Wasserstoff-, ionische, koordinative
und kovalente Bindungen). Für die Konstitutionsaufklärung der I—0Verbindungen wurden verschiedene, vor allem indirekte Methoden verwendet; es sollten jedoch bessere Methoden ausgearbeitet werden.
Die I—O-Wechselwirkungen sind von grosser Bedeutung für viele
Vorgänge im Boden und für viele Bodeneigenschaften. Der Einfluss dieser
Wechselwirkungen auf die Umwandlung von I und 0 Verbindungen,
auf die Verlagerungsprozesse, auf die Verfügbarkeit von Nähr- und Wirkstoffen und auf die Bodenstruktur wird besprochen. Je nach den Verhältnissen können gerade entgegengesetzte Effekte durch ƒ—O-Wechselwirkungen zustande kommen, z.B. Erhöhung oder Erniedrigung der Löslichkeit,
Dispergierung oder Flockung, Verlagerung oder Immobilisierung, Erhöhung oder Erniedrigung der Verfügbarkeit für Organismen, Förderung
oder Hemmung des Abbaus und Förderung oder Hemmung der Synthese
einer bestimmten Substanz.
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HABEN WIR EIN KONZEPT FÜR EINE WISSENSCHAFT
VON DER BODENBEARBEITUNG?
von
H. FRESE

Braunschweig-Völkenrode, Deutschland
Wir alle wissen, dass die älteste, auch heute noch fundamentale Tätigkeit des Menschen bei der Erzeugung von Feldfrüchten die Bodenbearbeitung ist. Durch sie will der Landwirt bestimmte Vorgänge steuern, die
sich nach der Tradition, überlieferten Lehrsätzen und seiner eigenen
Beobachtung günstig auf das Pflanzenwachstum auswirken. Viele dieser
scheinbar wohlbegründeten Erfahrungen beruhen auf zwar alten, doch
heute überholten Vorstellungen und damit — wegen der stark veränderten
Bedingungen — auf falschen Voraussetzungen. So sind sie oft gleichbedeutend mit Nicht-Erkennen oder falscher Deutung kausaler Zusammenhänge.
Für eine rationelle Bodennutzung reicht eine solch subjektive und deshalb
möglicherweise falsche Beurteilung heute nicht mehr aus, sondern muss
durch objektiv richtiges Erkennen von Ursachen und Wirkungen ersetzt
werden.
Der Landwirt, der hierzu selbst nicht in der Lage ist, überlässt diese
Aufgabe dem 'allround-Wissenschaftler', dem Ackerbauer. Dieser sieht
sich dabei allerdings einem sehr verwickelten Komplex wirksamer Faktoren
und folgenden Gegebenheiten gegenüber:
1. Bodenbearbeitung bedeutet grundsätzlich Strukturveränderung — ob wir
tief oder flach pflügen, eggen, walzen, den Boden festigen oder lockern.
Der Begriff Bodenstruktur — für den Landwirt die sichtbare Gliederung
des Bodenverbandes im makroskopischen Bereich — hat aber für
den Genetiker oder Morphologen, den Bodenphysiker und den Ackerbauer ganz verschiedene Aspekte. Über Entwicklung, Definition und
Messung der Bodenstruktur sind die Vorstellungen deshalb vielfach
noch nicht einheitlich und klar und so ist schon hier die gegenseitige
Verständigung und Verwertung von Forschungsergebnissen nicht einfach.
Die Struktur des Bodens wird nicht nur durch die Bearbeitung, sondern
auch ständig durch starke atmosphärische Kräfte mechanisch beeinflusse Sie ist deshalb kein statischer Zustand, sondern lebhafte Dynamik. Dies bedeutet, dass Eigenschaften und Verhalten des Bodens
und damit auch ihre Bedeutung für das Pflanzenwachstum sich im
Laufe des Jahres ändern. Schon deshalb müssen wir sehr vorsichtig
sein, wenn wir bestimmte Bodeneigenschaften als 'günstig' oder 'ungünstig' beurteilen.
Bodenstruktur ist nicht nur ein wirksamer Faktor per se. Wegen ihrer
Dynamik ist sie auch auslösender Faktor für zahlreiche andere Bodeneigenschaften, die den Pflanzenertrag beeinflussen, aber auch ihrerseits wieder Einfluss darauf haben können, wie sich der Boden gegenüber den physikalischen Einwirkungen durch Bearbeitung und Witterung verhält.
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Die praktische Bedeutung all dieser im Bereich der Bodenmorphologie,
der Agrikultur chemie, der Bodenphysik, der Mikrobiologie und der PflanzenErnährung und -Physiologie ablaufenden Vorgänge kann zwar mit dem
Standort schwanken und sich je nach Bodennutzung und ökonomischen
Gesichtspunkten verschieben. Sie vollziehen sich aber stets nach ganz
bestimmten Gesetzmässigkeiten und sind deshalb überall im gleichen Sinne
wirksam. Die Kenntnis dieses Wirkens im einzelnen und ihres Zusammenwirkens im Komplex ist also die Voraussetzung dafür, Voraussagen über
das Verhalten eines bestimmten Bodens und damit Richtlinien für seine
Bearbeitung und Bewirtschaftung abzuleiten. Denn dies ist es, was der
Bauer als Endergebnis einer wissenschaftlichen Arbeit am Boden erwartet
und braucht.
Um diese Forderung erfüllen zu können, muss der Ackerbauer experimentell arbeiten. Meist wird dies durch Ermittlung der Pflanzenerträge
versucht. Hierzu zwei Beispiele aus unseren Dauerversuchen.
TABEL 1. Einfluss von Pflugarbeit und Beregnung auf die Ertrags-Relationen.
a) bei Pflückerbsen
Beregnet

Unberegnet
Bearbeitung
Jahr
1953
54
55
56
57
58
59

23
0
100
100
100
100
100
100
100

Bearbeitung

16
23
115.3
110.4
103.4

16
32
94.4
108.1
93.6

23
32
102.1
105.2
93.1

110.8
100.7
102.9

102.5
100.0
102.9

96.7
97.8
107.3

23
0
100
100
100
100
100
100
100

16
23
90.4
94.7
100.5
107.5
94.8
108.8
94.7

16
32
91.9
95.7
106.1
105.7
97.1
101.6
93.5

mm
Zusatz23
Regen
32
91.2
50
106.3
40
105.1
98.7
89.3
60
116.0
102.1
80

b) bei Hafer
Unberegnet

Beregnet

Bearbeitung

Bearbeitung

Jahr

23
0

16
23

16
32

23
32

23
0

16
23

1953
—57
1958
1959

100
100
100

100.2
101.8
81.9

102.1
97.8
90.7

100.9
98.0
80.1

100
100
100

96.6
102.2
102.6

16
32
98.8
98.0
96.2

23
32
98.7
98.6
111.1

mm
ZusatzRegen
0—60
150

Die bemerkenswerten Zahlen sind unterstrichen. Sie zeigen
a) dass die Pflugarbeit 16/23 unter normalen Bedingungen die sichersten
Mehrerträge, besonders in trockeneren Jahren bringt. Bei Zusatzberegnung versagt sie, während 23/32 die stärksten Schwankungen zeigt.
b) dass die verschiedenen Pflugarbeiten bei Hafer im Durchschnitt von
6 Jahren kaum Unterschiede zeigen, in einem sehr trockenen Jahr
z.T. starke Ertragsabfälle, dagegen bei Zusatzregen einen deutlichen
Anstieg zeigen.
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Wir dürfen uns aber nicht damit begnügen zu wissen, wie sich unsere
Massnahmen unter den gegebenen Bedingungen positiv oder negativ ausgewirkt haben, sondern wir müssen wissen, warum. Das 'Wie' ist kaum
mehr als eine statistische Angabe, also bestätigte Empirie, aber es kann
viele Ursachen haben. Erst das Wissen um das ' W a r u m ' eröffnet uns
die Möglichkeiten, Beziehungen zu erkennen, die Ausdruck echter Gesetzmässigkeiten sind, und nicht Ergebnis eines Zufalls, wie es leicht geschieht,
wenn nur einzelne Faktoren mit einem E r t r a g korreliert werden. Solche
halben Wahrheiten können uns in die Irre führen, also vom wissenschaftlichen Standpunkt aus gefährlicher sein, als gar kein Ergebnis. Nur dann,
wenn wir möglichst viele Fragen nach den wirksamen Faktoren stellen,
ist es wahrscheinlich, dass wir die vorwiegend ertragsbestimmenden Eigenschaften erfassen.
Dies ist dort relativ einfach, wo es nur auf einen dominierenden F a k t o r
und dessen Menge (z.B. Wasser oder Wärme) ankommt. Schwieriger wird
die Aufgabe, wenn von mehreren Faktoren einmal der eine, einmal der
andere entscheidend sein kann und es hierbei nicht auf Maxima oder
Minima, sondern auf Zeitpunkt, Verteilung und unterschiedliche Wechselwirkung ankommt. So können bei gleicher Gesamtsumme an Wärme,
Sonnenscheindauer oder Niederschlag während bestimmter Perioden sowohl
hohe als auch nur schwache Durchschnittsernten erzielt werden. Einmal
aus diesem Grunde ist die Erforschung der Einzelursachen für die Ertragsbeeinflussung so wichtig, aber auch deshalb, weil einzelne Früchte auf
bestimmte Massnahmen sehr unterschiedlich reagieren.

Abb. 1 zeigt die Ergebnisse von 476 Untergrund-Lockerungsversuchen, bei
denen Messungen der Gesamt-Porosität oder visuelle Strukturbeurteilung eine
Lockerung aussichtsreich erscheinen Hess. Die Früchte reagierten sehr verschieden. 57 % der Versuche ergaben Mehrerträge über + 5 %, bei 43 %
lagen sie unter + 5 % oder waren Mindererträge. Die Sicherheit für eine Voraussage erscheint ungenügend. Beachtlich ist, dass teilweise die Nachwirkung
im 2. Jahr günstiger ist als die unmittelbare Lockerungswirkung.
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Um also die aus der landwirtschaftlichen Praxis an ihn gerichteten
Fragen nicht nur experimentell prüfen, sondern auch beantworten zu
können, müsste der Ackerbauer wissen
1. wie die wichtigsten natürlichen Bodeneigenschaften (genetische,
physikalische, chemische und biologische), die durch die Bearbeitung
beeinflusst werden, und auch ihrerseits die Bearbeitbarkeit des Bodens
verändern, qualitativ und möglichst auch quantitativ bestimmt werden
können;
2. warum und wie sie durch Witterung, Bodenbearbeitung und deren
Wechselwirkungen beeinflusst werden;
3. welche Ansprüche bestimmte Früchte auf einem gegebenen Standort
an diese Bodeneigenschaften stellen;
4. wie einzelne, oder ein Komplex dieser Bodeneigenschaften für diesen
Zweck gezielt verändert werden können.
Mit dieser Aufgabe sieht sich der Ackerbauer aber zunächst überfordert.
Denn erstens fehlt ihm hierzu manche grundlegende Erkenntnis, vor allem
aber das notwendige methodische Handwerkszeug, das von den verschiedenen
Spezialdisziplinen erst erarbeitet werden muss. Zweitens ist eine wesentliche Voraussetzung für seine Experimente, mit denen er eine Gesetzmässigkeit erforschen will, ihre Reproduzierbarkeit.
Hier stehen wir vor der ersten grossen Schwierigkeit. Wegen der Vielzahl
der im Komplex auf die Struktur und durch sie wirkenden Wachstumsfaktoren sind weder der Strukturzustand, der durch mechanische und atmosphärische Einwirkungen geschaffen ist, noch die dadurch bedingten
physikalischen Voraussetzungen, selbst auf demselben Standort, kaum
jemals reproduzierbar. Schon der Ausgangszustand des Bodens vor einer
ersten Bearbeitung (z.B. einer Pflugfurche im Herbst) ist in jedem Fall

Auflockerung und Setzung des gepflügten Bodens
durch 3 verschiedene Pflugkörper in 2 Jahren.
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Abb. 2 zeigt, dass die Setzung der im Herbst mit verschiedenen Pflugkörpern bearbeiteten Furche je nach der Winter-Witterung auch in Vergleich
untereinander sehr unterschiedlich verläuft.
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anders, damit aber auch der Erfolg der Bearbeitung, ohne das wir bisher
die beiden Zustände durch Messungen befriedigend genau kennzeichnen
können. Dieser Unterschied verstärkt sich bis zum Frühjahr, nachdem
eine stets andersartige Winterwitterung auf den Boden eingewirkt hat,
so dass bereits die Ausgangszustände vor dem Wachstum der Pflanzen von
Jahr zu Jahr kaum vergleichbar sind.
Gerade weil wir also die Bedingungen für unsere Versuche nicht wahlweise
steuern und damit reproduzierbar machen können, müssen wir alles versuchen, wenigstens die bei einem bestimmten Versuch gegebenen Bedingungen
im Ausgangsstadium, nach der Vornahme bestimmter Massnahmen sowie im
Verlaufe des Versuches so umfassend und so genau wie möglich zu registrieren. Nur dann kann es vielleicht gelingen, gewisse Beziehungen zwischen einzelnen, gleichgerichteten Experimenten aufzudecken und ihre
Ergebnisse zu Gliedern einer sich langsam entwickelnden Erkenntnis-Kette
zu machen. Da es aber trotz der Individualität des einzelnen Versuchsobjektes ein Unding wäre, für jedes Bodenindividuum eine besondere
Bestimmung oder Messung der herrschenden Gesetzmässigkeiten vorzunehmen, müssen wir möglichst frühzeitig zu einer Ordnung und Gruppierung zu
kommen suchen. Solange aber Auge, Erfahrung und exaktes Wissen nicht
genügend geschult sind, solange wir nur einzelne wirksame Faktoren berücksichtigen und auch diese nur durch unvollkommene Methoden erfassen
können, mögen zwei Versuchsobjekte ähnlich oder gleichartig erscheinen,
die sich tatsächlich in wichtigen Eigenschaften unterscheiden.
So erklärte erst eine genaue Korngrößen-Analyse das verschiedene
Verhalten zweier Böden desselben Typs.
TABEL 2. Auszug aus der Korngrößenbestimmung von 2 Profilen im AngulatenSandstein (Lias), Tiefe 15 cm.
0/

Profil A
Profil B

...
...

0/

0/

/o

200—°100 n

100—50 fi

50—20 ß

0.9
1.7

3.9
12.4

33.4
22.1

200-^20 n

=

|...

38.2
36.2

Diese Differenzierung der Fraktion 20—200 /J, ist nicht die alleinige
Ursache, gibt aber den wichtigen Hinweis auf eine unterschiedliche Lagerung
des Bodens, die nicht ohne weiteres erkennbar ist, aber durch den Dünnschliff später bestätigt wird.
Dies ist etwa der Status, auf dem wir uns bei unserer Arbeit heute befinden. Deshalb hat unser Kollege Yoder einmal gesagt, Bodenbearbeitung sei eine Kunst, aber keine Wissenschaft. Nun hegen aber auch
der Kunst gewisse Gesetze und eine gewisse Technik zu Grunde, und wo
die Arbeit angesetzt werden muss und wie die Ergebnisse auszudeuten
und zu werten sind, bedarf gerade in der komplexen Naturwissenschaft
durchaus der Intuition. Prof. Hénin hat darum den Ackerbauer eine notwendige Mischung aus 'physicist' und 'physician' genannt, der aus enger
Verbundenheit mit dem Geschehen in der Natur die Fähigkeit zur Diagnose
mit der Fähigkeit verbinden muss, die technischen Mittel zu nutzen.
Manchen unserer jungen Spezialwissenschaftler fehlt aber die Gelegenheit,
den Ablauf der Vorgänge in der Natur sorgfältig zu beobachten, deren
Gesetzmässigkeiten sie erforschen wollen. So scheint es manchmal, als
wenn sie weniger mit Augen zu sehen als mit einem Elektronengehirn
und einem Rechenschieber als Patengeschenk geboren würden.
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Der Landwirt wird aber stets seine Massnahmen vorwiegend nach visuellen Eindrücken steuern. Es ist deshalb eine echte wissenschaftliche Aufgabe, ihm und dem Ackerbauer die Sicherheit für die Richtigkeit seiner Beobachtungen durch exakte Untersuchungen zu geben. Grundbedingung dafür
ist, dass wir die verhältnismässig breite Skala wirksamer Faktoren mit
genügend zuverlässigen Methoden messen können, und dass diese Methoden
ihrerseits reproduzierbar und untereinander vergleichbar sind bzw. ihre
Ergebnisse einer gemeinsamen Bezugsgrösse zugeordnet werden können.
Andernfalls ist es ziemlich gleichgültig, wie genau eine Methode misst,
weil ihre Ergebnisse dann doch nur ein beliebiger zahlenmässiger Ausdruck
einer lokalen Empirie sind. Hier, auf dem methodischen Gebiet, stellen
wir deshalb vor den schwierigsten, aber auch den wichtigsten Aufgaben.
Die Frage, ob wir überhaupt ein Konzept für eine Wissenschaft von der
Bodenbearbeitung haben, hat ihren Grund also nicht zuletzt darin, dass
Bodenbearbeitung eine angewandte, eine Art Nachfolge-Wissenschaft ist.
Eine wissenschaftliche Arbeit kann hier nämlich erst einsetzen, wenn
gewisse Voraussetzungen durch die Grundlagenwissenschaften geschaffen
sind, die für den Ackerbauer deshalb eine Art Zuliefer-Industrie bedeuten.
Deshalb muss er zwangsläufig zunächst eine ganze Reihe von Teilfragen an
die Spezialisten weitergeben und ihre Beantwortung in einer ganz bestimmten Richtung anregen. Ihm selbst fällt die Aufgabe eines Sammelbeckens und Transformators zu, um die in den speziellen Fachgebieten
erarbeiteten Erkenntnisse und geschaffenen methodischen Möglichkeiten
für seine experimentelle Arbeit zu nutzen und in seine, auf die praktische
Fragestellung gerichtete Gesamtschau einzuordnen. Eine arbeitsfähige
Grundlage für eine Wissenschaft von der Bodenbearbeitung ist also erst
dann gegeben, wenn die Verbindungen, die aus der allgemeinen Sicht des
Ackerbauers zu den einzelnen Spezial-Forschungsgebieten hin geknüpft
worden sind, zu einem zielbewussten Rückfluss spezieller Erkenntnisse
und ihrer Umformung in praktisch verwertbare Messverfahren geführt
haben. Deshalb richtet sich unser Interesse auf die Arbeit der Fachkollegen
aller Kommissionen unserer Gesellschaft, doch umgekehrt sind auch wir
auf ihr unmittelbares Interesse an unseren Problemen angewiesen, und
zwar aus folgenden Gründen:
Entwicklung, Aufbau und gegenwärtige Eigenschaften des Bodens bestimmen das Substrat, das wir bearbeiten. Es ist die Grundlage unseres
Forschungsgebietes und wir können es darum gar nicht genau genug definieren. Von der Genetik bzw. der Bodenmorphologie erhoffen wir uns
neben der umfassenden Kennzeichnung typischer Profile vor allem noch
genauere Angaben über die voraussichtliche Strukturdynamik und das
ackerbauliche Verhalten der Böden, besonders zur Bestimmung des Standortes bei der Anlage solcher Versuche, deren Ergebnisse überregional
verwertbar sein sollen. Denn erst die Kenntnis des Profil-Aufbaues, der
Abgrenzung und der morphologischen Eigenschaften einzelner Horizonte
und ihrer wechselseitigen Beeinflussung schafft die Voraussetzungen, unsere
Untersuchungen, besonders die physikalisehen, sinnvoll anzusetzen. Dabei
erwarten wir von der Mikromorphologie wertvolle Aufschlüsse über die
Feinstruktur, Flockungsgrade, Verlagerungserscheinungen und genetisch
bedingten Ursachen für Stabilitätsunterschiede, und durch all dies bessere
Deutung einzelner bodenphysikahscher Eigenschaften, während wir von der
Tonmineralogie mehr über die Tonqualität als Ursache des plastischen
Verhaltens eines Bodens zu lernen haben, das ja bei der Bodenbearbeitung
eine wesentliche Rolle spielt.
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Besonders subtile Beziehungen bestehen zur Mikrobiologie, da ja eine
förderliche Tätigkeit der Mikrolebewelt hohe und bestimmte Ansprüche
an die Bodenstruktur stellt, andererseits von ihr die Bearbeitbarkeit
und die erzielbare Struktur des Bodens wesentlich mitbestimmt wird.
Die Verbindungen zu den technologischen Nachbargebieten Dränage,
Bewässerung und Erosion sind offensichtlich.
Chemische Routine-Messungen der verfügbaren Nährstoffe erfolgen im
Labor unter Bedingen, die sich wesentlich von denjenigen unterscheiden,
unter denen Nährstoffumsetzungen und andere, den Bodenzustand beeinflussende chemische Prozesse im Feld ablaufen. Es ist aber sehr wahrscheinlich, dass sie durch eine Strukturveränderung stark beeinflusst werden.
Wir hoffen deshalb, dass die Agrikulturchemie methodische Möglichkeiten
findet, um uns Näheres über den unmittelbaren Einfluss unterschiedlicher
Strukturzustände auf die Menge der auf dem Feld verfügbaren Nährstoffe
zu sagen.
Da bei der Bodenbearbeitung die Veränderung physikalischer Bodeneigenschaften im Vordergrund steht, beschäftigt uns natürlich besonders die
Bodenphysik. Wir alle wissen, dass es äusserst schwierig ist, bestimmte
physikalische Eigenschaften 'in situ' zu messen. Die Entwicklung und
Anwendung der Methoden erfolgt deshalb naturgemäss meist im Laboratorium, jedoch mit folgenden Nachteilen:
a) Die Messungen geben meist nur einen einmaligen Status und erlauben
kaum eine laufende Registrierung im Felde.
b) Die Routinemessung grosser Serien erfordert deshalb hohen Aufwand.
c) Die Methoden sind oft nicht den natürlichen Bedingungen angepasst.
d) Die meisten Messungen erfolgen an einer aus dem Gesamtverband des
Bodens entnommenen Probe.
Es scheint aber sehr schwierig, die Ergebnisse aus einzelnen Schichten
zueinander in Beziehung zu setzen und ihre wechselseitige Beeinflussung
zu beurteilen, wenn dabei nicht das gesamte Profil auf die Tiefe der
Haupt-Wurzelzone berücksichtigt werden kann.
Naturgesetzmässigkeiten können mit verschiedenen Methoden und
Maßstäben gemessen werden. So ist es gleichgültig, ob wir nach Zentimetern
oder inches rechnen, weil wir einen sicheren Umrechnungsschlüssel besitzen.
Für viele bodenphysikalische Methoden fehlt aber dieser Schlüssel und
damit die Möglichkeit, unzählige Teilergebnisse zu vergleichen und
als Bausteine zur Ermittlung einer Gesetzmässigkeit zu nutzen.
Deshalb ist es so wichtig, ob unsere Messmethoden absolute oder relative
Werte liefern. Jeder absolut ermittelte Wert ist international verständlich
und fördert unsere Erkenntnis unmittelbar. Aber auch Methoden mit
Relativ-Werten können wertvoll sein, wenn sich ihre Ergebnisse auf einen
Bezugsmaßstab transponieren lassen, oder durch den wechselseitigen Vergleich mehrerer Relativ-Methoden ein gemeinsamer Maßstab und damit eine
gegenseitige Verwertbarkeit geschaffen werden kann.
Eine der wenigen absolut messbaren bodenphysikalischen Grössen ist z.B.
die Gesamt-Porosität. Bei der Bestimmung der Porengrössenverteilung bzw.
der pF-Kurve sind durch funktionelle Mängel der Apparatur manche
Fehlerquellen möglich, wenn auch durch Standard-Proben kontrollierbar.
Die vorher erwähnte Dynamik des Bodenzustandes macht aber Messungen
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an entnommenen Proben und die Deutung der Ergebnisse nicht einfach. So
verursacht z.B. Frost neben einer erheblichen Strukturveränderung eine
starke Wasserbewegung, wie Tabel 3 zeigt.
TAB. 3. Wasserbewegung unter Frosteinfluss.
Ausgangswerte der Proben
Porenvolumen Vol. %
Wassergehalt Gew.%

40

25

20

44

15

25

20

48

15

25

20

Verteilung des Wassers in Gew. % nach dem
Frieren
a) Lößlehm
Wassergehalt Oberseite
Wassergehalt Unterseite
b) Sandig-toniger
Lehm
Wassergehalt Oberseite
Wassergehalt Unterseite

34.1

24.1

15.1

37.2

26.0

19.2

33.5

24.4

14.7

13.0

15.1

14.6

14.7

14.6

16.7

14.7

24.5

21.0

14.5

32.0

21.9

31.2

21.9

22.3

17.0

14.1

17.6

16.0

18.2

16.3

—

In Abhängigkeit von Bodendichte, Ausgangsgehalt und Nachlieferung von Wasser erfolgt eine teilweise erhebliche Wasserbewegung
nach oben. Dies kann später zu zusätzlichen Strukturveränderungen
führen. Diese verwickelten Vorgänge sind methodisch nicht leicht zu
erfassen. Wir hoffen, hier durch die Anwendung unserer UnterdruckLysimeter die üblichen pF-Messungen an einzelnen Schichten nützlich ergänzen zu können.
Die Krongrössenbestimmung und die Vergleichbarkeit ihrer Ergebnisse ist
wegen der Individualität der Verfahren in jedem Laboratorium schon ein
Problem. Dieses wird noch schwieriger, wenn statt 4 Fraktionen, die
völlig ungenügend sind, 8—10 Fraktionen bestimmt werden. Wie notwendig
die Bestimmung einer grösseren Zahl von Fraktionen ist, zeight sich deutlich bei Plastizitätsbestimmungen, wo Beziehungen zum Tongehalt nur gefunden werden können, wenn die Mengenanteile anderer, eng begrenzter
Fraktionen genau bestimmt und berücksichtigt werden. Auch für die Differenzierung scheinbar gleichartiger Bodentypen ist eine feine Fraktionierung unentbehrlich, wie die Tab. 2 gezeigt hat.
Beispiel für eine fast hoffnungslose Differenzierung sind die Methoden
zur Bestimmung der Aggregatstabilität. Grundsätzlich ist die Stabilität
eines Bodens gegenüber Wasser Teil einer Gesetzmässigkeit, die alle Böden
einschliesst. Es wäre deshalb wissenschaftlich sehr wertvoll, diese Gesetzmässigkeiten in ihrem gesamten Ausmass überschauen zu können.
Für fast alle hierzu benützten Methoden sind aber folgende Kennzeichen typisch:
1. Auswahl und Vorbereitung des Materials sind ausserordentlich unterschiedlich und ungenau, bzw. kaum reproduzierbar.
2. Die zahlreichen Varianten sind so gewählt, dass möglicherweise stabile
Böden schärfer, weniger stabile Böden dagegen schwächer angegriffen
werden, um die Unterschiede im natürlichen Streubereich zu erfassen.
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3. Die Methoden sind vielfach nicht 'naturgemäss', d.h. den Feldbedingungen nicht adäquat, weil die Wassereinwirkung auf die Probe mit derjenigen im natürlichen Bodenverband, mit Ausnahme der obersten Millimeter, nicht viel gemeinsam hat.
4. Die für die Untersuchung verwendete Bodenmenge wird meist nicht
in Beziehung gesetzt zu der auf der Flächeneinheit im Feld tatsächlich vorhandenen Menge dieser Aggregate.
5. Die Ergebnisse sind also ausgesprochen relativ und höchstens innerhalb desselben Laboratoriums vergleichbar.
6. Die Koordinaten für die Ergebnisse haben deshalb stets eine andere
Lage im Raum, jedoch keine Beziehung zu einem Koordinatensystem,
das die gesamte Gesetzmässigkeit für alle Böden umschliesst, und
können deshalb einander nicht zugeordnet werden.
Auf dem Feld wird ausserdem die Stabilität des Bodens in einer flach
und fein bearbeiteten Bodenschicht durch denselben Niederschlag viel
stärker beansprucht als in einer gröber und tiefer bearbeiteten Bodenschicht. Da im übrigen eine geringe Stabilität unter bestimmten Bedingungen andere Wachstumsfaktoren durchaus günstig beeinflussen kann
(z.B. die Wassernachlieferung), ist es ganz verständlich, dass die ermittelten
Korrelationen zu anderen Bodeneigenschaften oder dem Ertrag oft unbefriedigend bleiben. Deshalb sind Stabilitätsuntersuchungen heute stark
in den Hintergrund gerückt — ganz zu Unrecht. Sie sind ein gutes Beispiel
dafür, wie Teilergebnisse ohne Berücksichtigung des gesamten Fragenkomplexes zu Fehlschlüssen führen können. Dies zeigt erneut, dass auf
dem Gebiet der Bodenbearbeitung Zahl und Häufigkeit der Untersuchungen
gar nicht gross genug sein kann, wenn wir ein klares Bild über die wesentlichen Bodeneigenschaften gewinnen wollen, die durch unterschiedliche
Bodenbearbeitungsmassnahmen beeinflusst werden und umgekehrt.
Gemessen an der Bedeutung dieser Fragestellung ist die Zahl entsprechender Feldversuche bei weitem zu klein, denn sie sind technisch schwierig,
zeitraubend, teuer und wenig attraktiv. Hinzu kommt oft die fehlende
Kontinuität der personellen und finanziellen Voraussetzungen und das
mangelnde kommerzielle Interesse. Eines der wenigen Beispiele, wo eine
solch umfassende Untersuchung von einer leitenden Idee gesteuert und die
Ergebnisse zahlreicher Detailuntersuchungen zu einer Gesamtschau zusammengeführt wurden, ist die umfangreiche Monographie der belgischen
Polderböden von De Leenheer und Mitarbeitern. Meist sind unsere Arbeitsmöglichkeiten aber stärker begrenzt und unser Arbeitskonzept ist enger
und spezieller gefasst. So verfügen wir im ganzen gesehen nur über eine
Reihe von Teilergebnissen. Sie könnten wertvolle potentielle Bausteine
für die Ermittlung von Gesetzmässigkeiten sein. Aus den dargelegten Gründen lassen sie sich aber vom Einzelnen praktisch nicht zusammenfügen und in
eine umfassende gedankliche Konzeption einordnen.
Betrachten wir all diese Tatsachen aus der höheren Ebene einer Bodenwissenschaft als einer Gesamtheit, dann tun wir in vieler Hinsicht genau
das, was im geschlossenen Bereich eines einzelnen Instituts wohl nicht
denkbar wäre und was kein Institutsdirektor oder Head of Department zulassen würde, nämlich: Dass zwei Mitarbeiter Teile einer auf dasselbe
Ziel gerichteten Untersuchung mit zwei ganz verschiedenen Methoden
durchführen, die nicht miteinander verglichen oder vergleichbar sind bzw.
einander ergänzen. Wir alle können aber nur gewisse Teilaufgaben bearbeiten
und unser Arbeitsgebiet meist nicht erweitern. Damit werden wir zwangs62
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läufig zu Teilen und zu Gliedern eines Ganzen. Wenn nicht auch unsere
eigene Arbeit Teil- und Stückwerk ohne Beziehung zu einem Ganzen bleiben
soll, müssen wir sie und ihre Ergebnisse unter einem obergeordneten
Gesichtspunkt zusammenzuführen und organisch zu ergänzen versuchen.
Wieviele Methoden und Apparaturen sind in unseren Instituten entwickelt,
wieviel solch wertvolles Handwerkszeug wird jedes Jahr veröffentlicht und
.ist auch bei diesem Kongress wieder zusammengetragen worden! Wird es
aber wirklich von einem weiteren Kreis übernommen und in der angewandten
Forschung systematisch genutzt? Sicher können wir dieses Spiel noch von
Generationen junger Wissenschaftler weiter betreiben lassen. An Problemen
und Aufgaben wird es uns bestimmt nicht fehlen. Ist dies aber sinnvoll?
Aus dieser Sicht erwachsen dann die meist verkannten Impulse zu Mammut-Forschungsvorhaben, aber auch die Versuche zu einer Koordination
von administrativer Seite. Dass eine Koordinierung vieler Teilaufgaben und
Teilergebnisse in irgendeiner Form unentbehrlich ist, scheint offensichtlich, wenn wir uns auch alle über die ausserordentlichen Schwierigkeiten
hierbei klar sind. Von wem sie ausgeht und wie sinnvoll sie betrieben wird,
liegt durchaus in unserer eigenen Hand. Das Recht zu wissenschaftlichen
Selbstbestimmung, das wir aus Überzeugung verfechten, gibt uns hierzu
jede individuelle Freiheit. Sollte aber andererseits unsere wissenschaftliche Selbst-Verantwortung diesen Individualismus nicht dann einem grösseren Plan einordnen, wenn hiervon die Möglichkeiten abhängen, neue und
vertiefte Erkenntnisse zu gewinnen?
Aus solchen Überlegungen ergibt sich als Schlussfolgerung:
1. Es fehlt bis jetzt ein Generalkonzept all der Fakten, die bei angewandten Experimenten der Bodenbearbeitung bekannt sein und deshalb
gemessen werden sollten. Diese Feststellung ist kein Pessimismus,
denn tatsächlich sind manche Voraussetzungen für ein vernünftig
fundiertes Konzept einer Wissenschaft von der Bodenbearbeitung schon
erarbeitet. Allerdings scheint eine engere und systematischere Zusammenarbeit aller beteiligten Fachgebiete notwendig, um diese Grundlagen zu ergänzen und zu vervollkommnen und um gemeinsam klare
Vorstellungen über die noch zu lösenden Probleme und methodischen
Aufgaben zu erarbeiten.
2. Die allgemeine Verwendbarkeit methodisch gewonnener Einzelergebnisse
wird davon bestimmt, ob sie mit anderen gleichgerichteten Ergebnissen
vergleichbar, vor allem aber unter vergleichbaren Bedingungen reproduzierbar sind. Dies setzt jedoch eine Übereinstimmung oder die Vergleichbarkeit der Methoden und der Darstellung der Ergebnisse voraus.
Eine Bilanz und sinngemässe Auswertung bisher gewonnener Ergebnisse
könnte in dieser Hinsicht sehr wertvoll sein. Dies bedeutet keinesfalls
die Forderung nach einer Uniformierung der Methoden, denn auf der
Suche nach neuen Erkenntnissen müssen und sollen viele verschiedene
Wege nebeneinander beschritten werden.
3. Wir sollten dabei aber nicht nur nach Spezialisten und Analytikern,
sondern nicht weniger nach Synthetikern und Generalisten Umschau
halten, die ein solches Konzept auch von der angewandten Wissenschaft
her entwickeln, von hier aus spezielle Untersuchungen anregen und
deren Ergebnisse aus ihrer Gesamtschau heraus auswerten, einordnen
und für die experimentelle Arbeit under den Bedingungen der landwirtschaftlichen Praxis nutzen können.
63

Gen.6
LITERATUR-AUSWAHL

1. ALTEMÜLLER, H. J., Mikroskopische Untersuchungen einiger Löß-Bodentypen mit Hilfe von Dünnschliffen. Z. Pfl.-Ern. Düng. Bodenkde 72 (1956).
H. 2, S. 152—67.
2. ALTEMÜLLER, H. J., Morphologische Untersuchungen zur Strukturbildung
an einigen Bodentypen aus Löss. 6. Congr. int. de la science du sol.Paris
1956, S. 257—263. (Extrait des Rapports présentés au Congrès. 1, 38).
3. ALTEMÜLLER, H. J., Untersuchungen über die Aggregatstabilität verschiedener Bodentypen aus Löss. Proc. Int. Symposium Soil Structure, Gent,
1958, S. 58—63.
4. CZERATZKI, W., Zur Wirkung des Frostes auf die Struktur des Bodens.
Z. Pfl.-Ern. Düng. Bodenkde 72 (1956) H. 1, S. 15—32.
5. CZERATZKI, W., Untersuchungen über Krümelstabilität an einem Kalkversuch. Z. Pfl.-Ern. Düng. Bodenkde 78 (1957) H. 2/3, S. 121—135.
6. CZERATZKI, W., Zur Problematik der Krümelstabilitätsmessung. In:
Probleme der Krümelstabilitätsmessung und der Krümelbildung, 1958,
S. 85—97. (Deutsche Akad. der Landwirtschaftswissensch. zu Berlin.
Tagungsberichte, Nr. 13).
7. CZERATZKI, W., Beitrag zur Wirkung von Bodenverbesserungsmitteln auf
die Verkrustung des Bodens und den Pflanzenertrag. Internat. Symposium
über Bodenstruktur, Gent/Belgien, 28.5.1958.
8. CZERATZKI, W., Eine keramische Platte zur serienmässigen Untersuchung
von Porengrössen im Boden im Spannungsbereich bis ca. 1 Atm. Z. Pfl.Ern. Düng. Bodenkde 81 (1958) H. 1, S. 50—56.
9. CZERATZKI, W., Ergebnisse über Bodenbearbeitung mit Zweischichtpflügen. Proc. Int. Symposium Soil Structure, Gent/Belgien 1958, S.
137—145.
10. CZERATZKI, W., Untersuchung der Wasserbewegung im Boden mit Hilfe
von Unterdrucklysimetern. Z. Pfl.-Ern. Düng. Bodenkde 87 (1959) H. 3,
S. 223—229.
11. CZERATZKI, W., Ergebnisse über Versuche mit Zweischichtpflügen. In:
Probleme der Bodenbearbeitung, 1960, (Deutsche Akad. der Landwirtschaftswissensch. zu Berlin. Tagungsberichte, im Druck).
12. CZERATZKI, W. und H. FRESE, Kinematographische Untersuchungen zur

13.
14.
15.
16.

17.
18.

19.

Strukturbildung an einigen Bodentypen aus Löss. 6. Congr. int. de la
science du sol. Paris 1956. S. 257—263. (Extrait des Rapport présentés
au Congrès. 1, 38).
CZERATZKI, W. und H. FRESE, Importance of Water in Formation of Soil
Structure. In: Water and Its Conduction in Soils. Washington 1958, S.
200—211. (Spec. Report 40, Nat. Acad, of Sei. Publ. 629).
FEUERLEIN, W., Die Fräse im landwirtschaftlichen Einsatz. In: 14. Konstrukteurh. Düsseldorf 1957. S. 88 (Grundlagen d. Landtechn. H. 9).
FRESE, H., Aussichten für eine exakte Beurteilung des Arbeitserfolges
von Bodenbearbeitungsgeräten. In: 13. Konstrukteurh. Düsseldorf 1956.
S. 5—10. (Grundlagen d. Landtechn. H. 7).
FRESE, H., Zur Bildung von Makro-Gefüge-Typen im Ackerboden durch
atmosphärische Einflüsse. In: Probleme der Krümelstabilitätsmessung und
der Krümelbildung. 1958, S. 117—-127. (Deutsche Akad. der Landwirtschaftswissensch. zu Berlin. Tagungsberichte Nr. 13).
FRESE, H., Neue Gesichtspunkte für die Beurteilung und Bewirtschaftung
unserer Ackerböden. In: Stand und Leistung agrikulturchem. Forsch. VI.
1939, S. 49—59 (Landwirtsch. Forsch. Sonderh. 12).
FRESE, H., Die Beeinflussung der Bodenstruktur durch Bearbeitungsmassnahmen. In: Neue Forschungsergebnisse über Entstehung, Entwicklung
und Bearbeitung unserer Böden. Frankfurt/M.: DLG 1959, S. 68—85
(Arbeiten der DLG Bd. 54).
FRESE, H., Bodenbearbeitung — uraltes Tun, junges Forschungsgebiet.
Landb.-Forsch. 9 (1959) H. 3/4, S. 61—64. und Agros (1960) H. 4, S.
194—198 u. 228—229.

64

Gen.ó
20. FRESE, H., Zur Nomenklatur, Definition und Messung ackerbaulich wichtiger, physikalischer Bodeneigenschaften. In: Stand und Leistung agrikulturchem. Forsch. VII. 1960, S. 72—77 (Landwirtsch. Forsch. Sonderh. 14).
21. FRESE, H., Über Voraussetzungen und Zweckmässigkeit einer Vertiefung
der Ackerkrume. In: Probleme der Bodenbearbeitung, 1960, (Deutsche
Akad. der Landwirtschaftswissesch. zu Berlin. Tagungsberichte, im Druck).
22. FRESE, H., Ergebnisse von Untergrundlockerungs-Versuchen in Süddeutschland aus den Jahren 1948—1954. Institut f. Bodenbearbeitung,
Braunschweig-Völkenrode, 1960, vervielfältigter Bericht.
23. D E LEENHEER, L. und Mitarbeiter, Monografie der Zeepolders. Rijkslandbouwhogeschool, Gent, 1958.
24. R I D , H. und A. Süss, Der Mischeffekt verschiedener Bodenbearbeitungsgeräte und sein Einfluss auf die Phosphataufnahme von Sommergerste und
Sommerraps nachgewiesen durch P 32. Z. Acker- u. PflBau, 109 (1959)
H. 3, S. 229—254.
25. SCHAFFER, G., Eine Methode zur Beurteilung der Bodenstruktur und ihrer
Kohärenz. Z. Pfl.-Ern. Düng. Bodenkde, 83 (1958) H. 1, S. 54—63.
26. SCHAFFER, G., Eine Methode der Abscherwiderstandsmessung bei Ackerböden zur Beurteilung ihrer Strukturfestigkeit im Felde. Landw. Forsch.
13 (1960), H. 1, S. 24—33.
ZUSAMMENFASSUNG

J e d e Art der Bodenbearbeitung wirkt sich unmittelbar auf die S t r u k t u r
des Bodens aus. Dadurch verändert sie einen Komplex zahlreicher morphologischer, physikalischer, chemischer und biologischer Faktoren, die das
Pflanzenwachstum beeinflussen. Ernte-Feststellungen sagen nur etwas
über die augenblickliche Wirkung bestimmter Massnahmen unter den gegebenen Standortsbedingungen aus, jedoch nichts über die jeweilige Bedeutung einzelner, ertragsbestimmender Faktoren. Sie erlauben deshalb
weder eine Übertragung auf andere Verhältnisse noch irgendeine Voraussage.
Zur Erforschung der gesetzmässigen Zusammenhänge zwischen Veränderungen der Bodenstruktur und dem Pflanzenwachstum müssen die
Bodenzustände sehr genau definiert und möglichst viele wirksame Faktoren
zuverlässig gemessen werden können. Die verfügbaren Methoden sind aber
teils unbefriedigend, teils so stark voneinander verschieden, dass ihre
Ergebnisse nicht vergleichbar sind. F ü r ein Konzept einer Wissenschaft von
der Bodenbearbeitung fehlen deshalb noch manche grundlegende, allgemein verwertbare Erkenntnisse. Sie werden nur durch eine wesentlich
systematischere Zusammenarbeit spezieller und angewandter Forschungszweige, vor allem aber durch ein einheitlicheres methodisches Vorgehen
erarbeitet werden können.
SUMMARY

E v e r y kind of soil cultivation acts directly on the soil structure, thereby
changing a complex of numerous morphological, physical, chemical and
biological factors which influence plant growth. Yield measurements reflect
merely something of the momentary effect of certain operations under the
given environmental conditions, but nothing about the significance of
single, yield-determining factors. They cannot therefore be applied to other
conditions or for any kind of prediction.
To clarify the connexion between changes in soil structure and plant
growth the condition of the soil must be very accurately defined, and the
greatest possible number of active factors t h a t can be reliably measured
must be taken into account. The available methods, however, are not only
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unsatisfactory but also differ from each other so much that their results
are not comparable. Thus for a concept of a science of soil cultivation there
is still lacking much basic, generally utihzable knowledge which can only
be obtained by more systematic collaboration of branches of special and
applied research, but above all by simpler methods of procedures.
RÉSUMÉ

Tout travail du sol a son effet immédiat sur sa structure et de ce fait modifie un complexe de nombreux facteurs morphologiques, physiques, chimiques et biologiques qui influencent la croissance des végétaux. Les observations faites sur les récoltes nous renseignent seulement sur les effets
actuels de certaines mesures prises, dans les conditions de milieu données,
mais ne nous apprennent rien sur la signification individuelle de chacun des
facteurs qui déterminent le rendement. De ce fait, ils ne permettent ni
l'extrapolation à des relations analogues, ni les prédictions.
Avant de rechercher les lois qui régissent les rapports entre variations de
structure et croissance des plantes il sera nécessaire de définir de façon très
précise les conditions qui prévalent dans le sol, et de mesurer par des méthodes dignes de confiance un nombre aussi grand que possible de facteurs
actifs. Malheureusement une partie des méthodes dont nous disposons en
ce moment ne donnent pas satisfaction, et d'autres sont tellement différentes entr'elles que ce qu'elles mesurent n'est pas du tout comparable.
Il manque donc encore beaucoup d'éléments fondamentaux d'application
générale pour arriver au concept d'une science du travail du sol. Il ne sera
possible de les élaborer que par un travail en collaboration vraiment systématique des différentes branches de la recherche spéciale et appliquée,
mais surtout par une plus grande uniformisation des méthodes.
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ADVANCES I N SOIL PHYSICS*
by
L. A. RICHARDS

INTRODUCTION

The object of this paper is to give a review of some of t h e general
aspects of t h e physics of soil water. This subject provides ample complication to attract a n d to occupy t h e full attention of specialists, b u t it
also touches or borders, more or less intimately, most of the other branches
of soil science, a n d it is hoped t h a t some aspect of this talk will be of use
and interest t o each of you.
During t h e process of preparing this paper, I have become more and
more impressed with t h e contributions of Edgar Buckingham published in
1907 under t h e title of 'Studies on t h e movement of soil moisture' (4).
His ideas were so clearly expressed, his terminology so a p t , a n d his analyses so sound, I cannot avoid t h e feeling t h a t during t h e last 50 years
of work on t h e physics of soil water, we have mainly been filling in between his lines. I should like in this paper to refer repeatedly to his contributions.
The effort spent on the investigation of soil water has steadily increased
as t h e importance of this factor in agricultural production h a s become
more clearly apparent. As a result of new experimental a n d theoretical
methods considerable progress has been made. Need for improved terminology is an inevitable consequence of this progress. Precise use of words is a
necessary aspect of a quantitative description of nature. Bridgman (3)
has said, 'No linguistic structure is capable of reproducing the full complexity of experience. We have said t h a t t h e only feasible way of dealing with
this is to push a particular verbal line of attack as far as it can go and then
to switch to another verbal level, which we again abandon when we have
to . . .'
TERMINOLOGY

During t h e past year I have carried on informal correspondence on
terminology with colleagues in several different countries. I must say
I have m e t lively differences of opinion, a n d discussions on this subject
will continue at t h e present Congress. I shall depart from tradition in
this paper a n d use matric suction, solute suction, a n d total suction for
what in t h e past has often been called soil moisture tension, osmotic pressure a n d total soil moisture stress.
The new terms were in part originated b y others a n d represent only
minor shifts from past usage. They have already appeared in published

* Contribution from the U. S. Salinity Laboratory, Soil and Water Conservation Research Division, Agricultural Research Service, U. S. Department of
Agriculture, Riverside, California, in cooperation with 17 western states and
Hawaii. This work was also conducted with the cooperation of the U. S. Department of Defense.
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papers by Marshall (23) and Richards (31)*. These suction terms relate to
soil moisture at a somewhat elementary level and yet one which has considerable significance experimentally and practically. It is my hope that
they will facihtate communication until some of the comphcated questions
ably set forth in a recent paper by Bolt and Frissel (1) have been resolved.
It is interesting to note that the idea of soil suction appealed to
Buckingham, for he said, '. . . as the surface soil dries out, its attraction
for water increases so that it sucks up water from moister soil below ..."
His capillary potential y> which he expressed in terms of work per unit
mass of water in soil was defined to measure the attraction of the soil for
water. He stated: 'As we have already seen, the attraction of the soil for
water depends on the water content, which we shall hereafter denote by ©.
We want, therefore, to find how y>, the measure of this attraction, which
we cannot observe directly, is related to @;. . .' If Buckingham's y> function
were expressed as work per unit volume of water in soil, its dimensions
would reduce to force per unit area and would appear to be indistinguishable
from what is here called matric suction.
For purposes of definition it may be helpful to consider the system
shown in figure 1, which is assumed to have come to thermodynamic equilib-

Fig. 1. A membrane system under isothermal equilibrium conditions can be
used for defining matric suction, MS; solute suction, SS; and total suction, TS.
See text for explanation.
* The term matric suction was mentioned by T.J. Marshall and J. B. Quirk
in the course of correspondence regarding soil-water terminology for the 15th
International Horticultural Congress. Marshall (23) has commented on the
suction terminology in his recent review paper and has pointed out that the
term matric suction was originally suggested by C. G. Gurr.
Soil suction is a shorter term than soil moisture tension and suction has
long been used in the soil and plant literature. No apology is made for the fact
that it is peculiar to our fields and is not used in a technical sense in other
branches of science. This restricted usage allows more freedom in naming components of suction than would be the case for tension because "tensile stress",
"surface tension," and "vapor tension" are established terms with complicated
interrelations that must be distinguished.
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rium under isothermal conditions *. A chamber of wet soil is shown in contact with water and soil solution through appropriate membranes. The soil
chamber is open to the atmosphere which is the reference from which the
mercury manometers register pressure. Matric suction is indicated b y t h e
central manometer and is the equilibrium pressure difference across a permeable membrane separating the water in the soil from soil solution in bulk.
This solution is in diffusional equilibrium with the water in the soil and
is referred to by Bolt and Miller (2) as the equilibrium dialyzate.
The left hand (differential) manometer indicates the equilibrium pressure difference across a semipermeable membrane separating soil solution from pure water. Solute suction thus represents the minimum pressure
reduction required to withdraw water from the equilibrium soil solution
through a perfectly semipermeable membrane. Solute suction is numerically
equal to the osmotic pressure of the soil solution.
The right hand manometer indicates the total suction of the water
in the soil. This is shown to be equal to the solute suction plus the matric
suction, and is the equilibrium pressure difference across a semipermeable
membrane separating the water in the soil from pure water.
Measured values of matric, solute, and total suction of soil will depend
on the water and the solute content of the soil, on the temperature and
the pressure, and on a host of other variables related to the physical,
chemical, and biological status, and the history of the sample. Suction
values, of themselves, have agricultural significance, b u t satisfactory
measuring methods are so new t h a t dependence of suction on even the more
easily measured and controlled variables, such as temperature and pressure,
is as yet almost completely unexplored.
Soil measurements based on membranes t h a t are arranged as in figure 1
and that are permeable only to pure water have been attempted, but there
are m a n y experimental difficulties and satisfactory procedures have not
been worked out. Fortunately, the total suction of water in soil can now
be measured directly b y methods based on the pressure of water vapor (21,
25, 32). In this case the gas phase acts like a membrane permeable only
to pure water. Under certain controlled experimental conditions, solute
suction and matric suction can be distinguished and measured b y vapor
methods. Actually, it m a y be preferable to base the definition of these
terms on vapor pressure values.
Satisfactory membranes permeable to soil solution are available and
are commonly used for soil measurements. I t will be noted t h a t the portion
of figure 1 enclosed in the dashed line is equivalent to the soil moisture
tensiometer, which consists simply of a closed, vacuum-tight, liquid-filled
system to which is attached a permeable membrane and a vacuum gauge.

Osmotic pressure has the wrong algebraic sign to be directly additive with
matric suction. In other words, a solution attracts water through a semipermeable membrane rather than repelling it, as would be implied by the
term "osmotic pressure". The term "solute suction," on the other hand, implies that a solution attracts or draws water through a semipermeable membrane. It is contrary to physics tradition to add quantities represented by
different terms, such as tension and pressure, and to apply to the sum another
and different term, stress. If matric suction and solute suction are favorable
terms, then it is reasonable to designate their sum, as total suction.
* This diagram was made in 1949 with the older terms appearing on the
manometer readings. Publication was withheld because of my reservations
on terminology.
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TENSIOMETER

The soil moisture tensiometer is a very useful product of soil physics
research. It is now moving into wide scale use in irrigation agriculture
and is available from commercial suppliers in various countries. A recent
paper by S. J. Richards and A. W. Marsh (33) emphasizes the practical
usefulness of this instrument. Strong support based on much field experience
is now available for the conclusion that irrigation regimes for economic
yields of most crops can be specified most simply in terms of tensiometer
readings. In other words, matric suction values read by instruments rather
than water content samplings are gaining favor as an index for irrigation
control. The physical significance of this instrument was pointed out by
Willard Gardner and associates (8) at the Utah Experiment Station in
1922. The tensiometer is now recognized as being as basic for soil moisture
work as the voltmeter is for electrical engineering, and for entirely analogous
reasons.
The tensiometer has its limitations, but so do all instruments. I now
answer complaints of difficulties in the use of tensiometers with the statement that the trouble is due either to defective equipment or lack of experience by the operator, or both. Attempting to use an instrument beyond
its range of capability is an indication of lack of experience of the operator
rather than defective equipment. Ordinary tensiometers can be used successfully to read matric suction up to about 75 centibars. In sandy or peaty
soil having low capillary conductivity, the useful range is somewhat lower.
Some agricultural experiment stations in irrigated regions of this country
use many thousands of these instruments in their research program.
For the type of porous ceramic used in tensiometer cups, the reading
of a tensiometer in any given case remains essentially unchanged after
a steady reading is attained if the liquid fill of the tensiometer is changed
from pure water to a concentrated salt solution. This means that hydraulic
pressure adjustment through the cup wall is rapid compared to ionic diffusion effects. Changing the salt content of soil will change matric suction
because of liquid-solid interface effects that affect soil structure, but it
is easy to demonstrate that for a tensiometer cup immersed in a salt solution, very large changes in the concentration of the external solution
will produce negligible change in the reading of the tensiometer gauge.
This fact supports the conclusion that for many purposes, the effect of
gradients of solute suction on liquid flow in agricultural soils may be
negligible.
SOIL RETENTIVITY

Much of the progress that has been made during the last few years
toward a quantitative treatment of soil water phenomena is associated
with increased use of two important physical properties, namely, retentivity and capillary conductivity. Both terms appeared in Buckingham's
bulletin. He stated: 'The capillary potential for a given water content
varies from soil to soil; the retentiveness of different soils, or even of the
same soil in different states of structure, is different. To put it in another
way, if we subject the different soils to the same force, gravitational or
other, tending to pull water away from them, we find that this force drains
some soils dryer than others. But the final value of capillary potential must
be the same in all, because it just balances the same outside pull. Hence
in some soils the water content has to be run down lower than in others to
raise the capillary potential to a given value. These soils, in other words,
are less retentive of water than the others.'
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The retentivity of soil for water as now defined is the water content
of soil at a specified matric suction. Ambient temperature, pressure and
information about the history of the sample should also be given.
While matric suction can be measured from zero up to about 75 centibars with tensiometers, the soil-water range over which crop plants can
grow extends over a range of 20 bars or more. Permeable membranes and
pressure chambers have been used to bring initially saturated samples of
soil to known matric suction values. The water retained by the soil when outflow equilibrium with the membrane is attained is determined and curves
showing the relation of the water content of soil to matric suction are
often called retention curves. Unless otherwise stated, conditions for
the maximum retention curve are usually assumed. That is, the curve is
obtained as the water content of the soil is decreased monotonically from
saturation.
Retention curves at matric suctions above one bar are not usually
obtained at constant pressure, but could be if the air pressure in the soil
chamber were maintained constant at the high value and various suction equilibria were obtained by varying the pressure in the outflow Une.
The rate of change of matric suction with pressure is seldom mentioned
and is generally assumed to be negligible. It is just another of those soil
effects awaiting investigation.
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Retention curves for three soils are shown in figure 2. My prejudice
favors linear scales because they give a clearer visualization of the avail71
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ability of water to plants. Furthermore, the slope of the linear retention
curve is itself an important intrinsic property of the soil, namely, the (specific) water capacity. The rate of change of the soilwater content with
matric suction is quite analogous to the thermal capacity which is the
change of heat content per unit change of temperature. Pressure membranes
have been used for many years for obtaining retention curves and yet,
in the literature, there are comparatively few data available for soil samples
with field structure.
The solid black curves in figure 2 give water retention characteristics
for three soils over the matric suction range from zero to 15 bars. The
water retained at higher suction values is related in a general way to
fineness of texture and the specific surface of the soil and is dominated
by surface adsorption effects. Both internal and external surfaces of the
soil matrix are effective in water retention. Organic matter in the soil
also contributes. When the thickness of adsorbed water films is reduced
to 6 or 8 monomolecular layers of water, the soil water is so tightly bound
that crop growth ceases. All agriculture is conducted in a soil-water film
thickness range from this value up to two or three times this thickness.
The total specific surface of Chino clay is about 220 m2/gm. If we take
the 15 bar retentivity value as a rough indication of the lower limit of
water content that will permit plant growth, we see from the retention
curve that this corresponds to 0.22 cm3 of water per cm3 of bulk volume
of soil. At this rate, 45 grams of Chino soil would contain 8 cm3 of water.
Bur 45 gram of Chino has a surface area of 1 hectare or 108 cm2. Eight
cubic centimeters of water spread evenly over this surface would give
a film thickness of about 8 x 10 - 8 cm. It is clear that at the 15 bar retentivity value, the adsorbed water film is sufficiently thin to be strongly
attracted by forces originating in the soil matrix.
In the low suction range, the shape of the water retention curve is dominated by the size and shape of the pore spaces in the soil. Water retention
in the low suction range is represented, in figure 2, by the dashed curves
for which the full width of the graph represents only the 1.5 bar range.
The tensiometer can be used for measuring matric suction over approximately half of this range. Practical applications of retention data, especially
in the one or two bar range, require values based on samples with field
structure. Expressing water content in terms of the volume fraction is
useful for field purposes because it facilitates conversion to equivalent
surface depth of water in a profile. The volume of water per unit bulk
volume of soil is numerically equal to the equivalent surface depth of water
per unit depth of soil in the profile. For example, the dashed curve for
Pachappa shows that retentivity changes from 0.20 to 0.16 as the suction
increases from 1/4 to 1/2 bar. This means that a 100 cm. depth interval of
this soil in the field would release an equivalent surface depth of 4 cm.
of water in the indicated suction interval.
CAPILLARY

CONDUCTIVITY

The term 'capillary conductivity' comes from Buckingham's bulletin.
In 1907, he wrote, 'Let Q be the capillary current density at any point—i.e.,
the mass of water which passes in one second through 1 sq. cm. of an
imaginary surface perpendicular to the direction of flow. Let y> be a quantity which measures the attraction of the soil at any given point for water.
Then the gradient of attraction, which we may denote by S, is the amount
by which y> increases per centimeter in the direction of the current, by
reason of the fact that the water content of the soil decreases in that direc72
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tion. Let A denote the capillary conductivity of the soil. Then we may
write, in formal analogy with Fourier's and Ohm's laws,
Q = AS
'The analogy, however, is only formal. In the first place, the thermal
and electrical conductivities of a given piece of material are independent
of the strength of the current and, in general, only slightly dependent
on the temperature and other outside circumstances, so that for most
purposes they may be treated as constants. The capillary conductivity,
however, we have every reason to expect to be largely dependent on the water content of the soil, and therefore variable, not only from point to
point in the soil, but also with the time at any given point. For it is not
to be expected that the ease with which water flows through the soil will
be independent of the extent and thickness of the water films through
which—i.e. along which—it has to flow.
'Furthermore, the other factor in the equation, namely, the gradient
S, is not the space variation of a simple and directly measurably quantity
like a head of water, an electrical potential, or a temperature. It is the
gradient of a quantity y>, the attraction of the soil for water; and y> depends
in some as yet unknown way, differing from soil to soil, on the water
content of the soil, which can itself be measured only by tedious and not
very accurate methods.'
This statement by Buckingham on unsaturated flow of water in soil
could scarcely be improved upon today. It was 15 years after Buckingham's
paper before the tensiometer was available for measuring matric suction
over a limited range, and 50 years elapsed before vapor pressure methods
made it possible conveniently and accurately to make direct measurements
of matric suction in salt-free soils over the full range that is significant
to agriculture.
While the equation Q = AS = A grad y> relates unsaturated liquid flux
to the capillary field force only, Buckingham included the gravitational
field force and the gravitational potential in his analysis for calculating y>
from hydrostatic conditions in a soil column. It is my impression it would
be entirely appropriate to designate the equation Q = A (grad y> + grad <p)
— A grad <P as Buckingham's law for liquid flux in unsaturated soil, A being
the Buckingham capillary conductivity and grad (xp + <p) = grad <t> being
the vector sum of the Buckingham capillary field force and the gravitation
field force. The net driving force can also be expressed in terms of hydraulic
gradient, as was done by Darcy (7) *. The equation Q = A grad y> would
be the special case of the Buckingham law applying to horizontal flow or
for those situations, generally in dryer soils, where gravity effects can be
neglected.
It was nearly a quarter of a century after Buckingham's publication
before realistic experimental determinations of the Buckingham capillary
conductivity function were made (29) in the suction range traversed by
tensiometers, and it was another quarter century before Gardner (9) de* What is here called the Buckingham law for unsaturated flow, has at
times past been identified with the Darcy law. The proportionality discovered
by Darcy between flow and hydraulic gradient for the one dimensional case
in saturated sand was extended by others to apply to three dimensional flow
in saturated soil. It is clear that to apply a similar proportionality to the far
more involved case of unsaturated flow in soil is a very considerable additional
step involving many complications for which Buckingham gave the first clear
explanation and discussion.
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veloped the membrane outflow method for evaluating capillary conductivity
over the whole plant growth moisture range. This latter development has
been one of the significant soil physics advances since the last Congress.
The data shown in figure 3 were obtained by this method, which has now

SUCTION - BARS

Figure 3
Fig. 3. Capillary conductivity curves
for three soils. These are maximum
curves, obtained at 25°C. by starting
with wet soil. Note that the curves
cross over at higher suction values.
[Gardner (13)].
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Figure h
Fig. 4. Diffusivity of three soils plotted as a function of water content
by weight on a semi-log plot. [Gardner (13)].

been verified and refined by Miller and Elrick (24) and Rijtema (34).
Both laboratory and field measurements indicate that the capillary conductivity function is a true physical property of soil. Consistent values
can be obtained for the same soil by several different measuring methods
using different experimental procedures.
The adequacy of the Buckingham flow law for quantitatively describing
unsaturated flow in soil is now generally accepted, and empirical functions
relating capillary conductivity to matric suction have made it possible
to set up the equations and get mathematical solutions for a number of
soil-water flow problems of considerable interest and importance in agriculture. Among these is the steady-state flow of water from a shallow
water table to the soil surface where it is evaporated (10). For this work,
experimental tests were in excellent agreement with the theory.
Agriculture is based on knowledge and lore and it is usually safest to
follow the lore until we know better. Knowledge is factual information
verifiable only by experience and one object of soil science is to determine what soil lore should be labeled knowledge, and what should be discarded. In this connection it is pertinent to consider some of the traditional
soil-water terms and concepts.
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Field capacity is supposed to represent the water content of soil at a
certain location in the profile at a certain time after wetting and is often
represented as being a definite soil property. It is the author's prejudice
that the concept of field capacity has done more harm than good (30).
Buckingham's law states that the flux density at a location in the profile
is equal to the product of the capillary conductivity and the hydraulic
gradient. While the capillary conductivity is an intrinsic physical property
having a value at each location, the hydraulic gradient may be largely
determined by hydraulic conditions elsewhere in the profile.
We come quickly to the first conclusion that neither the liquid flux
through a localized region in the profile nor the rate of water loss from
the locality are determined alone by intrinsic physical properties of the
soil at the locality, such as texture or retentivity. The very considerable
search that has been made to find a laboratory moisture determination
that can be generally used to predict the upper limit of the field moisture
range has not been successful and will not be, because hydraulic conditions
in the profile that affect drainage rate in the field are difficult to reproduce
in the laboratory. It is recognized that certain retentivity values have a
useful correlation with the upper limit of the field moisture range for
certain soils, but any such correlations must be verified by field measurements. Field observations indicate there is no sudden change in the profile
drainage rate and it is not possible in general to designate a time after
which soil-water movement is negligible (26).
One of the principal disadvantages of the field-capacity concept has
been its flagrant misapplication to plant experiments in soil-pots. Controlled
water regimes for soil-pot tests with plants should be based on matric
suction measurement and not on moisture values related to the rate of
profile drainage in the field where, in general, hydraulic boundary conditions
are totally different.
Officers of the Nice Congress of Horticultural Science asked an international panel of soil scientists to clarify and explain certain soil-water
terms. The assignment was a difficult one, especially when it came to the
term field capacity. So long as elementary soil and irrigation textbooks
continue to put out basically untrue ideas regarding this term, this bit of
lore will confuse soil scientists and the confusion is compounded when the
lore is taken up by plant scientists. It might help to adopt a complete
moratorium on the use of this term. It may have originated from a wish to
know something quantitative about the upper limit of the water content of
the root zone. If this quantity has agricultural significance or usefulness,
it can now be' based on theory involving the retentivity and capillary conductivity functions, along with appropriate initial and boundary conditions.
The idea that soil has capacity to store water should be used only with due
caution. The water content for a certain depth of root zone could be expressed in terms of equivalent surface depth of water, which then relates
easily to precipitation and irrigation, but its time transient nature as related
to liquid flux at the upper and lower boundaries of the root zone should
never be neglected or forgotten.
Also, because of the continuous nature of the retentivity and conductivity
functions, the older soil-water classification terms of hygroscopic water,
capillary water and ground water are hard to justify and should be declared
obsolescent.
SOIL-WATER DIFFUSIVITY

Various mass transfer processes may be described in terms of a diffusion
equation in which flux is proportional to concentration gradient. Childs (5)
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applied this relation to soil water, but Kirkham and Feng (17) pointed
out limitations. Childs and Collis-George (6) later proposed and Klute (18)
demonstrated the usefulness of the nonlinear diffusion equation in which
the proportionality factor D, now called soil-water diffusivity, is concentration dependent. This equation has been found to be very useful for describing unsaturated liquid flux in soil. It turns out that D is equal to capillary conductivity divided by the (specific) water capacity.
Rapid progress has been made in the application of the nonlinear diffusion
theory for describing and predicting both unsaturated flux and water
distribution in soil. Numerous papers on this subject have appeared in
recent years. Early contributions were made by Klute (19), Philip (27),
Klute, et al. (20), and Youngs (35). Water entry into soil has been extensively treated, especially by Philip (28).
Gardner's work (14, 11) is notable in that he has applied the theory to
actual soils. He determined experimentally for a number of soils the functional relation of diffusivity to water content, and used the theory to
predict flow and distribution of water in soil. In addition, he checked
his prediction against measurements made on soils under controlled experimental conditions. He considered in particular the drying of soil by evaporation from the upper surface.
Gardner found for several soils that the relation between soil-water
diffusivity and water content was exponential. Thus, graphing the logarithm of diffusivity against water content gives straight lines as shown
in figure 4.
It turns out that measured values of diffusivity provide a very useful
means for indicating or describing the effect of a variety of variables on
unsaturated liquid flux. Figure 5 shows that for Pachappa, the value of
diffusivity during sorption is about 4 times the value measured during
desorption. This may be an extreme case since measurements on other
soils have generally given a smaller hysteresis effect. The results shown in
figure 6, while preliminary in nature, indicate that the effect of temperature
on diffusivity is relatively small and for many practical purposes may be
negligible.

PACHAPPA

TEMPERATURE - °C.

Fig. 6. Diffusivity of Pachappa sandy loam
when saturated (D,) and air-dry (D„) as
functions of temperature. [Gardner (12)].
WATER CONTENT-PER CENT BY WT

Fig. 5. Diffusivity of Pachappa sandy loam
as a function of water content for sorption
and desorption at 25°C. [Gardner (12)].
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The effects of salinity and exchangeable sodium status on water movement rates in soil have been known qualitatively for a long time, but means
for describing these effects quantitatively have been difficult to apply.
The usefulness of soil-water diffusivity for this purpose is shown in figure 7.
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Figure 7

Fig. 7. Weighted-mean diffusivity for
Pachappa sandy loam as a function
of electrolyte concentration for several different values of exchangeablesodium percentage. [Gardner, et al.
(15)].

It is now quite clear that both static and dynamic characteristics of the
soil-water system can be quantitatively expressed in terms of measured
functions relating matric suction and capillary conductivity to the water
content of soil. Soil-water diffusivity and (specific) water capacity are
also very useful functions, which may be measured separately or derived
from the retentivity and conductivity functions. In addition, useful water
characteristics of soil profiles can be both predicted and expressed in terms
of these functions when appropriate boundary conditions are taken into
account.
Both the Buckingham equation and the nonlinear diffusion equation
represent empirical relations that make possible a quantitative treatment
of unsaturated liquid flux in homogeneous isotropic soils under isothermal
conditions. Both the proportionality factor and the driving force in
these equations will eventually be broken down into an array of component
functions related to basic structures, mechanisms, and elementary force
relations. The fact remains, however, that these empirical relations when
accompanied by pertinent information on physical properties will have considerable practical and engineering value and will provide information
that in the past could have been obtained only by actual tests, which are
expensive. Analyses of force and energy relations inside the adsorbed
water film are already well underway (2, 22, 16). What is called matric
suction in this paper will doubtless eventually be expressed in terms of
distinguishable components. The application of thermodynamics to the
soil-water system is now in a state of reorientation. Errors made earlier
in applying thermodynamics to nonequilibrium soil systems have been recognized and courageous individuals are now exploring theoretical methods for
describing soil-water systems in the presence of temperature gradients.
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ANALYSIS O F T H E SIMULTANEOUS F L O W O F W A T E R AND H E A T
OR E L E C T R I C I T Y W I T H T H E THERMODYNAMICS O F
I R R E V E R S I B L E PROCESSES *
by
STERLING A. TAYLOR AND JOHN W.

CARY**

INTRODUCTION

Reported here are three experiments in which thermal, electrical, and
salt concentration gradients were imposed across saturated soil samples.
The purpose of these investigations was to demonstrate the effect of such
gradients on the movement of liquid phase water through soil. Following
the results of the investigation is a theoretical analysis and discussion.
The analysis is based on the theory of thermodynamics of irreversible
processes and on linear rate equations which incorporate Onsager's reciprocal relationships.

COOLING
COILS

Figure 1. Diagram of apparatus used in determining the thermo mechanical
pressure in soil. Apparatus for electro mechanical and solute mechanical pressure
are similar.
* Research reported here was done by the Utah Agricultural Experiment
Station and the Soil and Water Conservation Research Division, Agricultural
Research Service, U.S. Department of Agriculture, cooperating with the twelve
western states through Western Regional Research Project W-68. Supported
in part by contract with the U.S. Army Electronic Proving Grounds, Fort
Hauchuca, Arizona. Published with the permission of the Director, Utah
Agricultural Experiment Station, as journal paper no. 140.
** Professor of Agronomy (Soil Physics) and Soil Scientist, Western Soil and
Water Management Research Branch, Soil and Water Conservation Research
Division, Agricultural Research Service, U.S.D.A., at Utah State University,
Logan, Utah.
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1.1
EXPERIMENTAL

Experiments were set up using the equipment as sketched in fig. 1.
The apparatus was constructed of leucite. The soil cylinder was 10 cm.
long and 4.6 cm. in diameter, and contained a cross sectional area of 16.6 cm2,
and a volume of 166 cm3. The standpipes were 0.352 cm. diameter with
a cross sectional area of 0.0973 cm2, and an over-all length of 60 cm. When
used to study the influence of a thermal gradient, a heater was placed
in the reservoir on one side. Copper coils through which water circulated
from a cold constant temperature bath were placed in the other side.
Thermistors were placed in the soil at 2 cm. intervals and at the warm and
cold faces. Stainless steel or brass screens at the ends of the soil column
served both to hold the soil in place and to apply an electrical potential.
Conductivity cells were mounted in the reservoir on either end of the soil
for the studies involving salt concentration differences.
Soil (Millville silt loam) was mixed with water until the surface of the
mixture glistened. The saturated soil was then tamped into the soil tube
until 250 grams of solid material (bulk density 1.5) was contained in the
cylinder. Thermal, electrical, or salt concentration differences were then
established across the soil column. Water movement in response to these
differences caused a change in the standpipe levels. Consequently, a hydraulic head difference developed which was recorded as a function of time.
WATER MOVEMENT IN RESPONSE TO TEMPERATURE DIFFERENCES

In this case, the temperature gradient through the soil column was
determined. Generally a steady state temperature gradient was obtained
within one to three hours. All thermal distribution curves had a sigmoid
shape characterized by a sharp drop in temperature near the warm side,
followed by a more or less linear portion through the center of the sample
and a rapid cooling near the cool face.
1. The difference in hydraulic head that resulted from water flow through a saturated
column of soil in response to an applied temperature difference that produces the
thermal gradient tabulated. The induced electrical potential and electrical current flow
are also given.

TABLE

Lapsed
time
hrs.
0.0
0.5
2.5
7.5
27.0
47.1
54.5
70.5
95.1
103.2
118.6
143.0
167.5

SI

Hydraulic
Head
cold-hot
cm. water
+
+
+
+
+
+
+
+
+
+

.182
.356
.796
.426
1.266
2.90
2.94
2.85
2.56
2.38
2.10
1.96
1.91

Poten- Current
tial
micro
amps
differcoldence
warm
volts
.07
.07
.05
.01
.04
.03
.05
.06
.08
.02
.01
.04
.02

6.0
4.0
2.0
0.5
2.0
1.5
2.0
2.0
1.0
1.0
0.5
1.0
1.0

Temp. Centigrade Degree
Hot

19.8
36.5
39.8
39.9
40.2
39.9
40.1
40.2
40.1
40.2
40.2
40.1
40.0

Cold
2 cm.

4 cm'

6 cm.

8 cm.

19.5
24.8
29.5
29.5
29.5
29.3
29.4
29.5
29.5
29.5
29.5
29.6
.29.2

19.8
21.8
24.6
24.4
24.2
24.0
24.0
24.3
24.4
24.5
24.5
24.3
24.1

17.8
19.1
19.8
19.4
19.1
18.9
18.9
19.0
19.2
19.2
19.2
19.1
19.0

20.2
17.2
16.5
16.4
16.1
15.8
15.9
16.0
16.1
16.1
16.1
16.0
16.0

21.2
11.8
11.2
11.1
11.0
10.8
10.9
10.9
10.7
11.1
11.1
10.8
11.0
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In every case, there was a thermal effect that caused an immediate rise
in the height of water in the standpipe on the warm side and a lowering
on the cold side. This difference disappeared, however, in eight to ten hours,
after which the water continued to move from warm to cold against an
increasing hydraulic head difference. The system reached a maximum
difference in hydraulic head after two to five days, followed by a gradual
decline in head thereafter until the end of the experiment. Data for selected
times for one system are given in Table 1. It was also observed that a small
electrical potential difference was created which produced a steady electrical
current flow from cold to warm. There was considerable fluctuation in the
induced electrical potential and current, indicating instability in the electrical properties of the system. The instability was probably related to ionic
distribution and flux in the system. After two and one-half hours, the
thermal gradient in the soil remained constant.
The gradual decline in hydraulic head difference, even though the thermal
gradient remained constant, might have been caused by a gradual change
in the state and conductivity of the soil sample for water and heat, or by
the possible build-up of counter ionic forces. The net flux of water reached
zero during the time interval of 47.1 to 70.5 hours. If we consider this to
be approximately the steady state corresponding to a head difference,
then an average temperature difference from hot to cold of 29.2 degrees
developed a maximum pressure difference of 0.096 millibars per degree.
Other samples of soil gave values of 0.111 mb./degree and 0.067 mb./degree
with temperature differences of 21.1 and 26.1 degrees, respectively.
WATER

MOVEMENT IN

R E S P O N S E TO E L E C T R I C A L

GRADIENTS

Samples of saturated Millville silt loam were subjected to a direct current,
potential gradient. The resultant water movement caused a hydraulic
head difference to develop. Eventually, the pressure driven water flow
became equal and opposite to the electrically induced water flow. The
electric current flow was measured and also the induced temperature
difference. The data for one run with the sample submerged in a constant
temperature bath at 27.4° C. and with a voltage of 1.5 ± 0 1 volts across
the soil sample (10 cm.) are recorded in Table 2. The induced temperature
difference was quite variable, but it showed a general decline throughout
the experiment. The electrical flux approached a maximum, then declined
during the rest of the experiment. On some runs, the maximum electrical
flux was reached within the first day and the decline in current flow was
more or less gradual throughout the rest of the experiment. The maximum
hydraulic head difference occurred on the fifth day after which there was a
steady decline.
It was postulated that the decline in head was caused by the decline in
current flow so an experiment was set up to vary the potential difference in
order to keep the electrical current flow constant. The steady decline in
head difference still occurred thus showing that the decreasing current
flow had not caused the decrease in head. It is now believed that the
decline in head was caused by either a change in the physical state of the
soil water system, or in the conductivity of the soil for water and electricity
as a result of the flow and counter flow processes that were taking place
in the sample. A relatively steady state was approached in the system
between 119.5 and 137.0 hours. A pressure difference of 5.4 millibars
(5.5 cms. of water) just countered the tendency for water to move through
the soil under an electrical potential difference of 1.5 ± 0.1 volts, thus
giving a ratio of 3.6 mb. per volt. Other samples of the same soil subjected
S^
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to potential differences of 1.18 and 1.135 volts gave ratios of 3.6 and 3.5 mb.
per volt, respectively.
TABLE 2. The difference in hydraulic head between the positive and negative side
of a clumn of Millville silt loam soil that results from water flow in
response to an applied voltage of 1.5 +_ 0.1 volts. The accompanying
electrical current flow and the induced temperature difference are also
shown. The soil was immersed in a thermostat at 27.4 ± . 1° C.
Time lapsed
hrs.
0.0
1.0

'

39.0
45.7
63.2
70.0
88.0
95.4
112.8
119.5
137.0
143.7
159.5
165.3
207.5

Hydraulic head
difference
pos. —neg.
cm. of water
-1.88
-1.73
+ 1.92
+ 2.44
+ 3.65
+ 4.06
+ 4.84
+ 5.17
+ 5.53
+ 5.79
+ 5.32
+ 5.10
+ 4.67
+ 4.47
+ 3.59

Temperature
difference
pos. — neg. C°
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

.90
.73
.73
.60
.58
.37
.35
.43
.32
.60
.53
.35
.35
.38
.03

Current flow
micro amps
21
14
56
53
60
66
59
49
42
44
38
38
38
33
31

W A T E R MOVEMENT IN RESPONSE TO SALT CONCENTRATION DIFFERENCES

Different concentrations of salts of calcium sulfate, calcium chloride,
and sodium chloride were placed in the reservoirs on either end of the
saturated Millville silt loam soil column. One set of data is given in Table 3.
TABLE 3. The difference in pressure that resulted from water flow through a
saturated column of soil in response to a sodium chloride concentration
difference as shown by a difference in specific conductivity of the solutions
at either end of a column of 84 mm size fraction of Millville silt loam at
22° C.

Time hours

0.0
2.0
5.0
8.0

18.6
26.6
45.2
63.1
120.0
88

Pressure
difference
millibars
-0.2
+ 0.3
+ 0.5
+ 1.4
+ 1.2
+ 1.3
+ 0.9
+ 0.7
+ 0.4
+ 0.1

Specific
conductivity
difference
milli mho's
20.2
20.1
20.1
19.5
19.2
19.0
18.9
18.5
18.6
17.4

Bars
mho

.014
.024
.073
.064
.068
.049
.037
.020
.007
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The net water flux was zero for only a short time while the induced pressure
difference was at a maximum. Before this time, net water flux was from
the region of low salt concentration to that of higher concentration. After
the short steady state period, net flux was from the region of high pressure
to that of low. The system approached a steady state between 5.0 and
18.5 hours at which time the flux of water in one direction in response to
a salt gradient was just balanced by the flux in the opposite direction in
response to a pressure differenc. While in this temporary steady state condition, the pressure difference per mho of difference in electrical conductivity was about 0.07 bars for the system reported in Table 3. Another
system using sodium chloride gave 0.08 bars per mho, while two systems
of calcium chloride gave 0.098 and 0.06, and calcium sulfate gave 0.08 bars
of pressure difference per mho of specific conductivity difference. Following
the temporary steady state condition, the salt continued to move through
the soil column, but at a reduced rate, and the pressure difference began to
decrease.
THEORY

There are a number of classical phenomenological laws available to
describe mathematically the fluxes measured in the preceding experiments.
These laws are generally referred to as Fourier's heat flow law, Ohm's law,
Fick's law, and Darcy's law. However, these expressions make no allowance for a thermal gradient giving rise to both electrical and water fluxes,
as was observed in the first of the preceding experiments. Obviously in the
soil-water system, there is an interaction between the potentials and fluxes
of water, heat, electricity, and salts. For this reason, the authors propose
the use of thermodynamics of irreversible processes and linear rate equations
containing Onsager's reciprocal relations as a tool to be used in the description of the soil-water system.
The macroscopic and general theories of this discipline offer an approach
to such problems wherein both the basic phenomenological laws and interactions are contained within the framework of a single theory (1, 3, 6, 8).
Symbols used in the following analysis are defined as:
Hw •— the change in enthalpy per mole of water
ƒ
— flux,
L
-— phenomenological coefficient; i.e. a constant dependent only
on the physical state and geometry of a given system,
S
— entropy,
T
— absolute temperature,
t
— time,
X
— a function acting as a driving force,
i, k — used as subscripts to designate components,
u, e, s, w — used as subscripts indicating heat, electricity, salt, and water,
respectively; two subscripts used together designate an interaction
between the two components.
A
— increment,
<P — electric potential,
p
— chemical potential,
fi
— electro-chemical potential,
a
— total charge per unit mass of water.
In the most general case, any force can give rise to any flow. For instance,
S4
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an electrical potential gradient and a thermal gradient can both cause
electrical flux; or a moisture potential and a thermal gradient may both
cause water flow through soil. The irreversible phenomena are expressed
by a linear phenomenological relation of the general type,
ƒ,. = S LikXk (i = 1, 2, . . . n)

[1]

stating that total flow may be caused by contributions from all force fields.
Onsager's fundamental theorem (showing that Lik = Lki) is based
on the principle of microscopic reversibility which in turn requires that
the variables used to describe the state cannot deviate far from equilibrium.
For example, when applied to heat flux, the temperature change over one
mean free path must be much smaller than the temperature itself. The
same applies for other properties. According to Harned, (4) 'these general
reciprocal relations apply to systems whose macroscopic laws may be
derived from initial thermodynamic conditions. Consequently, they are
generally valid for laminar flow of liquids, conduction of heat, conduction
of electricity, and the flow of matter in which no turbulence occurs'.
It remains to be shown whether or not flow processes in soil meet this
criterion. The flow of water in unsaturated soil is generally considered to
be non-linear with respect to the moisture pressure potential gradient,
but studies that consider all interacting forces that might produce flow and
counterflow in the system have not been made. This must be done in order
to assess the validity of the applications.
In order to evaluate equation [1] numerically, Xk must be written in
terms of measurable thermodynamic parameters. Prigogine (8) has shown
that the rate of internal entropy production for several systems can be
written as the summation of the various reaction rates times their corresponding driving forces; i.e.

d

-ê=khx«

[2]

Development of this equation for any given system thus specifies Xk
in thermodynamic parameters. Generally, Xk assumes the form of —• nk\T
for a given molecular species. For thermal gradients Xk may become
— ATIT*.
Phenomenological equations that describe the simultaneous fluxes
of heat, / „ , electricity, Je, solutes, Js, and water, Jw, in systems such as
reported in this paper are:

lu = - (Luu) ( ^ ) - (Lue) (4?) - (Lus) A (*) - (Luw) A (*?)
ƒ. - . - (Leu) ( 4 Î ) -

ƒ.

[3]

(£..) (-f) - (Les) A (£) - (£_) A (*?)

[4]

(Lsu) (4Î) - (LJ (4?) - (Lss) A ( $ - ( I J A (§?)

h = - (A«) (4Ï) - (AJ ( $ - (A.) à (J) - (Lww) A (Ç)

[5]
[6]

In the first experiment, a temperature gradient was set up between
the two vessels on either side of the soil which caused measurable heat,
electrical, and water flux. If the electrical and solute flow that are induced
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by the thermal gradient have a negligible effect on the rate of heat and
water flow, the transfer equations given by [3] and [6] reduce to:

ƒ . - - (Luu) (^J) - (Luw) A (*?)

[7]

ƒ . = - (Lm) (^J) - (Lww) A (?p)

[8]

The electrochemical potential of water is defined as:
Pw = ßw + aw<P
[9]
Since water is electrically neutral and the dipolar effects are small, the
electrical component may be neglected in the first approximation so that
jiw ^ fiw. After a period of time, the water that moved across the porous
material built up a pressure difference which increased A (ftw/T) and caused
an increasing counterflow of water until a temporary steady state was
reached. In this condition, there was a steady heat flux but no more net
water flux (Jw = 0). Eq. [8] gives, after rearranging terms:

[10]

(#-£($

If pure water was contained in the two chambers, the chemical potential
can be written in terms of the variable pressure and the temperature, as:

.(*.)_+,.($_*.(£)

,

[U]

Substituting into [10] and rearranging gives:

and

(Thermo-molecular pressure or thermo-osmosis)
which indicates that the difference in pressure of the water that develops
across the porous material, as a result of a constant thermal difference,
depends upon the enthalpy of water and upon the ratio of the linked transfer
coefficient (water-heat) flow to the transfer coefficient of water across the
same material. Note that numerical values of APJAT were determined
by the first experiment reported in this paper. When there is a large tendency
for water to move along a thermal gradient, it may be possible to get a
net flux of water against a soil matricpotential gradient, a phenomenon that
has been repeatedly observed and demonstrated in our laboratory.
The experiments using electrical potential differences can be handled
in a similar manner using equations [4] and [6]. The results show that the
pressure difference that will develop across the soil column is related to
the ratio of the linked transfer coefficient for water and electricity to the
transfer coefficient for water.
In the case of the solute concentration difference, the situation is more
complicated. The salts as well as the pressure difference influence the
electrochemical potential of water. However, the net pressure difference
si;
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per unit of salt concentration difference, as shown b y the specific conductance of the solution, is related to the linked transfer coefficient and to the
water transfer coefficient.
CONCLUSION

These studies point out t h a t there are several flow processes t h a t occur
simultaneously in the soil, all of which influence the movement of water.
The fact t h a t salt concentration gradients can cause pressure differences
to be set u p because the water is more mobile than the salts indicates t h a t
an apparent osmotic pressure is developed in a system in which both solutes
and water are moving, but at different rates (see also reference 5). It is
likely that this occurs more frequently in soil and plant systems t h a n the
situation of true osmotic equilibrium across a perfectly semi-permeable
membrane. Water flux is responsive to thermal gradients indicating t h a t
a relatively small temperature difference can cause water to move in soil
(see in addition, references 7, 9, 10). Also heat evolved in wetting of soils
m a y alter appreciably the flow pattern of infiltrating water (see also
references 2, 11). One might expect that the temperature differences t h a t
occur periodically in the soil would also materially influence the dynamics
of soil water. Likewise, when electrical potential differences are found in
soils and plants, they would be expected to influence water movement.
The application of thermodynamics of irreversible processes to t h e various
phenomena mentioned in the preceding paragraph has a number of distinct
advantages. The theory is based on a molecular concept, yet the variables
and parameters can take the form of measurable macroscopic thermodynamic functions. I t provides a method of simultaneously considering the
influences and interactions of several different forces such as arise from
thermal, electrical, gravitational, and concentration gradients. Temperature
is explicitly included as a variable, thus the mathematical analysis is not
necessarily restricted to isothermal conditions. The theory appears to be
valid for m a n y uniform steady state systems. Even under non-linear conditions, the entropy production can be shown to decrease with time. Furthermore, if the system starts far from its stationary state, the entropy production in its initial stages is much higher t h a n in the steady state; hence, it
m a y eventually reveal m a n y interesting properties of the transient system.
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SUMMARY

Saturated soil samples of Millville silt loam were packed into lucite
cylinders to bulk densities of approximately 1.5 g c m - 3 . Thermal, electrical, or salt concentration gradients were then applied individually
across t h e soil. Each of these gradients created a hydraulic pressure difference across the sample. This was due to water flow induced b y t h e fluxes
of heat, electricity, and salts. In the thermal system there developed u p
to 0.111 millibars of hydraulic water pressure per degree of temperature
difference across t h e 10 cm. sample. The electrical potential system developed u p to 3.6 millibars per volt across the sample. A concentration
gradient of NaCl was found to cause u p to 98 millibars per mho of electrical
conductivity difference across t h e sample. Thermodynamics of irreversible
processes and Onsager's reciprocal rate equations were applied to t h e
analysis of the experimental d a t a from the systems. This analysis shows
t h a t t h e steady state pressure difference is a result of the ratio of t h e linked
mobility coefficient for water to move in response to fluxes of heat, electricity and salt to the hydraulic mobility coefficient for water through t h e
soil.
RÉSUMÉ

Des échantillons saturés de sol du type Millville silt loam furent compactés
dans des cylindres en Lucite à une densité globale d'environ 1.5 g c m - 3 .
Des gradients thermiques, électriques ou de concentration saline furent
ensuite appliqués individuellement à travers le sol. Chacun de ces gradients
créait une différence de pression à travers l'échantillon. Ceci était dû au
flux d'eau induit par les flux de chaleur, d'électricité et des sels. Dans
le système thermique il se développait jusque 0.111 millibar de pression
hydraulique par degré de différence de température d'un bout à l'autre de
l'échantillon de 10 cm. Le système de potentiel électrique développait
jusque 3.6 millibars par volt, et le gradient de concentration de NaCl
jusque 98 millibars par mho de différence de conductivité électrique. La
thermodynamique des processus irréversibles et les équations de t a u x
réciproques de Onsager ont été appliqués à l'analyse des données expérimentales obtenues. Cette analyse montre que la différence de pression,
correspondant à des états de mouvement continu, résulte du rapport entre
le coefficient de mobilité liée de l'eau qui se meut sous l'influence des flux
de chaleur, d'électricité de sel d'une part, et le coefficient de mobilité
hydraulique de l'eau traversant le sol d'autre part.
ZUSAMMENFASSUNG

Mit Wasser gesättigte Bodenproben (Melville silt loam) wurden in LuciteZylinder eingefüllt bis auf eine Gesammtdichte von etwa 1.5 g c m - 3 .
Thermale-, Elektrische- u n d Salzkonzentrationsgradienten durch den Boden
hindurch wurden sodann je individuell bestimmt. Jeder dieser Gradienten
verursachte einen hydraulischen Druckunterschied durch den Boden
hindurch. Dieser war der Wasserbewegung, durch die Wärme-, Elektrizi-
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täts- oder Salzströmung verursacht, zuzuschreiben. Im Thermalsystem
entwickelte sich ein hydraulischer Wasserdruck von 0.111 millibar pro
Grad Temperaturunterschied durch eine Bodensäule von 10 cm. Das
elektrische Potentialsystem ergab 3.6 millibar pro Volt durch die Bodenprobe. Ein NaCl-Konzentrationsgradient verursachte bis 98 millibar pro
mho Leitfähigkeitsunterschied durch die Probe. Auf die Versuchsdaten
der Systeme wurden die Thermodynamik irreversibeler Prozesse u n d
Onsager's gegenseitige Verhältnisgleichungen zur Analyse angewendet;
diese Analyse zeigte, daß die Druckdifferenz im beständigen Zustand aus
dem Verhältnis zwischen dem Beweglichkeitskoeffiziente für Wasser
infolge Wärme-, Elektrizitäts- oder Salzströmung und dem hydraulischen
Wasserströmungskoeffiziente durch den Boden hervorgeht.
DISCUSSION

J. G. QUIRK: Since it would not be expected that the soil in your experiments
was behaving as a semi-permeable membrane, how do you explain the development of a hydrostatic pressure in response to solute gradients?
S. A. TAYLOR, Our equation (6) can be applied to this situation, when / „ = 0
and in the absence of a temperature and electrical difference, the difference
in electro chemical potential, which is directly related to the pressure difference
in a manner as shown in the basic paper, is related to the salt difference by the
relation:

This shows that a potential (pressure) difference can be built up in response
to a salt potential (concentration) difference depending on the ratio L„,,/Z.„„.
Our equation (5) gives the flux of salt through the soil. The soil permeability
to salt is different than that to water so that a pressure gradient develops and
continues so long as a salt concentration difference is maintained. In our experiments we had no way to keep salt concentration constant so that the differences disappeared in about two days. I would not expect pressure differences
with soil material that had large open parts where the salt diffusion was completely uninhibited.
G. H. BOLT: Could you perhaps comment on the relationship between your
approach on movement of water under the influence of temperature gradients
and the theories proposed by Deryaguin et. al. at the ISSS-meetings Paris,
1956, and the Symposium on water conduction in soils, Princeton, 1958.
S. A. TAYLOR: Deryaguin and Melnikova (1, 2) proposed mechanisms to
explain the movement of water through soil in response to thermal concentration or electrical differences. We did not in any case propose a mechanism
nor did we design our experiments in such a way as to be able to test their
theory. The mechanism of transfer is of no direct interest in our methods as
long as the mechanisms do not change during the study. We have shown that the
movement that does take place and the maximum pressure difference that
can be set up depends upon the enthalpy of the water in the system, the temperature and the specific volume of water in the system and upon the ratio of
transfer coefficients. The transfer coefficients undoubtedly depend upon the
mechanism of flow but I know of no way that they can be calculated from physical measurements or boundary conditions even though the mechanisms of
flow might be known or assumed.
1) Deryaguin, B. W. and Melnikova, M. K. 6. Int. Congress of Soil Sei.,
Paris, 1956, 1—44.
2) Ibid. Nat. Acad, of Sei. Nat. Research Council publ. 629, Highway Research Board Special Report 40: 43—54 (1958).
DAN ZASLAVSKY: The theoretical part of this presentation is published by
Denbigh in Thermodynamics of the steady state (1951). It can be proven that
Sil
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if there are no motive sources x, and n fluxes qt which constitute multidimensional sectors, and assuming that all q, and x, could be measured, there are left
n(m—M/2 + i) unknowns. These unknowns are the different Lif conductivity
coefficients. To solve them uniquely we must have that: 2 m—n = 1. In the
examples cited by the authors there were two fluxes and two motive forces.
Thus there exist two equations and three unknowns. We are not sure that other
interactions are negligible so that only two terms can be considered. When
temperature is variable through the sample conductivities other than thermal
conductivity are not uniform any more.
S. A. TAYLOR: The small monograph by Denbigh (our reference no. 1) referred to by Dr. Zaslavsky, is only one of three monographs, the other two
(our references 3 and 8) are more complete. In the studies we are reporting
here, two of the transfer coefficients were combined as a ratio. In general one
can either find a solution where two of the coefficients occur as a ratio or in
some cases one of the coefficients can be found independently. For example
it would have been possible, had we chosen to do so, to find L„„ on each experiment involving a thermal gradient by removing the thermal gradient when
there was a pressure difference and determining L„„ from the falling head
permeameter and the geometric constants.
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ON SOIL MOISTURE T E N S I O N IN LOAMY F I N E SAND AND LOAMY
SILT
(Experiments with Finnish Soils)
by
JOUKO VUORINEN

Agricultural Research Centre, Department of Soil Science, Helsinki, Finland
Soil types are the most important objects of soil classification and survey
in Finland. In practice, the soil type determines the value of the soil for
cultivation. The scale of taxation on agriculture is based on soil type. In
the young soil of Finland the soil formation is rather poor. The cultivable
soils in Finland are chiefly freshwater sediments of glacial origin. There
are very few soils t h a t contain mainly a sand fraction (0.2—2.0 m.m.),
and these are too dry for cultivation. On the other hand there are very
m a n y clay soils, but the main characteristic of those soils is their structure.
In this connection I shall give the results of research concerning especially
soils of textural classes ranging between sand and clay. There are very
m a n y such soils in Finland, and in these the soil texture is a significant
factor for soil moisture conditions.
This part of the investigations has been carried out in the laboratory.
The equipment was arranged for following soil moisture tension, for varying
the groundwater level, for free and inhibited evaporation, for continuous
measurement of the water flow u p and down, and for occasionally weighing
the water content of the soil. The equipment functioned satisfactorily u p
to a soil moisture tension corresponding to a stress of one atmosphere.
The groundwater level was varied from 20 to 100 cm. and contact to the
soil water was made through a ceramic cup placed in the soil.
The water sediments of sand, finesand, silt (and clay) were under investigation. The main particle size of these soils varies from coarse to fine
(Table 1.). The soil type names used in Finland are translated into English
in the table, which also gives the textural classes used in the U.S.A. I n
the finesand soils the particle fraction 0.02—0.2 m.m. is the main one
(over 50 pet). Correspondingly, in the silt soils the particle fraction 0.02—
0.002 m.m. predominates (over 50 pet).
TABLE 1. Texture of the soils.
Soil type
Number water sediments textural classes
(USA)
(Finland)
1
2
3
4
5
6
7
10

Sand
Coarser finesand
Loamy finesand
Loamy finesand
Loamy silt
Loamy silt
Clayey silt
Silty clay

Sand
Sand
Silt loam
Silt loam
Silt
Silt loam
Silty clay loam
Silty clay

clay

silt

finesand

sand

Particle size m.m.
0.002 0.002- 0.006- 0.02- 0.060.006 0.02 0.06
0.2

0.20.6

42.1
47.7
15.5
14.4
3.5
2.5
1.0
4.5

57.0
44.0
0.9
0.6
1.7

10.3
6.1
6.8
18.8
34.6
42.7

8.4
6.5
13.9
22.4
36.7
20.6

16.1
28.2
48.2
37.6
22.0
21.6

0.9
8.3
48.8
44.2
26.9
18.7
4.6
10.6

0.62.0

0.7

0.4
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Besides the main fraction loamy finesand contains considerable fractions
of silt (0.02—0.002 m.m) and clay (less than 0.002 m.m.), and loamy silt
correspondingly contains fractions of finesand (0.2—0.02 m.m) and clay.
The main question of this investigation is the relation of finesand and silt
to water.
The mean weight diameter of particles (MWDP) in these soils (Table 2.)
varies between 0.046—0.017 m.m., which indicates a noticeable deviation
from the value for coarser finesand. The values for clayey silt and silty
clay are very near together, but, for example, the value (0.002 m.m.)
for the heavy clay very common in Finland is much smaller.
TABLE

2. Mean weight diameters in the soils
Soil type

Number
water sediments

1
2
3
4
5
6
7
10

Sand
Coarser
Loamy
Loamy
Loamy
Loamy

finesand
finesand
finesand
silt
silt

Clayey silt
Silty clay

textural class
(USA)

Mean
weight
diameter
of particles
(MWDP)

Sand
Sand
Silt loam
Silt loam
Silt
Silt loam

0.283
0.241
0.046
0.043
0.029
0.017

Silt clay loam
Silty caly

0.016
0.014

Mean weight
diameter of
aggregates
(MWDA)
Wet sieving
from
moist
soil

from
dry
soil

0.31
0.24
0.11
0.12
0.14
not determinable

0.13
0.12
0.15
0.26

0.62

0.16
0.57

The values for the mean weight diameter of aggregates (MWDA) as
related to MWDP indicate (Table 2.) that aggregates are not formed in
sand and coarser finesand. There are no determinable aggregates in finesand
either, because MWDA (0.11—0.13) isvery close to the lower limit (0.1 m.m.)
which forms the basis of calculation. The formation of aggregates is also very
poor in silt soil, especially in comparison with silty clay, for example.
RESULTS

Soil moisture tension (Table 3.) due to groundwater alone fluctuated between
7—10 m.m. Hg when the groundwater level was 20 cm. below the soil
surface and between 69—75 m.m. Hg when this level was 100 cm. below
the surface. The lowest stress was in the sand; in the other soils it fluctuated
between 73—75 m.m. Hg. (The stress was equally uniform in clays, too.)
When the groundwater was at a depth of 100 c m . the soil moisture
tension due to evaporation rose to 593 m.m. Hg in sand in a period of
20 days. The tension was 90 m.m. Hg in coarser finesand, while in finesand
and silt it was 77—82 m.m. Hg (and in clays over 100 m.m. Hg on the
average).
Further, when the same experiment was carried out to determine the
effect of transpiration of ryegrass sprouts, the results showed a tension
of 620 m.m. Hg in sand for a period of 20 days, and a tension of 80—99 m.m.
92

TABLE 3. Soil moisture tension and water content of the soils (laboratory tests)
Depth of free waterlevel from soil surface
20 cm*)
Number

Soil type

Soil
moisture
tension
m.m.Hg

1
2
3
4
5
6
7
10

Sand
Coarser finesand
Loamy finesand
Loamy finesand
Loamy silt
Loamy silt
Clayey silt
Silty clay

10
9
9
9
10
7
9
10

„,) without evaporation
**) with evaporation (20 days)
***) with evapo-transpiration (20 days)

00

100 cm*)

Water content
pet in relation
to dry matter

Soil
moisture
tension
m.m.Hg

22.9
23.2
31.1
46.7
36.9
33.3
36.5
60.7

69
75
75
74
75
73
74
73

100 cm**)

100 cm***)

Water content
pet in relation
to dry matter

Soil
moisture
tension
m.m.Hg

Water content
pet in relation
to dry matter

Soil
moisture
tension
m.m .Hg

1.6
8.1
28.8
43.4
35.0
29.8
34.2
53.1

593
90
78
77
82
80
79
137

0
6.5
28.1
42.3
34.3
28.6
33.0
50.9

620
99
83
80
97
85
82
265
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Hg in finesand and silt (in clays the tension was 120—265 m.m. Hg).
In repeat experiments the soil moisture tension was the same in several
soil types (from sand to clay), if evaporation was inhibited; the groundwater was at the respective depths of 20 c m . and 100 cm. When the
evaporation was uninhibited the tension rose least (only 3—7 m.m. Hg)
in the finesand and silt soils in these experimental conditions. It should
be noted that the tension rose rather little (15 m.m. Hg) in coarser finesand,
too, in which it was clearly less than in silty clay.
The increase of vapour caused by transpiration of ryegrass increased
the soil moisture tension, but again this was noticeably less in finesand and
silt soils than in sand and clay.
No great differences appear between the values of tension in finesand
and in silt in experiments where there is freely accessible groundwater
(at 20 and 100 cm.). On the other hand, the soil types show rather great
differences as regards the development of soil moisture tension, if access
to the water is cut off.
In a repeat experiment (Figure 1.) the groundwater was eliminated after
evaporation stage. After four days the tension was still determinable in all
soils except sand. The highest stress was determined in silt (465 m.m. Hg).
After eight days the tension in loamy silt (6) (and in clays) was already
about 700 m.m. Hg and it reached the same level in coarser finesand after
12 days. By that time the tensions in loamy finesand (3 and 4) were 299
m.m. and 280 m.m. respectively, while in loamy silt (5) the tension was
453 m.m. Hg. After three weeks the tension was only determinable in loamy
finesand (4) (410 m.m. Hg) and it did not reach to about 700 m.m. Hg
until after a month.
The great water holding capacity of loamy finesand and loamy silt contra
that of sand also appears in the weighed water content (Table 3.) of soils
(due to groundwater levels of 20 and 100 cm.). The relative amount of
water in conditions of deep groundwater (100 cm.) as compared with low
groundwater (20 cm.) was 7 pet. in sand, 35 pet. in coarser finesand, 93—
95 pet. in loamy finesand, 90—94 pet. in silt (and 76—88 pet. in clays).
The movement of water up and down in the 20 c m . soil layer in the
experiment container is nearly uniform in each of the coarser soils (Table 4.).
TABLE

4. Movement of water in the soils and from the soils
(pet. in relation to dry matter of the soils)
Groundwater level
(without evaporation)

Number

Soil type

Sand
Coarser finesand
Loamy finesand
Loamy finesand
Loamy silt
Loamy silt
Clayey silt
Silty clay

1
2
3
4
5
6
7
10

94

moved from moved from
20 to 100 cms 100 to 20 cms
depth outdepth
flow of
uprise of
water
water
21.4
17.0

22.0
15.9

3.5
4.5
3.2
6.6
6.0

3.2
4.5
2.2
5.0
2.8
9.8

14.0

Evaporation
during 20
days

Evapotranspiration
during 20
days (young
ryegrass)

Groundwat sr 100 cm
1.3

2.7

14.7
14.7
17.4
16.9
15.4
14.4
20.3

17.5
34.3
37.5
40.5
35.2
28.1
38,1

j
1
1
1
1
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On the other hand, there seems to be some internal sedimentation in
silt, which causes a certain lag in the water flow.
There is uniform evaporation (Table 4.) from all finesands and silts
(14—17 pet. calculated on a dry matter basis). The evaporation from clays
is noticeably greater (20 pet.). The low value for sand is connected with the
small amount of water in this type of soil.
Evapo-transpiration from loamy finesand and loamy silt is equal (34—
40 pet.) as to that from clays (32—38 pet.), but in the case of clayey silt and
especially coarser finesand it is notably less.
Increase of the amount of the siltfraction in finesand soils caused an
increase in the use of water (or standing crop) in the experiment. The use
of water also increased with increase in the amount of finesand fraction
in silt soils. More detailed investigations will be carried out with natural
soiltypes, covering the whole triangle diagram in a more representative
fashion.

INCREASE OF SOIL MOISTURE TENSION
(WITHOUT GROUNDWATER)
2
3
4
5
6
7
10
0

=
=
=
a
=
=

COARSER FINESAND
LOAMY FINESAND
LOAMY FINESAND
LOAMY SILT
LOAMY SILT
CLAYEY'SILT
SILTY CLAY

EVAPORATION TIME DAYS
20

SUMMARY

Glacial till or moraine is the largest group of soil types in Finland. It
is mainly covered with forest. On agricultural land the mineral fresh water
sediments of glacial origin are in the majority. As a result of sedimentation
these contain typical, very well sorted soil types. Thus we can show typical
regions of very heavy clay soils, of fine silt soils, of coarse silt and finesand
soils, and small areas of sand soils and gravel eskers.
Silt and finesand soils are loose in texture and close to each other grain
size, silt containing over 50 pet. of particles of 0.002—0.02 m.m. and
finesand for the greater part particles of 0.02—0.2 m.m. Especially between
the finer finesand (mainly 0.02—0.06 m.m.) and silt there is a marked
difference in their use for agriculture. Silt is a very readily settling, watertight, hard and quickly drying soil, whereas finesand is always moist or
well attended with water for plants.
This paper presents some of the laboratory experiments made in an
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investigation of the quality of these two Finnish soils. Special attention
is given to the soil moisture tension in the series of soils (sand—finesand—
silt—clay) under similar conditions. It seems that the water in finesand and
in silt is very well fixed and that especially in finesand the soil moisture
tension increases very slowly.
RÉSUMÉ

En Finlande, le groupe de sols le mieux représenté est développé à partir
de Till glaciaire ou moraine. Ce matériau est généralement recouvert
de forêt. La majorité des terres arables se trouvent sur sédiments minéraux,
d'origine glaciaire, déposés par eaux douces, et de ce fait les unités pédologiques sont très typiques et bien séparées entr'elles. C'est ainsi que l'on
rencontre des régions typiques couvertes respectivement d'argiles très
lourdes, de limons fins, de limons grossiers à sable fin, ainsi que des petites
superficies de sols sableux et des 'eskers' graveleux.
Les sols limoneux et à sable fin ont une texture pas fort bien définie et
leurs granulométries se rapprochent: les limons contiennent plus de 50 %
de grains compris entre 0.002 et 0.02 mm, les sables fins ont la plupart de
leurs grains entre 0.02 et 0.2 mm. Du point de vue agricole il y a toutefois
une différence, qui se marque surtout entre les sols à sable fin très fins et
les limons. Le limon se compacte facilement, est imperméable à l'eau, se
durcit, et se désèche rapidement. Le sable fin par contre est toujours humide
ou tout au moins bien fourni en eau utilisable par les plantes.
Cette note présente quelques unes des expériences effectuées au laboratoire sur les qualités de ces deux sols finlandais. Une attention particulière a été donnée à la tension d'eau dans la serie de sols précitée (sable—
sable fin—limon—argile) en des conditions similaires. Il apparaît que l'eau
est très bien retenue dans le sable fin et le limon et que spécialement dans
le sable fin la tension de l'eau du sol ne s'accroit que très lentement.
ZUSAMMENFASSUNG

Gletscherablagerungen bilden die größte Bodentypengruppe in Finnland, größtenteils unter Wald gelegen. Unter den landwirtschaftlicht
benutzten Böden sind die Süszwassersedimente von glacialem Ursprung
in der Mehrheit. Infolge der Sedimentation enthalten diese Böden sehr
gut unterschiedene Bodentypen. So lassen sich typische Gebiete mit sehr
schweren Tonböden, mit feinen Schluffböden, mit gröberen Schluffböden
und Feinsandböden, nebst kleine Areale von Sandböden und kiesigen Eskern
unterscheiden.
Sand- und Feinsandböden sind loser Textur und stehen sich in den anderen
Korngrößen sehr nahe; sie enthalten Schluff zu über 50 % Teile von
0.002—0.02 m.m. und Feinsand größtenteils als Teilchen von 0.02—0.2 mm.
Speziell zwischen den feinern Feinsandböden (hauptsächlich Teilchen von
0.02—0.06 mm.) und Schluffböden tritt ein deutlicher Unterschied in
landwirtschaftlicher Nutzbarkeit hervor. Schluff bildet einen sich flott
absetzenden, undurchlässigen harten und schnell austrocknenden Boden,
während Feinsand immer feucht ist und den Pflanzen günstig Wasser
bietet. Diese beiden Bodentypen wurden experimentell besonders untersucht
auf die Bodenwasserspannung in der Reihe: Sand—Feinsand—Schluff—
Ton; es scheint das Wasser in Feinsand und Schluff sehr wohl fixiert ist
und dass speziell im Feinsand die Bodenwasserspannung nur sehr langsam
zunimmt.
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TRANSPORT IN POROUS MEDIA
by
R.

J. MILLINGTON and

J. P.

QUIRK

Departments of Agronomy and Agricultural Chemistry, Waite Agricultural
Research Institute, University of Adelaide
In considering flow through porous solids, relevant factors are the area
available for flow and the pressure, concentration or partial pressure
gradient normal to the overall direction of flow. According to the type of
flow, the resistance may further include pore radius terms, slip and turbulence factors. The area available and gradient factors are linked since
both are dependent on the relationships between these properties normal
to local directions of flow compared with the same properties normal to
the overall direction of flow.
In the Kozeny-Carman (3) approach to Poiseuille flow the relationship is
basically

where A is the cross sectional area of the bed, e is the volumetric porosity,
s A is regarded as the area available normal to the direction of overall flow
and k is variously regarded as a tortuosity factor sometimes concealing or
containing shape factors which reduce the gradient to an effective gradient.
From Barrer's (1) approach the following relationship would be applicable
dt

k

kl

If e A is contained in a plane and a tortuosity factor is assumed, not all
local flow will be normal to the plane so that Barrer regards eA/k as the
effective area for flow. His modification of Daynes (7) technique to include
transient Knudsen flow in porous solids should prove valuable in many
ways in soil studies.
In numerous studies of flow in oil bearing porous beds the basic principle
followed until the work of Fatt (9), was to measure the formation factor
and use this in conjunction with pore size distribution data to compute
permeability. The formation factor is obtained by measuring the resistivity
of a rock, saturated with an electrolyte and dividing this resistance by the
resistivity of the electrolyte. The measurement adequately integrates the
mutually dependent area and gradient terms limiting flow and a number
of workers have suggested that the formation factor has the following
relationship with radius independent diffusive flow in two phase systems.

D

_I

D0-F
Childs and Collis-George (6) used a statistical model based on pore
radius interactions to predict Poiseuille permeability. Broadly, when the
saturated permeability was obtained for a material, the relationship
between water-content and unsaturated permeability could be computed
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using a constant matching factor obtained from the saturated permeability
as well as the pore size distribution data and the liquid filled porosity. It
was inferred that the effective pore area normal to flow varied as the
liquid filled porosity. Marshall (11) also has applied probability concepts
to flow, again assuming that the effective area normal to the direction of
overall flow was the same proportion per unit area as the liquid filled
volume porosity.
Both Childs and Collis-George's approach and that of Marshall may be
termed "interaction models" but only radius interactions have been considered.
Fatt (9), considering both radius dependent and radius independent
flow has used a network model and demonstrated clearly the applicability
of his approach. However, his model does not seem to provide a means
for computing permeability but only relative permeability. Despite obvious
limitations the Kozeny-Carman approach has proved invaluable for many
years. It applies over an extremely wide variety of inert materials and it
gives a reasonable estimate of saturated permeability provided there is
little variation in pore size within any one material. The present approach
is based on an interaction model which considers both radius and pore area
interactions.
THEORY

The present model was based on the premise that if the volume porosity
was e cc per cc then the area available
for saturated flow normal to the
direction of overall flow was not e cm2 per cm2. Further, if a three dimensional model is adopted to obtain the appropriate area then the gradient
term would be taken into account. Earlier measurements of diffusive flow
in soils and sands suggested curvilinear relationships between the 'effective
area' normal to flow and the liquid or gas-filled pore volume in unit bed
volume. Likewise in Childs and Collis-George's data and other data of
narrow pore size distribution the relationship between permeability and
water content was markedly curvilinear, and this could not be adequately
accounted for in terms of radius change with water content.
Since pore radius is a determinant of Poiseuille flow, an interaction model
was necessary to cope with pore sequences of differing radii. With reference
to the effective area for2 flow in an
interaction model, it is clear that in a
2
cut surface
when
e
cm
per
cm
are
exposed for a medium of porosity
e cm3 per cm3, this area contains some, but not all of the pore interactions
governing flow normal to the cut surface.
If the area resulting from interaction is e2x, that is, the resultant of sx
interacting with sx to give an effective area for flow then
sx > e > e2x > e2
and obviously, since
e < 1, 0.5 < e < 1
x

Further e may be regarded as a maximum area and e2x a minimum
pore area. If, e2x cm2 per cm2 were contained in a single plane it would
be associated with a maximum area which could be occupied by solid,
which by a xsymmetrical
application of the above procedure, would be given
by (1 — s) cm2 per cm2. Hence the xminimum
pore area in the absence
of interaction is given by 1 — (1 — e) cm2. Both the minimum pore area
obtained in this way and the minimum area obtained after interaction
should be identical and both limit flow so that
e2x + (1 — «)• —' 1.— 0
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For values of e between 0.1 and 0.6, x lies between 0.6 and 0.7 and for
simplicity x may be taken as 2/3 (Millington and Quirk, 14).
Assume there are m classes of pores in the porous medium and that
each class occupies the same proportion of the total porosity (Marshall, 11).
The
interacting
areas of these classes in section are denoted by
a
a
a
an(
i>
2>
3
•
•
•
i the radii characterizing these pore classes are
r
i > r2 > r3 • • •• Flow will be determined by pore interactions and for
Poiseuille flow both area and radius interactions will contribute. The
resistance to flow in a pore sequence is taken as the square of the radius
of the smaller pore of each interaction. Thus the permeability is given by
axazr%2

axajS
1
K =
8

&3&i?3
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m

then
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K
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" W + 3r** + 5r*' •••(2m~

l

) '™2)

t1)

For the computation of unsaturated permeability the value of e taken
is that of the liquid-filled pore space and the r2 series is commenced at
the appropriate pore class, that is the largest pore containing liquid.
For unsaturated flow, where en = ne/m
K =

l ^

•(rn' + 3rn+12...(2n-l)rm2)

(2)

Saturated flow can also be computed by suitable transformation of the
pore size distribution data and using graphical integration. e4'3/e2 is used as
a normalizing function after the integration has been performed. However,
provided about 10 radius classes are taken there is no advantage either
in speed or accuracy in the integral method.
TEST OF THEORY

Unconsolidated Media.
Childs and Colhs-George presented data for three unconsolidated materials
and a comparison of computed and experimentally determined permeabilities is shown in Figures la, lb and lc. The computed curves for permeability in relation to water content obtained by the method of Childs and
Collis-George and Marshall are shown for comparison. In this latter method
of computation the "matching factor" used by Childs and Collis-George
has been discarded and the pore radius together with the Poiseuille coefficient 1/8 are used; the pore radius replaces the reciprocal of capillary
suction. It is clear that with these types of media the present method provides
a satisfactory interpretation of the saturated and unsaturated liquid permeability in terms of porosity, liquid-filled porosity and pore size distribution and is a marked improvement on previous methods of computation.
This conclusion is reinforced when experimental results obtained by
Carman (4, 5) are considered. He obtained the pore radius-volume curves
for a Linde silica plug (e = 0.506); using these results and assuming an
immobile monolayer the computed permeability is 2.6 X 10 -15 cm2. This
value compares with the measured permeability to CF2C12 at — 33.1°C
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Fig. 1. The relation between permeability and water content.
of 3.1 X 1 0 - 1 5 cm 2 . The experimental values for permeability obtained by
Childs and Collis-George (6), Youngs (20) and Klute and Wilkinson (10)
are presented in Figure 2c. From Figures 1 a n d 2c and the d a t a obtained
with the Linde silica plug it can be seen that the proposed method of computation satisfactorily describes the permeability of unconsolidated porous
media over the range 3.1 X 1 0 - 1 5 to 1.5 X 10~ 8 cm 2 .
Relative

Permeability.

Several workers have shown similarity between relative permeabilities
of a number of materials. All the materials showing almost identical courses
of relative permeability are characterized b y very narrow pore size distributions and m a y be regarded as consisting of a single pore size class only.
Thus,
KS
and
K unsat

I g4/3
8 OT2 '
1

m'7"

e*l*

n'r'

where en is the liquid-filled pore space, n is the number of liquid-filled
pore classes and m is the total number of pore classes.
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Thus,
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=

ne
m
/e„\ 4 / 3
V £/

ifunsat
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*•
m2

A comparison of data given by Carman (5) with that obtained by this
method of computation is given in Table 1. The agreement between the
actual and computed relative permeabilities is most satisfactory and discrepancies can be attributed to variations in total porosity and deviations
from the assumed single pore radius class. For a medium having a Gaussian
pore size distribution equation 3 would lead to underestimates of relative
permeability at high degrees of saturation and over-estimates at low degrees
of saturation.
TABLE 1. Relative Permeability.
Percentage Carman
saturation
100
90
80
70
60
50
40
30

1.00
0.66
0.44
0.27
0.16
0.087
0.040
0.022

Childs &
Wyckoff
Computed - Eq. 3
and
Leverett Collis- Mean
e
= 0.40 e = 0.50
George
Botset
1.00
0.70
0.47
0.29
0.16
0.09
0.04
0.02

1.00
0.76
0.56
0.35
0.21
0.11
0.04
(0)

1.00
0.78
0.53
0.30
0.17
0.082
0.041
0.014

1.00
0.725
0.500
0.302
0.175
0.092
0.041
0.014

1.000
0.716
0.483
0.310
0.185
0.101
0.048
0.018

1.000
0.700
0.475
0.305
0.182
0.092
0.042
0.018

Consolidated Media.
Equation 1 can be regarded as describing the saturated and unsaturated
permeability of unconsolidated media and in this sense these media can be
regarded as ideal systems. It is necessary to consider the characteristics
of consolidated media which would cause deviations from ideal behaviour.
In oil reservoir technology, flow problems relate to "consolidated" porous
solids which are, in general, sedimentary deposits such as sandstones and
limestones. These materials when first deposited were probably laminated
but showed reasonable isotropy within the larger laminae. On a particle
size basis, it would be expected that the parent deposits of sandstones would
have a lower initial porosity than the more finely divided calcareous
materials.
For some materials, Wyllie and Spangler (19) have shown that in the
size of samples commonly used in their various measurements of formation
factor and permeability there is not in fact pronounced anisotropy. On
their evidence it could be assumed that if consolidation has been accompanied by downward compression of the beds, in most instances this compression has not resulted in appreciable anisotropy. Cementation of the
parent materials either by deposition of finely divided matter or by precipitation of soluble substances within the porous matrix would seem to be the
more significant process in reducing the parent bed porosity to that of the
consolidated bed.
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Fig. 2. A comparison of actual and computed permeabilities for a range of
materials.
A comparison of gas permeabilities of porous sandstones and limestones
is given in Figure 2a and 2b and except at very low permeabilities the
agreement is again satisfactory. In Figure 2c the data for unconsolidated
media and permeability of a few consolidated media (K > 1 X IO -8 cm2)
are included for comparison.
Deviation between computed and actual values of permeability for
consolidated beds is not unexpected since in these materials some of the
original continuity of pore space will have been modified in the cementation
process. For instance, if selective filling of one or more particular pore
size classes took place, then the condition would be similar to unsaturated
permeability and in the case where half the pore classes of an unconsolidated
bed were filled, the permeability would be approximately one quarter of
that obtained for the case where all pore classes had their individual volume
contributions to the total porosity reduced to a half. The former case
together with possible anisotropy probably explains the lack of agreement
between experimental and calculated permeability for Bradford sandstone.
For this material (e = 0.148)
Wyllie and Spangler (19) obtained a saturated
permeability
of 7.8 X IO -11 cm2 which is much larger than the value of
11
2.8 X IO" value calculated from the pore size distribution data. Where
cementation has occurred the measurement of formation factors appears
essential.
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Diffusive flow.
For diffusive flow of gases at normal pressures or diffusion of ions in
solution where the pore radius is much greater than the mean free path of
the diffusing species it is suggested that since diffusion is not dependent
on pore radius the various radii in equation (1) can be omitted and the
series sums to m2 then
D0
F
where D is apparent diffusion coefficient of the material in the porous
solid and D0 is the diffusion coefficient of the gas in free air or the diffusion
coefficient of an ion in water and £ is the porosity of the medium in cc per
cc of bed.
The applicability of this relationship for diffusion can be judged from the
results presented in Figure 3a (MiUington, 13). The agreement is reasonable
and it is interesting to note that, when the appropriate value of x for a
particular porosity is used instead of 2/3 then the computed curve lies
somewhat closer to the experimental data. Marshall (12) has suggested

O
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Fig. 3a. Relationship between D/D0 and porosity for dry solids.
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with experimental results of Taylor (17) for partly saturated media.
t h a t the relative diffusion should be given b y s3!2. This relationship gives
a slightly better fit to the experimental d a t a t h a n e4/3.
By analogy with unsaturated permeability the relationship for diffusion
of a gas through the air space or an ion through the liquid filled space in
partly saturated media would be respectively

and

i 2 (e
d;L=(^T
") '
Vgas

(ÊL - a •«.>«•
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where en is t h e liquid-filled porosity a n d e is the total porosity. However,
under unsaturated conditions for gas diffusion t h e experimental points
(Taylor, 17) he well above this line a n d close to a Une described b y t h e
equation,

as shown in Figure 3b.
This relationship is supported b y results discussed b y Wyllie and Spangler
which show t h a t t h e ratio of t h e formation factor a t a given degree of
unsaturation to t h a t a t saturation (I) is given b y
I = Sw~b
where Sw is t h e degree of saturation {enje) a n d b is an exponent which for
unconsolidated media discussed b y Wyllie and Spangler h a d a value close
to 2.
The analogy between t h e expression (equation 2) for unsaturated permeability a n d diffusion in partly saturated media suggests t h a t in t h e
model used here, radius a n d area terms m a y be partly confounded, (Millington a n d Quirk, 14). If t h e permeability expression were adjusted so
t h a t e*l3jm2 was used as a constant factor describing the medium then to
maintain t h e good agreement obtained under unsaturated condition, t h e
radius terms would have to include (w/ra) 4 / 3 . This latter expression indicates
t h a t t h e fine pores in a medium become increasingly less effective as conducting paths for Poiseuille flow as t h e coarser pores are successively
drained. The situation appears to be related to F a t t ' s (9) suggestion regarding t h e inter-connections for each pore. I n order t o maintain consistency
with the expression for diffusion given in equation 6, the expression (equation 2) for unsaturated permeability could be written
Kn = \ ~ • M + 3 r | + 1 + 5rl+2 ...{2n-

l)f») • ( ^

(7)
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SUMMARY

Expressions have been developed to describe saturated and unsaturated
Poiseuille permeability as well as diffuse flow of ions and gas through
saturated and partially saturated media. Comparisons between computed
and experimental values have been made.
RÉSUMÉ

Les auteurs ont développé une serie d'expressions algébriques décrivant
la perméabilité (Poiseuille) à l'état saturé et non saturé, ainsi que l'écoulement diffus d'ions et de gaz dans des milieux saturés et partiellement saturés. Des valeurs calculées et expérimentales sont comparées.
ZUSAMMENFASSUNG

Mathematische Ausdrücke wurden entwickelt zur Beschreibung der gesättigten und ungesättigten Poiseuille-Durchlässigkeit, sowie der diffusiven
Ionen- und Gasbewegung durch gesättigte und nur teilweise gesättigte
Medien. Zwischen berechnete und experimentelle Werte wurden befriedigende Vergleiche angestellt.
DISCUSSION

F. KOENIGS: What is the difference with Marshall's formulation published
in the Journal of Soil Science some years ago?
R. J. MILLINGTON: The present model is based on concepts put forward by
Childs and Collis-George but the matrix idea has been developed more strongly.
In the simple stepwise method of calculation, the use of Marshall's equal volume
integral method greatly facilitates computation. This latter point is the similarity with Marshall's treatment. When the present method is performed by an
integral method using £4/3/£a as a normalizing function permeability is in
essence derived directly from a transformed pore size distribution curve.
In this model, pore area interactions have been considered in three dimensions
and this distinguishes it from both Child's and Collis-George and Marshall's
methods. The similarity of form of our expression with that of Marshall may be
regarded as fortuitous.
DAN ZASLAVSKY: Using a complex model does not seem to be justified.
Physically the model is very inaccurate in many respects. The correlation
with particle distribution or suction curves can still be maintained and used
to advantage. The derivation of the unsaturated conductivity can be easily
done from Navier-Stokes equation as was done by S. Irmay for the saturated
flow (Transactions of Geophysical Union, 1957). This, of course, if we assume a
relatively inert solid phase or a nonpolar fluid.
R. F. MILLINGTON: The model presented is in no way complex. Its use might
be partly justified in the agreement obtained with experimental data particularly in the derivation of unsaturated permeability from indirect measures
since experimental difficulties are considerable. The fact that there are already
other methods, usually based on more complex models, for deriving permeability
and diffusive conductance does not detract from the present model nor should
this and existing models stifle proposals of other models in the future.
Concerning physical inaccuracies of the model, the present status of knowledge of flow in inert porous media and the characterization of porous media
themselves renders it impossible to present any completely accurate description
of flow processes in terms of static properties.
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THE HYSTERESIS EFFECT IN SOIL MOISTURE STUDIES
by
E. G. YOUNGS

Agricultural Research Council Unit of Soil Physics, Huntingdon Road,
Cambridge, England.
In the present state of knowledge, hysteresis in the relationship between
suction and moisture content constitutes a great difficulty to progress in the
theory of moisture movement in unsaturated soils and the computation of
moisture profiles. It can also be the cause of considerable error in estimating
moisture contents from suction measurements made by tensiometers or by
methods which depend on the suction of the soil such as plaster blocks.
Although such difficulties are presented to the research worker, on the
other hand the hysteresis effect is a useful phenomenon, since it plays an
important part in the retention of moisture in soils.
MOISTURE CONTENT — (CM'/CM")

SUCTION
(CM OF WATER)

Fig. 1. The relationship between moisture content and suction for a slate dust.
As an example of the relationship between suction and moisture content
for a porous material, that for a slate dust containing particles ranging
between 0.04 mm. and 0.125 mm. is shown in fig. 1. Included are some of
the scanning curves as well as the main draining and wetting arms of the
relationship. The draining and wetting curves shown in broken lines are
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those obtained from complete saturation with no air entrapment and by
quick wetting from the air-dry condition of the porous material to avoid
air entrapment (11) respectively. We see from such a full representation
of the moisture content-suction relationship that the moisture content is
only a single-valued function of the suction in very special cases, and in
general, depending on the past history of wetting and draining, may have
a value lying between two limiting values on the draining and wetting arms.
The nature of the hysteresis effect in an inert porous material was shown
by Haines (5) to be consistent with the pore geometry; to empty a pore a
larger suction is required to overcome the surface tension forces at the
menisci held in the smaller necks than is required to fill the larger pores
themselves. This simple model adequately explains the hysteresis effect
in such materials. However, Collis-George (2) suggested as a result of his
experiments with a sintered porous block with water being displaced by
benzene as well as air, that a fraction of the hysteresis effect might be due
to different angles of contact of a liquid when wetting and when draining
from a solid. Collis-George identified the hysteresis phenomenon in the
moisture content-suction relationship in clay soils as well as in inert
porous materials with the general approach to hysteresis of Everett et al.
(3) in their independent domain model.
The hysteresis effect in the moisture content-suction relationship may
influence the way in which water is transported in soils. Darcy's law states
that the movement of moisture in a porous material is proportional to the
potential gradient obtaining at a given point in a porous body. The potential
may be defined as the sum of the height and the pressure in the water;
the latter is a suction in an unsaturated soil which we have seen depends
on the moisture content and also the past history of wetting and draining
of the porous body. Hence the moisture movement and the moisture profile
development are functions of the hysteresis.
Recent advances in moisture profile development work have mostly
avoided the complications of hysteresis by dealing with systems in which
only wetting or only drainage of the porous body is taking place, care being
taken to use the correct relationship between the moisture content and the
suction (4, 6, 8, 9, 10). However, the most common moisture profiles obtained in the field are those which have developed when both wetting and
draining are occurring at the same time in the same profile. Two examples
of studies when this occurs are reported here: first, the redistribution of
moisture after the cessation of infiltration with the surface maintained
saturated; secondly, the moisture distribution when the infiltration rate
is kept constant at a rate less than that required to maintain the surface
saturated.
T H E REDISTIBUTION OF MOISTURE AFTER INFILTRATION

During the infiltration of water into dry soils, the latter are wetting so
that in the computation of the moisture profile development the wetting
arm of the moisture content-suction relationship is relevant (6, 8, 10).
When the infiltration is stopped, moisture drains from the near-saturated
zone produced by the infiltration to wet further down the profile, so that
both draining and wetting of the porous material are taking place at the
same time in different parts of the profile. The resulting moisture profile
development (11) has some interesting features. Moisture drains from
near the surface to appear as a step at the wetting front in the moisture
profile as shown in the examples given in fig. 2. These indicate the moisture
profiles which develop after infiltration is stopped for two different initial
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depths of infiltration in a slate dust. The moisture content of the step at the
wetting front is dependent on the depth of infiltration; the deeper the
previous infiltration, the higher the moisture content. It has further been
observed that the dependence on the infiltration depth is more marked in
porous materials from which the moisture is drained in a very small interval
of suction; that is, in materials having a very narrow range of pore sizes.
Such materials show apparent 'freezing' of the infiltration water until a
given depth of infiltration is reached.
MOISTURE CONTENT — (CM' CM')

Fig. 2. Moisture profiles during the redistribution of moisture after infiltration
in a slate dust. The times by the curves are measured from the moment of the
cessation of infiltration.
A qualitative explanation has been given for the observed moisture
profiles (11) by considering the changing potential distribution down the
profile. At the instance of the change-over from infiltration to redistribution,
the maximum moisture content of the step has been related to the depth
of the infiltration quantitatively by making the assumption that the scanning curves of the moisture content-suction relationship were parallel to
the suction axis so that no water drained until the suction was that of the
draining arm for the given moisture content. With such an assumption
it is possible to use numerical methods to plot the potential distribution
down the profile at the initiation of the redistribution.
It is thus seen that the lower moisture content of the step which constitutes the wetting zone during the redistribution, is a direct result of the
hysteresis effect in the moisture content-suction relationship. The lower
hydraulic conductivities associated with lower moisture contents reduce the
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migration of water downwards. Moisture is thus retained nearer the surface
for a longer period of time than if there were no hysteresis effect, and
since the surface moisture is the first to be lost from the infiltration zone,
the soil more easily becomes sealed off from heavy evaporation losses.
INFILTRATION AT RATES LESS THAN INFILTRATION CAPACITY

During the infiltration at low rates into dry porous materials, the latter
are wetted by drops of water which are locally at a rate in excess of the
infiltration capacity. Thus the porous material becomes locally saturated and
then tends to drain until the next drop of water is incident on the surface.
However, very little drainage can occur in the early stages from such a small
depth of water because a similar state of affairs exists as at the end
of infiltration with the surface maintained at saturation. Further drops of
water incident on the surface wet the porous material to a greater depth.
When the depth of wetting becomes sufficiently great, the potential distribution down the profile is such as to permit the drainage of water from the
near-saturated material near the surface. At this stage of events, the material near the surface is draining while that near the moisture front is
wetting. The initial zone of high moisture content near the surface gradually
disappears to form a moisture profile of fairly uniform moisture content
behind the moisture front. The periodic wetting of the surface by the drops
of water appears damped and the moisture front moves with constant
velocity downwards.
MOISTURE CONTENT — (CM'/CM1)

(

0.2

0.4

0

0

0.2

(V'
285 min.

624 min.
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1300 min.

100
DEPTH
(CM)

(a)

Fig. 3. Moisture profiles during the infiltration at small constant rates in a
slate dust; (a) rate = 0.39x 10-» cm.-1 sec.-1; (b) rate = 1.11 X 10-» cm.
sec. .
The stages of the profile development during infiltration at a constant
rate are shown in fig. 3. These are those produced when two different constant
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rates of infiltration are applied to the surface of columns of a slate dust.
The moisture profiles were obtained by direct sampling of the columns at
given times, weighing the samples before and after drying to obtain the
moisture contents at different depths.
DEPTH TO MOISTURE
FRONT

TIME

Fig. 4. The progress of the moisture front with time during the infiltration
at a constant rate.
The progress of the moisture front with time is shown in fig. 4. At the
beginning of the infiltration the slope of the graph is constant as depicted by
the portion OP, when the material wets to near saturation and cannot drain.
During the stage PQ, this zone drains and gradually transforms itself into
a profile with the moisture front advancing downwards with a constant
velocity leaving a zone of constant moisture content in its wake, depicted
by the portion QR. The moisture front is then identical to that which would
be obtained during the infiltration of the porous material with the surface
maintained at a constant moisture content after a long time. The profile
in this particular case can be computed by the numerical method of PhiHp
(7) from the hydrological properties of the porous material; alternatively, the
shape of the moisture front of the profile which is approached with increasing time can more simply be computed numerically (9, 10).
These experiments indicate a means of obtaining a constant moisture
content region where the only potential gradient is that due to the earth's
gravitational field. The flow under such conditions is the hydraulic conductivity at the moisture content of the constant region, and similar flow has
been used to measure the variation of the hydraulic conductivity with
moisture content by Childs and Collis-George (1). In the latter experiments,
the difficulty was to measure the moisture content, which was done by
observing the change in capacitance of a small cell in the experimental
column. In the present situation, it can be obtained from the progress of
the moisture front and the rate of infiltration. If the rate of infiltration is
K cm. sec. - 1 (equal to the unsaturated hydraulic conductivity) and the
moisture front moves downwards with a final steady velocity v cm. sec. -1 ,
then the moisture content of the zone is Kjv. Thus the conductivity and the
moisture content are simply determined. Thus, in the two examples of
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profile development, t h e values obtained for t h e hydraulic conductivity
are 0.39 x 10~ 3 cm. s e c . - 1 a t a moisture content of 0.32 and 1.11 x 10~ 3
cm. sec. _ 1 a t 0.41.
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SUMMARY

The hysteresis in t h e relationship between t h e suction a n d moisture
content of a porous material complicates t h e computation of moisture
profile developments when both wetting and draining are occurring a t t h e
same time in t h e same porous body. Two examples of such profiles are
discussed: first, t h e profiles obtained during t h e redistribution of moisture
after t h e cessation of infiltration with t h e surface maintained at saturation;
and secondly, t h e profiles obtained during t h e infiltration a t a constant
rate which is less t h a n t h a t required to maintain t h e surface saturated. I n
the latter experiments, after an initial period of time, a constant moisture
content region is formed behind a moisture front moving downwards with a
constant velocity, making possible a measurement of t h e unsaturated
hydraulic conductivity with an easy means of determining t h e moisture
content.
RÉSUMÉ

L'hystérèse qui caractérise la corrélation, reliant la suction et la teneur
en eau dans les matériaux poreux complique le calcul des modifications
de leurs profils hydriques quand ils sont simulténément soumis à l'humectation et au drainage. L'auteur en discute deux exemples: d'abord les profils
hydriques obtenus au cours de la redistribution de l'humidité, où l'infiltration
est arrêtée mais dont la surface est maintenue saturée d'eau. Ensuite les
profils obtenus pendant une infiltration à t a u x constant mais inférieur à
ce qui est requis pour maintenir la surface saturée d'eau. Dans cette deuxième série d'expériences, après un certain laps de temps initial, il se forme
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une région à teneur en eau constante derrière le front d'humectation qui
descend avec une vitesse constante. Ceci rend possible la mesure de la
conductivité hydraulique en milieu non saturé tout en fournissant un
moyen facile pour déterminer l'humidité.
ZUSAMMENFASSUNG

In der Beziehung zwischen Ansaugung u n d Feuchtigkeitsgehalt eines
porösen Materials macht die Hysteresis die Berechnung der Entwicklung
eines Feuchtigkeitsprofils komplizierter, wenn gleichzeitig Befeuchtung
und Drainierung im selben porösen Körper stattfinden. Zwei Beispiele
solcher Profile werden behandelt: erstens, die Profile welche m a n erhält
während der Verteilung der Feuchtigkeit, nachdem die Infiltration aufhörte
sobald die Oberfläche Sättigung erreichte; und zweitens, die Profile erhalten
während eines ständigen Stromes, welcher geringer ist als ein solcher,
benötigt um die Oberfläche gesättigt zu halten. Bei letzteren Versuchen
wurde nach einer Anfangszeit, eine Region mit konstantem Feuchtigkeitsgehalt gebildet hinter einer Feuchtigkeitsfront, die sich mit konstanter
Geschwindigkeit nach unten bewegt und dabei eine Messung der ungesättigten hydraulischen Leitfähigkeit mit einem bequemen Mittel zur Bestimmung des Feuchtigkeitsgehalts ermöglicht.
DISCUSSION

S. A. TAYLOR: Comments: The hysteresis scanning curves shown in Fig. 1
are different than I have seen for soil materials which are close at or very near
to saturation when moving in the direction of dry to wet. Are these scanning
curves experimentally determined? What method was used?
E. G. YOUNGS: I agree that the scanning curves approach the main arms
asymptotically; the curves I have given are the best curves drawn through the
experimental points obtained in a sample contained on a Haine's apparatus
using an incremental procedure of raising and lowering suction.
D. R. NIELSEN: I would like to ask Dr. Youngs if he has considered the
hysteresis which he has measured to be rate dependent, and if so, would he
care to discuss the problem?
E. G. YOUNGS: I have not considered the problem as one which depends on
the rate of wetting and draining — the resistance to the flow of water of the
porous plate in a Haine's apparatus makes such a study difficult with the present
experimental procedure. In future studies this is a factor that could be considered.
D. ZASLAVSKY: As we do not have a special session on soil thermodynamics
I would like to comment here that the moisture drying and wetting cycle presents also an energy cycle. The area of this cycle presents the energy imposed by the water on the soil structure. This would be a very worthwhile problem to consider in future studies of soil structure problems.
B. P. WARKENTIN: Would pore geometry changes be as important in Dr.
Youngs' slate dust as in soils subject to large volume changes?
E. G. YOUNGS: I have chosen slate dust as an inert porous material and no
pore geometry changes take place during the experiments.
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RELATIONS ENTRE QUELQUES CARACTÉRISTIQUES DES SOLS
par
J. VIGNERON et J.

R.

DESAUNETTES

PRÉAMBULE

La Compagnie Nationale de la Région du Bas-Rhône et du Languedoc
(C.N.A.R.B.R.L.), procède à l'équipement hydraulique d'un périmètre de
260.000 hectares, en vue de sa mise en valeur agricole. Dans ce but, les
études pédologiques très complètes, faites d'une façon systématique par le
Service Etude des Sols, ont fourni un très grand nombre de chiffres dont
l'interprétation statistique a permis d'analyser les rapports qui existent
entre certaines caractéristiques des sols.
Les caractéristiques des sols considérées comme "hydrodynamiques" et
directement interprétables pour le comportement de l'eau dans le sol sont:
Le coefficient de filtration K,
Le coefficient de rétention (plus exactement: humidité équivalente)
Les caractéristiques pédologiques moins directement liées au comportement de l'eau, tout au moins d'une façon apparente, sont:
La composition granulométrique,
La structure.
Il convient de remarquer que les résultats exposés dans cette note ne
doivent être considérés comme valables qu'avec les méthodes utilisées et les
sols du Languedoc.
MÉTHODES

Le coefficient de filtration K, exprimé en centimètres par seconde, est
valeur K2 obtenue par la méthode de Vergières (1). On mesure la vitesse de
filtration à travers un cube de terre de 10 X 10 X 10 cm, découpé sur place
avec précaution et placé dans une boîte de métal où l'on coule de la paraffine
fondue. On amène ainsi au laboratoire un monolithe qui garantit, en principe,
l'intégrité des propriétés structurales du sol qu'il représente.
L'Humidité équivalente est mesurée à la centrifugeuse spéciale "International
équipement" avec une accélération de 1000 g (11).
La Composition granulométrique est obtenue par tamisage des éléments
grossiers, puis mise en suspension de la terre fine après destruction de la
matière organique à l'eau oxygénée et échange des cations Ca++ par lavage
sur filtre C1K, puis eau distillée. La mise en suspension est faite avec l'hexamétaphosphate de sodium; l'argile et le limon fin sont déterminés par
prélèvement à la pipette de Robinson; le limon grossier 0,05—0,02 m/m et
les sables sont obtenus par siphonage, ces derniers étant tamisés jusqu'à
0,05 m/m. Tous les éléments sont ainsi mesurés séparément, ce qui fournit
une vérification automatique.
La Structure est chiffrée avec la méthode S. Henin (7), qui consiste à doser
les agrégats résistant à des procédés de destruction variés.
SOLS

Les sols ou les formations géologiques du Languedoc qui ont fourni des
échantillons pour cette étude sont les suivants, très brièvement décrits: (4)
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— Gress à gaftan. Sol rouge lessivé sur diluvium pliocène à galets siliceux,
d'origine paléo-podzolique (8). Il présente un horizon lessivé et souvent
acide, et un horizon d'accumulation argileux rouge. L'ensemble, qui contient
de 80 à 95 % de galets ou graviers, est parfois mélangé par la culture.
De plus, un dépôt de loess postérieur à la podzolisation, complique très
souvent ce shéma simple.
— Loess. Dépôt éolien, limono-sableux (50 à 20 microns), et calcaire.
— Lehm. Le loess decarbonate donne un sol brun, non décalcifié et de texture
un peu plus lourde que le loess originel.
— Sol hydromorphe calcimorphe. Sol formé dans une dépression avec des
matériaux alluviaux, et enrichi continuellement en calcaire grâce à la nappe
phréatique. Le pourcentage de calcaire de l'horizon profond peut atteindre
80 % avec 40 % de calcaire actif. (5).
— Sable astien, C'est un sable fin du pliocène pré-diluvial.
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— Marne valanginienne. Cette marne crétacée donne naissance à des sols
bruts, de mauvaise structure et asphyxiants.
— Sépiolite. Argile géologique oligocène dont le gisement est exploité à
Salinelles.
— Sols salés. Sols à alcalis littoraux, formés dans des marécages (génohydromorphes halomorphes).
RELATIONS CONSTATÉES

1. Relation: Granulométrie-Filtration.
Il n'existe par de corrélation entre le coefficient K2 (I) de filtration et la
composition granulométrique.
Avec des calculs portant sur 1.900 échantillons variés, on a obtenu les coefficents de corrélation r indiqués dans le tableau I.
TABLEAU I.

Coefficient r
+
+

0,072
0,048
0,071
0,069

Taux

d'éléments

inférieurs

à

2 microns (Argile)
20
„
(Limon fin + A)
50
,,
(Limon grossier + Lf + A)
200
,,
(Sables fins + Lg + Lf + A)

2. Relation: Structure-Filtration.
Les résultats obtenus sont assez contradictoires.
D'un côté, comme le montre le graphique I ci-joint, une série d'essais
effectués à Nîmes sur 86 échantillons a fourni un résultat négatif, il n'y
aurait pas de corrélation entre le K2 (1) et la stabilité structurale S (7).
Pourtant, A. Féodoroff, travaillant à Versailles sur 42 de nos échantillons,
a trouvé une corrélation entre K2 et 5S, précisément, s'exprimant par la
formule de régression suivante: log 10 K2 = 2,35 — 0,37 log IOS. Cette
corrélation, significative avec une probabilité de 95 %, montre qu'après
une première imbibition, le régime de la percolation de l'eau à travers un sol
dépend de l'état de délitement des mottes et de la dispersion des colloïdes,
c'est à dire de la structure. Ceci est en accord avec le fait que les sols bien
structurés sont filtrants. Or l'indice S est toujours en bon accord avec les
observations de terrain.
Enfin, l'un de nous a trouvé (3) une relation logarithmique directe entre
la perméabilité mesurée avec la méthode Muntz (2) et la porosité déterminée
sur place.
Il faut donc conclure à l'existence d'une corrélation entre la perméabilité
et la structure, et à la difficulté de la mettre en évidence à cause des imperfections de la méthode de mesure.
3. Relation: Granulométrie-Humidité équivalente.
Ces deux caractéristiques sont liées par une corrélation assez étroite pour
les sols non calcaires, et plus lâche dans le cas contraire (voir tableau II).
Toutefois, ces corrélations très voisines de celles déjà trouvées auparavant
(6) (Gouny a trouvé r = 0.79 dans les sols alluviaux de Provence) avec
d'autres types de sols, sont insuffisantes pour déduire l'humidité équivalente
de la texture, et surtout l'inverse. L'erreur relative serait d'environ 40 %
sur l'humidité équivalente et de 50 à 60 % sur la texture pour les sols non
calcaires, et donc encore plus élevée pour les sols calcaires.
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TABLEAU II. Granulométrie-humidité

équivalente— (extrait de 9).

H. eq.c = Humidité équivalente corrigée en % de la terre sèche
A = taux d'argile ( < 2/j) en % de terre fine
L = taux de limon (compris entre 2 et 20/*)
S t f = taux de sable très fin (compris entre 20 et 50//)
Type de sol

Nombre
d'observations

Coefficient
de
corrélation

Gress à gapan

460
460

r - 0,84
r = 0,79

H. eq. = 11 + 0,33 A
H. eq. = 6 + 0,33 (A + L)

160

r
r
r
r
r

H.
H.
H.
H.
H.

Lehm

=
=
=
=
=

0,75
0,77
0,76
0,75
0,76

r = 0,76
Hydromorphe
calcimorphe

500

r = 0,48
r = 0,63

Equation de la bissectrice des
droites de régression.

eq. =
eq. =
eq. =
eq. =
eq. =
(L +
H. eq. =
(L +

10,8 + 0,41 A
5,5 + 0,36 (A + L)
9,5 + 0,40 (A + 0,2 L)
10 + 0,41 (A + 0,1 L)
4 + 0,46 (A + 0,2)
StF)
7,8 + 0,43 (A + 0,1)
StF)

H. eq. = 11,3 + 0,46 A
H. eq. = 5 + 0,33 (A + L)

L'imperfection de la relation qui existe entre la granulométrie et l'humidité
équivalente est attribuable au fait que d'autres facteurs entrent en jeu: la
nature des argiles, l'humus et surtout la structure.
Relation: Structure—Humidité équivalente.
Il n'a pas été procédé à l'étude statistique de cette relation, mais l'influence de la structure sur l'humidité équivalente a été clairement mise en
évidence par une série d'essais démonstratifs.
a) Destruction mécanique progressive de la structure.
Des échantillons de terre fine ( < 2 m/m) ne comportant ni sables moyens
ni sables grossiers ont été broyés et progressivement passés aux différents
tamis de 2—1—0,5—0,2—0,1— et 0,05 m/m. L'humidité équivalente
ayant été mesurée à chacun des passages, le graphique II montre l'allure
des résultats obtenus.
b) Extension de l'observation du phénomène à un plus grand nombre
d'échantillons.
Des essais effectués sur 75 échantillons de terre de nature très variée,
broyés et passés au tamise de 0,2 m/m confirment l'effet négatif de la structure sur la rétention.
La relation entre la composition granulométrique et l'humidité équivalente
de ces 75 terres broyées et tamisées a donné les résultats inscrits dans le
tableau III.
Les coefficients de corrélation obtenus ici sont plus élevés que ceux du
tableau II, bien que les terres étudiées dans le cas présent n'appartiennent
pas à des groupes homogènes. Le broyage des agrégats a libéré une partie de
la potentialité de rétention qui était neutralisée par la structure. C'est encore
son influence qui est responsable des différences obtenues entre les coeffi117
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cients concernant les terres calcaires et ceux caractérisant les terres non
calcaires. Ces différences sont encore plus apparentes dans le cas des échantillons broyés.

II

Graphique
50%

10%
A

-9>
|3

30%
c
20%

A

E

10%
0,05
Dimensions

a
0,2

0,1

maximum

des

0,5

1

agrégats

en

m

m (ech:

logarithmique)

a — Sable astien
b — Terre de loess
c — Sol brut de marne argileuse.
d — Argile rouge à pH 4,3 de l'horizon d'accumulation d'un gress à gapan.
Ce graphique montre que, quand elle n'est pas extrêmement fragile comme dans
le cas du sable astien, ou du loess, la structure a un effet négatif sur la capacité
de rétention; cet effet est d'autant plus marqué que l'échantillon est plus
argileux et que la structure est plus solide.
ABLEAU I I I . Relation entre l' humidité équivalente des échantillons broyés et leur composition
granulométrique.
Echantillons non ou très
peu calcaires
1 Compos.
1 (A = Argile %)
1 granulom.
I ( L = Limon %)
[Coefficient de
[corrélation

Echantillons calcaires

A

A +
0,1 L

A +
0,2 L

A +
L

A

A +
0,1 L

A +
0,2 L

A +
L

0,95

0,94

0.94

0,92

0,54

0,65

0,69

0,66
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c) Destruction progressive de la structure par immersion

prolongée.

Des échantillons de terre fine ont été trempés dans l'eau, et l'on a mesuré
l'humidité équivalente sur ces échantillons après des temps d'immersion
croissants. On obtient une augmentation pouvant atteindre 20 % de l'humidité équivalente en fonction du temps d'imbibition.
CONCLUSION

De ce qui précède, on peut tirer les conclusions suivantes:
1. Il n'existe aucune relation entre le coefficient de filtration mesuré par
la méthode "Vergières" et la composition granulométrique.
2. Il existe une relation entre la structure évaluée par l'indice S. Hénin
et la perméabilité "Vergières", difficile admettre en évidence. L'observation
confirme qu'il existe une relation entre la structure et la perméabilité; de
plus, on a trouvé une bonne relation entre la filtration mesurée par la méthode Muntz et la porosité évaluée sur place par détermination du volume à
l'aide de sable. Malheureusement, comme la plupart des méthodes de terrain,
la méthode Muntz est coûteuse, et, de plus, elle ne permet pas — ou très
difficilement — la mesure de la perméabilité des différents horizons. La
mesure de la porosité sur place a les mêmes inconvénients.
Plus récemment, nous avons été amenés, pour chiffrer l'urgence des besoins
de drainage et de soussolage, à établir un Indice de Compacité (10) à partir
de la densité apparente des blocs Vergières et de l'humidité équivalente. Lié
à l'observation du profil en place, cet indice doit permettre une assez bonne
interprétation de la perméabilité des sols non ou faiblement structurés.
3. Il existe une assez bonne corrélation entre l'humidité équivalente et la
composition granulométrique. Cette relation n'est pas simple car d'autres
facteurs interviennent, dont l'état d'agrégation des sols qui en est le plus
i m p o r t a n t : quand la structure est forte, son influence sur la capacité de
rétention devient telle que l'humidité équivalente s'éloigne considérablement
du coefficient de rétention réel, ce qui doit amener à reconsidérer la méthode
de détermination de la rétention des sols.
Une méthode est à l'essai qui consiste à mesurer l'humidité des blocs
"Vergières" ressuyés après avoir servi à la détermination du coefficient de
filtration.
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RÉSUMÉ

A l'occasion de l'étude pédologique du périmètre d'irrigation de la région
du Bas-Rhône et du Languedoc, les chiffres des résultats des granulométries,
des humidités équivalentes, des coefficients de perméabilité et des indices
structuraux, pour les différents sols, ont été analysés statistiquement pour
déterminer les corrélations qui peuvent exister entre ces diverses caractéristiques.
On a trouvé:
1. Perméabilité (méthode des blocs Vergières) et granulométrie: aucune
corrélation.
2. Perméabilité et Structure (méthode de l'indice de S. Hénin): corrélation
incertaine.
3. Humidité équivalente et texture: Corrélation assez bonne (r compris
entre 0,48 et 0,84) La relation n'est pas directe, et l'humidité équivalente
dépend aussi de la structure.
4. Humidité équivalente et structure:
Relation mise en évidence par une série d'essais au cours desquels on
détruit progressivement la structure. L'humidité équivalente augmente
d'une façon corrélative. D'autre part, le coefficient de corrélation H.eq.
— texture est plus élevé quand la structure est détruite (r = 0,95).
SUMMARY

In a pedological study of irrigable soils in the region of Bas-Rhône and
Languedoc data for mechanical analyses, moisture equivalents, coefficients
of permeability and structural indices for different soils have been statistically analysed to determine whether any correlations exist between
these properties. It has been shown that:
1. There is no correlation between permeability (Vergières block method)
and mechanical composition.
2. There is an uncertain correlation between permeability and structure
(S. Hénin's method).
3. There is a fairly good correlation (r between 0.48 and 0.84) between
moisture equivalent and texture, but the relation is not direct as the moisture equivalent depends also on the structure.
4. In a series of experiments in which structure was progressively destroyed the moisture equivalent increased in a correlative manner. On the
other hand, the correlation coefficient moisture equivalent — texture is
greater (r = 0.95) when the structure is completely destroyed.
ZUSAMMENFASSUNG

Gelegentlich der bodenkundlichen Untersuchung des eventl. bewasserungsfähigen Geländes, das die Gebiete Bas-Rhône und Languedoc umfasst, wurden die Zahlen der Ergebnisse der Korngrössenanalysen, der
Bestimmungen der minimalen Feldwasserkapazität, der Durchlässigkeitskoeffizienten und der Strukturindices, die verschiedenen Böden betreffend.
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einer statistischen Analyse unterzogen, um etwaige Korrelationen zwischen
den genannten Eigenschaften herauszufinden. Man stellte fest:
1. Zwischen Durchlässigkeit (Vergières Blockmethode) und Korngrösse:
keine Korrelation.
2. Zwischen Durchlässigkeit und Struktur (Indexmethode von S. Hénin):
Korrelation unsicher.
3. Zwischen minimaler Wasserkapazität und Korngrösse: eine leidliche
Korrelation (r zwischen 0.48 und 0.84), aber keine direkte Beziehung denn
die Wasserkapazität ist auch von der Struktur abhängig.
4. Zwischen minimaler Wasserkapazität und Struktur, folgendes: Die
Beziehung tritt hervor in einer Reihe von Versuchen, im Laufe derer die
Struktur progressiv vernichtet wird; die m.W. Kap. nimmt dabei in korrelativer Weise zu. Dagegen ist der Korrelations-koeffizient H. eq — Korngrösse höher, wenn die Struktur völlig vernichtet ist (r = 0.95).
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P A R T I C L E SIZE, O V E R B U R D E N P R E S S U R E , P O R E W A T E R
P R E S S U R E AND F R E E Z I N G T E M P E R A T U R E O F I C E L E N S E S I N
SOIL*
by
R.

D. MILLER, J. H.

BAKER AND J.

H.

KOLAIAN

The experiments and writings of Taber (8) and Beskow (1) established
current conceptions of the phenomenon of frost heaving. They showed t h a t
heaving accompanies the growth of ice lenses in soil during freezing. They
inferred the presence of an unfrozen film between the base of a growing ice
lens a n d the soil particles which support it. As water in this film freezes,
the lens thickens. The film remains undiminished, however, for water lost
t o the lens is replaced b y fresh water acquired from unfrozen soil.
I t has been shown (6) t h a t a liquid film persists on ordinary ice at temperatures well below freezing. I t is also well known t h a t soil particles (notably
the clay fraction) adsorb water. For the purposes of this paper, the origin
of the unfrozen film is not important. The film will be regarded as having
a n "osmotic pressure" V, n, equal to the excess pressure which must b e
exerted on the film to maintain equilibrium between film water and water in
adjacent large pores. Whether the electric pressure of the film is due to
colligative effects of ions of the osmotic double layer or to other interactions with particles or ice is immaterial.
Taber mentioned t h a t water in pores beneath a growing ice lens must
be supercooled. Jackson and Chalmers (3) reached a similar conclusion
in proposing a theory of frost heaving. They suggested t h a t freezing of
supercooled water served as an energy source for heaving. In a discussion
of a paper by Penner (4) the first-named author questioned this suggestion
and described a n osmotic model of a heaving system in which supercooling
was absent except as required to maintain a finite rate of freezing. The
present paper, using the conception of film osmotic pressure already
mentioned, reports result of experimental tests of an osmotic model together

Figure 1. Schematic diagram of ice lens, soil particles, water-filled pores and
unfrozen films.
* A contribution from the Department of Agronomy, Cornell University,
Ithaca, New York, USA. Agronomy Paper No. 510. This work was supported
by Contract No. DA-11-190-ENG-23 with the Snow Ice and Permafrost Research
Establishment, Corps of Engineers, U.S. Army.
122

1.6
with derivations of equations appropriate to the tests. These tests hinge on
relationships between particle size, overburden pressure, pore water pressure
and equilibrium temperature.
Figure 1 represents an ice lens resting on soil particles and intervening
unfrozen films. The ice-water interface will be arbitrarily divided into zones.
One zone is in contact with film water and experiences the hydrostatic pressure
developed in the film. The other zone is exposed to pore water (assumed to
be solute-free) and experiences the pore water pressure. Jackson and
Chalmers (3) explained the limitation on the growth of ice into narrow
pores in terms of a relationship between interfacial curvature and equilibrium
temperature derived from kinetics (2). Penner phrased this effect in terms
of Kelvin's equation for differential pressures at a curved interface with
essentially the same result. The latter will be expanded and coupled with
the osmotic film for purposes of prediction.
Consider the "phases" containing points identified by letter in Figure 1.
At equilibrium, the chemical potential of each phase is the same. Using
familiar notation we may write
(1)

- SMdT + VMdPM •> -SNdT

+ VNdPN

If the interfacial tension for ice and water is a
(2)

dPM = ilïL

+j£j

and dPN = d(pL

+*,+—)

Since V and 5 are practically invariant for the respective ice "phases"
we find:
(3)

nyr = 2<r f— - —)

Mean curvature, l/r, is considered positive when the ice surface is convex
and negative when it is concave. Hence both terms in the parentheses
are positive quantities.
The resultant upward force on the lens due to hydrostatic pressure in
the film is the product of the pressure, (PL + ^K), and the area of a projection of rhe film on a horizontal surface. A similar relation applies to the
force due to pressure in the pore water. If the latter is negative, the associated force will be downward. At equilibrium, the algebraic sum of forces
due to hydrostatic pressure balance the downward force due to weight of
the overburden. Hence
(4)
(PL + nK) F + PL [A - F) =» PAA
where A is the projected area of the lens, F is the projected area of the film,
and PL and PA are the pore water pressure and the overburden pressure,
respectively. Combining 3 and 4 gives

Considering phases L and M we may write
(6)

- SLdT + VLdPL = - SMdT + VMd(pL

from which we find
m
(,)
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where AV is the volume change on freezing and <H/ is the heat of transition.
Consider uniform spheres of radius rs in regular states of packing. Assume
that F is given with sufficient accuracy by projected areas of spheric segments
determined by the angel 0 in Figure 1, i.e., F = n(rs cos 0)2. Let —rjv be
given by rs, and assume that TM is given nearly enough by the radius of a
sphere which fits into the pocket formed by adjacent particles and is tangent
to them at points determined by the angle 6. For open packing, F\A =
2
(JICOS20)/4 and 1/TM = (cos 0)/rs ( V — cos 0). For close packing, FJA =
2
(n cos d)l2^3 and \\rM = (cos 0)/rs(2/V3 - cos 6).
Making appropriate substitutions in 5 and 7 we find for open packing
,^
8

1

r

'

*

(PA

l

^ >
-

PL)

na

cos20
= —- — = I

-v/2\V2 -

'

\

cos e

/

and
v

,

\

<*#/

)

AHf

y^/2 - cos 0/

whereas for close packing

and
/,n

I^T

Z^77 P \

2<^M

r /

cos 9

\

These are parametric equations in 0. When 0 is 90°, the ice lens just
touches the apex of the film. When 0 reaches zero, the ice front penetrates
the first tier of particles and freezes the pores below. Curves representing
all intermediate values of 0 are plotted
in Figure 3 using a = 17 ergs-cm -2
(5). (A value of a = 20.2 ergs-cm -2 would produce curves corresponding
to the relationship given by Jackson and Chalmers). For the appropriate
value of a, which may not be a constant under these conditions, these curves
represent all possible relationships between particle size, overburden
pressure, pore water pressure, and freezing temperature for spheres in the
respective states of packing. Curves for randomly packed spheres should
approximate the curve for close packing near the origin, but should break
away at or beyond the terminus of the curve for open packing because
local penetrations of ice into the occasional open packed pores should reduce
the average stress at the interface.
EXPERIMENTAL

All experiments were performed with size fractions obtained by sedimentation from an aeolian silt collected near Ithaca, New York. Repeated décantation (by siphon) provided fractions with Stokes' radii of 1—2, 2—4,
and 4—8 p. Microscopic examination of the fractions showed that they were
composed of clean transparent particles with sizes closely approximating
the Stokes dimensions. On the basis of general appearence and experience
with similar materials, quartz was judged to be the predominant mineral.
Particles in the two finer fractions were fairly well rounded, but particles
in the coarsest fraction were slightly angular. The respective fractions
were assigned "spherical radii" of 1.5, 3, and 6p in plotting experimental
results.
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1 CM

Figure 2. Test chamber.
Experiments were performed in a test chamber represented in Figure 2
(approximately to scale). Beginning at the bottom
of the drawing, the
following may be identified: Polyethylene
tubing 1 (a water Une); flare2
fitting connector adapted from a fitting
used with hypodermic syringes and
attached with epoxy resin cement3; base plate machined from brass;
sintered glass
filter disk fired in the base prior to final machining; cellulose
filter disk4 sealed against peripheral air leakage by a rubber O-ring near
the rim and against peripheral water leakage by a gasket outside the
O-ring; a water-saturated pad of silt formed by filtration from water
suspension; No. 30 B and S wire
gauge copper-constantan thermocouple
insulated with silicone varnish5 and imbedded in the silt pad; cylindrical
block of ice; flanged brass cylinder with O-ring to prevent contact with
the ice block; lucite top plate with an O-ring seal to the cylinder and a
fitting for connection of a second polyethylene tube (an air une). A narrow
slot (subsequently filled with epoxy resin) was machined just outside the
cavity for the sintered glass disk to prevent rupture of the disk as it cooled
after firing.
Earlier versions of the test chamber provided a pneumatically loaded
rubber membrane to simulate overburden pressure. It was decided that
the membrane served no purpose and that overburden pressure could be
simulated by direct air pressure. That is, ice entry into soil pores should
precede air entry. This was confirmed by test.
Temperatures were measured with a Teele and Schuhmann potentiometer6 (8). Thermal emfs were measured to the nearest 0.01 /*v, corresponding to a temperature sensitivity of 0.00028° C. The reference junction was
Intramedic PE-100; Clay-Adams, Inc., New York, New York.
No. A-1025, Size A; Clay-Adams, Inc., New York, New York.
Type A-2 with Activator A, Armstrong Products Co., Warsaw, Indiana.
Type AA, pore size 0.8,«; Millipore Filter Corp., Bedford Massachusetts.
Sylkyd 1400; Dow Corning Corp., Midland, Michigan.
Used with galvanometer No. 2284c, O.ljuv/mm, critical damping resistance
20 ohms; Leeds and Northrup Co., Philadelphia, Pennsylvania.
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kept in an ice bath. The test chamber was suspended in a dewar flask
in a lucite cylinder. The reference junction bath and the test chamber
assembly were kept in a 0° C air bath. Experiments were carried out by
holding either pore water pressure or overburden (air) pressure near atmospheric pressure while the other was changed by small increments. It was
found that after a large pressure change, the new equilibrium temperature
might not be reached for as much as one hour, but with small changes the
temperature reached after five minutes was close to the final value and was
regarded as an equilibrium temperature for the purposes of the experiment.
RESULTS

Figure 3 includes data obtained from five representative experiments.
Agreement between measured and predicted relationships is evident.
Deviations from the idealized curves at large values of (PA — PL) were
attributed to penetration of ice beyond the first tier of particles. When this
occurred near the thermocouple, the event was registered by a brief deflection of the galvanometer.

o p e n packed spheres

r

S ^ -

P

L >

• o

1-2)1

DO

2 - 4 JJ

O

4-8 JJ

jj, kgf-cm-

Figure 3. Relationships between particle radius (rs), overburden pressure (PA),
pore water pressure (PJ and freezing temperature (^T), for uniform spheres in
regular packing together with experimental data obtained with silt fractions.
In Figure 3, circles represent measurement made at various overburden
pressures with pore water pressure held at or near atmospheric pressure.
Squares represent measurements made at various pore water pressures with
overburden pressure approximately zero. All points shown were obtained
following an increase in (PA — PL), whether achieved by increasing PA
or by decreasing PL. Points from related experiments conformed to the data
shown and have been omitted. Points obtained following a decrease in
(PA — PL) fell among those shown providing extensive ice entry (recognized
126

1.6
as above) had not occurred. After extensive ice entry, temperature response
to pressure changes was sluggish or absent, with a tendency to drift in the
direction of the ice point (or the b a t h temperature).
CONCLUSIONS

When interfacial curvature effects are taken into account, the osmotic
film theory of heaving provides predictions of equilibrium relationships
between particle size, overburden pressure, pore water pressure a n d freezing
temperature for ice lenses in systems in which the geometry is known.
For soils of simple geometry, with clearly defined ice lenses, it is shown
theoretically and experimentally t h a t the effects of overburden pressure
and pore water pressure (with attention to sign) are additive. If extensive
ice entry is inimical to heaving, these results appear to conflict with results
reported by Penner, but are in agreement with Beskow's observations.
Precedence of ice entry over air entry into soil pores (due to the greater
interfacial tension of an air-water interface in comparison with an ice-water
interface) means t h a t heaving should occur only when the soil just beneath
the ice lens is fully wetted. Pore water pressure m a y be less t h a n atmospheric,
and entrapped bubbles m a y be present, but a continuous air-phase should
not exist in unfrozen soil next to a growing ice lens. This result provides
a basis for Beskow's use of "capillarity" (i.e. air entry value) as a means of
judging susceptibility of soils to heaving. Unsaturation at a distance below
a growing ice lens m a y not preclude lens growth, since "series-parallel"
transport (7) in closed columns of moist soil subjected to a temperature
gradient usually leads to saturation at the cold end, and m a y satisfy the
requirement stated. It does appear, however, t h a t hydraulic flow in unsaturated unstratified soil cannot sustain lens growth. An exception m a y
be found in aggregated soils where intro-aggregate pores are empty.
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SUMMARY

Relationships between particle size, overburden pressure, pore water
pressure and freezing temperature of ice lenses in soil are derived for
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systems of uniform spheres in regular states of packing. The derivations
involve geometric approximations, the assumption of osmotic pressure in
the film between an ice lens and soil particles which support it and a pressure discontinuity at a curved ice-water interface given b y the classical surface tension equation. Experimental d a t a obtained with narrow fractions
of fine silt conform to values calculated for uniform spheres.
RÉSUMÉ

Des relations entre diamètre des particules, tension d'eau suspendue,
tension d'eau des pores et température de congélation des lentilles de glace
dans le sol ont été dérivées à partir de systèmes, composés de particules
sphériques de dimensions égales, en état de compaction régulier. Ces
dérivations comprennent des rapprochements géométriques et admettent
l'existence d'une pression osmotique dans le film qui sépare la lentille de
glace et la particule de terre qui la porte, ainsi qu'une discontinuité de
pression pour les surfaces de contact courbés entre la glace et l'eau, telle
qu'elle est reprise dans la formule classique de la tension superficielle.
Des données expérimentales, obtenues sur des fractions de limon fin étroitement calibrées, correspondent d'une façon satisfaisante avec des valeurs
calculées pour des valeurs sphériques de dimensions égales.
ZUSAMMENFASSUNG

Beziehungen zwischen Korngrösse, Hangwasserdruck, Porienwasserdruck
u n d die Friertemperatur von Eislinsen im Boden werden für Systeme von
gleichgrossen Kugeln in regelmässigem Packungszustand abgeleitet. Die
Ableitungen umfassen geometrische Annäherungen, sowie die Annahme
von osmotischem Druck in dem Film zwischen einer Eislinse u n d Bodenteilchen welche sie tragen, und eine Diskontinuität im Druck bei einer
gebogenen Eis-Wasser-Berührungsfläche, angegeben in der klassischen
Oberflächenspannungsgleichung. Versuchsergebnisse mit engbegrenzten
Feinschlufffraktionen stimmen befriedigend mit für gleichförmige Kugeln
berechneten Werten überein.
DISCUSSION

RAO CHANNAPRAGADA: Has a, surface tension been considered as a function
of temperature and other variables?
R. D. MILLER: No, it is difficult to arrive at a value for a and estimates vary
widely. Changing the value of a alters both coordinates in Figure 3 in the
same proportion, so that the precise value of a is of secondary importance.
G. MILLETTE: Can you explain why clay soils of Alberta (Canada) shrink
upon freezing?
R. D. MILLER: Taber explained this in his original papers.
DAN ZARLAUS: 1. In the equation for forces balance, the osmotic pressure
is introduced as an actual force. This is duplicating part of the hydrostatic
pressure which is separately introduced. An osmotic pressure is not an actual
pressure but one that would build up if equilibrium is to be gained.
Once equilibrium is established this term is already expressed in hydrostatic
pressure term.
2. It should be emphasized that a is the ice-water interface energy and not
water-air interface surface tension.
R. D. MILLER: 1. This question reflects lack of clarity in the oral presentation
of material in the second paragraph of the manuscript. At equilibrium, the
hydrostatic pressure in the film differs from that in the pore water as required
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by force balance, with the difference in pressure being given the name of osmotic
pressure. This is analogous to the conventional definition of osmotic pressure
in a solution separated from pure water by a semi-permeable membrane.
2. Again, the manuscript is explicit on this point, though the verbal presentation evidently was not.
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1.7

KLASSIFIKATION DER BÖDEN NACN IHRER TEXTUR
(zu agronomischen Zwecken)
von
N. A. KATSCHINSKI

Staatliche Lomonosow-Universität und Dokutschajew-Institut für Bodenkunde
der Akademie der Wissenschaften der UdSSR, Moskau
EINLEITUNG

Die Textur des Bodens bestimmt in beträchtlichem Maße fast alle seine
Eigenschaften, wie chemische, physikalisch-chemische, physikalische,
physikalisch-mechanische und sogar biologische; und insgesamt — die
Fruchtbarkeit des Bodens. Deshalb ist es verständlich, daß die mechanische Analyse des Bodens in der Praxis der Bodenkunde, der Agronomie
und der Grundwasserkunde am verbreitetsten ist.
Um die Bemühungen der Fachleute für Bodenkunde verschiedener
Länder miteinander in Einklang zu bringen und gegenseitiges Verständnis
zu erreichen, muß eine einheitliche Klassifikation der Böden der Textur
nach ausgearbeitet werden. Diese Notwendigkeit ist nun herangereift.
Ein solcher Versuch wurde schon auf dem II Internationalen Kongreß für
Bodenkunde unternommen, und obgleich er nicht ganz erfolgreich war,
trat in den vergangenen Jahrzehnten eine merkliche Annäherung zwischen
den in den verschiedenen Ländern bestehenden Klassifikationen der
mechanischen Elemente des Bodens und den Klassifikationen der Böden
nach ihrer Textur ein. Die Arbeit in diese Richtung muß fortgeführt werden.
In vorliegenden Vortrage werden in Kürze die in Forschungsarbeiten in
der UdSSR und in einigen Ländern Europas und Asiens zu Anwendung
kommenden Grundprinzipien der Klassifikation der Böden der Textur
nach dargelegt.
KLASSIFIKATION DER MECHANISCHEN BODENBESTANDTEILE NACH IHRER GRÖBE

Unter den mechanischen Bodenbestandteilen sind isolierte Gesteinsund Mineralteilchen, wie auch Teilchen von im Boden befindlichen amorphen
Verbindungen zu verstehen, deren sämtliche Teilchen in chemischen Wechselbeziehungen zueinander stehen.
In Tabelle I wird unsere letzte Klassifikation der mechanischen Bodenbestandteile unter dem Gesichtswinkel der Geschwindigkeit ihres Sinkens
im Wasser nach der Formel von Stokes G.G. angeführt.
Da wir in einem kurzen Vortrage nicht die Möglichkeit haben, die Klassifikation der mechanischen Bodenbestandteile an sich zu begründen, heben
wir nur ihre wesentlichsten Besonderheiten hervor.
Der Steinanteil des Bodens ( > 3 mm) besteht aus Gesteins- und Mineralbruchstücken. Faktisch weisen sie keinerlei Kapillarität und keine Wasserkapazität auf. Sie sind vollkommen wasserdurchlässig. Steinböden sind
bei hohem Steingehalt ein Hindernis für die Bodenbearbeitung.
Kies (3—lmm). Die Gesteins- und Mineralteilchen sind ihrer Größe nach
als Übergangserscheinung vom Steinboden zur Feinerde zu betrachten.
Ihre Kapillarität und Wasserkapazität sind verschwindend gering. (Die
Wasserkapazität ist geringer als 3 Prozent). Sie sind vollkommen wasserdurchlässig. Wenn Kies in der Gesteinsschicht oder in der zu beackernden
Schicht enthalten ist, vergröbert er sie, doch macht er die landwirtschaftliche
Bearbeitung des Territoriums keineswegs unmöglich.
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TABELLE 1. Klassifikation

der mechanischen Bodenbestandteile.

Mechanische Elemente
Steine
Kies

>3
3-1

l Grobsand
| mittlerer Sand
l Feinsand
Staub
t grober Staub
(Schluff) | mittlerer Staub
{ feiner Staub
j grober Schlamm
Schlamm ! feiner Schlamm
V Kolloidschlamm
'physikalischer Sand'*
'physikalischer Ton'*

Sand

Effektiver Durchmesser der
mechanischen Bodenbestandteile
in mm

1-0,5
0,5-0,25
0,25-0,05
0,05-0,01
0,01-0,005
0,005-0,001
0,001-0,0005
0,0005-0,0001
< 0,0001
>0,01
<0,01

* Durch den Gebrauch der Ausdrücke 'physikalischer Sand' und 'physikalischer Ton' soll betont werden, daß in diesem Falle nicht der chemische und der
mineralogische Bestand der Teilchen gemeint ist, sondern nur die mit der Größe
verbundenen Eigenschaften hervorgehoben werden.
Natürlicher Sand (1—0,05 m m ) besteht aus Mineralteilchen, hauptsächlich aus Quarzteilchen u n d in geringerem Maße aus Gesteinsteilchen. E r
weist eine bedeutende Wasserdurchlässigkeit auf, wobei er sich jedoch
durch spürbare Wasserkapazität (5—10—-15 % ) und Kapillareigenschaften
auszeichnet. Demzufolge ist natürlicher Sand zum Anbau von Feldkulturen
u n d zur Aufforstung (hauptsächlich Kiefern) geeignet.
Staub (0,05—0,001 mm) wird durch einen hohen Gehalt an Quarz u n d
einigen anderen Mineralien (Feldspat, Glimmer u.a.) gekennzeichnet. Die
Staubteilchen weisen in isoliertem Zustande nicht die positiven Eigenschaften
des Sandes auf, und stellen bei der Bildung der Bodenstruktur den 'passiven' Teil dar. Böden, in denen mittlerer und feiner S t a u b vorherrscht,
setzen sich äußerst schnell ab, haben eine schwache S t r u k t u r und eine
geringe Luft- und Wasserdurchlässigkeit. Bei der Beackerung eines strukturlosen Bodens leisten sie einen großen Zugwiderstand.
Schlamm ( < 0,001 mm) enthält außer primären eine bedeutende Anzalh
von sekundären Mineralien (Beidellit, Montmorillonit, Kaolinit, H y d r o glimmer, Halloysit u.a.; in verschiedenen Böden ist ihr Gehalt verschieden).
Schlamm ist reich an Sesquioxyden von Eisen und Aluminium, enthält
viel Ca", Mg", K - , Na - , P 2 0 5 , H u m u s und Spurenelemente u n d bildet folglich den Nährreichtum des Bodens. Schlamm ist an der Oberfläche sehr
aktiv. E r spielt eine wichtige Rolle als Bindestoff bei der Strukturbildung.
Entsprechend den in unserem Laboratorium durchgeführten Untersuchungen von E. I. Kotscherina entspricht die oberste Grenze der Brownschen Bewegung der Teilchen in einer Wasserdispersion für Podsolboden
und ihre stabile Koagulation in schwachen Salzlösungen einem effektiven
Durchmesser von 0,001—0,002 mm. Die plastischen Eigenschaften treten
nur in Teilchen < 0,005 zutage.
D I E KLASSIFIKATION DER BÖDEN NACH IHRER TEXTUR.

Bei der gegenwärtigen mechanischen Bodenanalyse werden alle mechanischen Bodenbestandteile geschlämmt und dadurch berücksichtigt:
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Sand (1—0,05 mm), Staub (0,05—0,001 mm) und Schlamm ( < 0,001 mm).
Darum muß bei der Klassifikation der Böden die Quantität der im Boden
enthaltenen Fraktionen in Betracht gezogen werden. Da die Quantität der
verschiedenen Fraktionen bei der mechanischen Bodenanalyse in größtem
Maße von der Methode der Vorbereitung der Probe zur Analyse abhängt,
teilweise auch von der Technik der Schlämmanalyse der Suspensionen,
muß anerkannt werden, daß jede beliebige Klassifikation der Böden
nach ihrer Textur auf eine bestimmte Analysemethode aufgebaut werden
muß. Daraus folgt, daß man nicht eine beliebige Klassifikation benutzen
kann, ohne die Methode der mechanischen Analyse der Probe zu berücksichtigen.
Es muß in Betracht gezogen werden, daß im Boden mechanische Bestandteile verschiedener zeitlicher Dauer vorhanden sind: ephemere (wasserlösliche Salze), in beständige Bestandteile übergehende (Karbonate, Gips)
und beständige Bestandteile (Silikate, Alumo- und Ferrosilikate und
andere in Wasser unlösliche Verbindungen). Deshalb halten wir es für
richtig, bei einer mechanischen Analyse des Bodens unsere Aufmerksamkeit
nur auf dessen beständige dauerhafte Teil zu lenken und nur auf diesen
bezieht sich unsere Klassifikation der Böden nach ihrer Textur. Was die
im Boden vorhandenen wasserlöslichen Salze und Karbonate betrifft, so
müssen sie durch andere Methoden berücksichtigt werden.
Entsprechend diesen Bedingungen, beinhaltet die von uns empfohlene
Methode der mechanischen Analyse der Böden folgende Vorbereitung der
Probe zur Analyse.
Der karbonathaltige Boden wird mit einer Lösung von 0,2 n HCl solange
bearbeitet, bis sich keine Bläschen C0 2 mehr absondern. Der nichtkarbonathaltige Boden, wie auch der auf genannte Weise vorher bearbeitete
carbonathaltige Boden, wird auf einem Filter erst mit 0,05 n HCl bis zur
Verdrängung der- Ca-Ionen und dann mit Wasser bis zur negativen Reak-3
tion auf Cl-Ionen durchspült. Die bearbeitete Bodenprobe wird mit 250 cm
destilliertem Wasser in einem Kolben eine Stunde lang gekocht, wobei
1 n NaOH (entsprechend der Sorptionskapazität des Bodens) hinzugefügt
wird. Die Analyse wird auf Grund einer Pipettenmethode in einem Zylinder
(1 L) mittels einer Pipette unserer Konstruktion durchgeführt *.
Die Veränderung der Beschaffenheit der mechanischen Bodenbestandteile hängt von ihrer Größe, ihrer Form und ihrem chemischen und mineralogischen Bestand ab.
Diese Veränderungen lassen sich beständig mit der Vergrösserung oder
Verminderung der mechanischen Bestandteile beobachten, doch bestehen
Grenzpunkte, an denen diese Veränderungen besonders scharf, sozusagen
sprunghaft zutage treten. Daraus resultiert die Notwendigkeit einer Einteilung der mechanischen Elemente in Sand (1—0,05 mm), Staub (0,05—
0,001 mm), Schlamm ( < 0,001 mm), wie auch in 'physikalischen Sand'
( > 0,01 mm) und 'physikalischen Ton' ( < 0,01 mm).
Die von uns entworfene Klassifikation der Böden beruht auf den Proportionen der genannten Fraktionen mit gewissen Untereinteilungen in
der zu analysierenden Probe (Tabelle 2 und Abb. 1).
Tonböden können (nach der kurzen Skala) staubig und schlammig sein.
Alle Kategorien von Lehm werden in staubige und sandige Lehmarten
eingeteilt, je nachdem, ob Sandfraktionen (1—0,05 mm) oder Fraktionen
groben Staubes (0,05—0,01 mm) überwiegen. Das Dominieren der übrigen
* N. A. Katschinski. Der mechanische und der Mikroaggregatbestand des
Bodens und die Methoden seiner Erforschung. M. Verlag der Akademie der
Wissenschaften der UdSSR, 1958.
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TABELLE

2. Klassifikation der Böden nach der Textur.
1. Kurze Skala
Gehalt an physikalischem Ton (Teilchen
< 0,01 mm), %

Kurze Bezeichnung
der Böden
der Textur nach

lockerer Sand
bindiger Sand
lehmiger Sand
leichter Lehm
mittlerer Lehm
schwerer Lehm
leichter Ton
mittlerer Ton
schwerer Ton

Böden
Podsoliger Typ Steppentyp der
Bodenbildung,
der
Krasnosem und
Bodenbildung
Sheltosem
0-5
5-10
10-20
20-30
30-40
40-50
50-65
65-80
>80

Solonetz und
starksolonzierte Böden

0-5
5-10
10-20
20-30
30—45
45-60
60-75
75-85
>85

0-5
5-10
10-15
15-20
20-30
30-40
40-50
50-65
>65

2. Klassifikation der Böden dem Steingehalt nach
Teilchen
> 3 mm, %

Steingehaltsgrad des
Bodens

Typ dem Steingehalt nach

<0,5
0,5-5

nicht steinig,
geringer Steingehalt

Wird nach dem Charakter
der Skelettbodenart festgestellt
Böden können in Rollstein
Kiesel- und Schotterböden
zerfallen

5-10
>10

mittelmässiger
Steingehalt
grosser Steingehalt

Fraktionen wird terminologisch nicht bezeichnet. Lehmige Sande werden
in staubige, sandige und kiesartige eingeteilt: Sandböden in grobkörnige,
mittelkörnige und feinkörnige, je nachdem, ob diese oder jene Fraktion
dominiert. Jede dieser Sandkategorien kann kiesartig sein.
Die kurze Skala wird bei der schätzungsweisen Bestimmung der mechanischen Bodenzusammensetzung auf dem Felde (mittels vereinfachter
Geräte und Methoden) und bei der Zusammenstellung von Karten kleinen
Maßstabes verwandt. Bei der Zusammenstellung von Karten großen Maßstabes ist eine detaillierte Klassifikation erforderlich, wobei der Ton in
schweren, mittleren und leichten eingeteilt und die mechanische Bodenzusammensetzung nach den quantitativ überwiegenden Fraktionen angegeben
werden muß.
Wir heben folgende Fraktionen hervor: kiesartige (1—3 mm): sandige
(0,05—1 mm): grobstaubige (0,05—0,1 mm); staubige (0,01—0,001 mm)
und schlammige ( < 0,001 mm). In einer detaillierteren Klassifikation werden auch die Proportionen zwischen 'physikalischem' Ton und 'physikalischem' Sand (wie in Tabelle 11) und zwischen allen obenerwähnten Fraktionen mechanischer Bestandteile berücksichtigt. Schwarzerde enthält
zum Beispiel 80 % 'physikalischen' Ton, 45 % Schlamm, 25 % mittleren
und feinen Staub, 20 % Grobstaub, 10 % Sand. Die dominierende Fraktion
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Bodenklassen nach der mechanischen Zusammensetzung abhängig von dem
Gehalt an physikalischem Ton (in % des Trockengewichtes).

Loser
Sand

ËHH

Bindiger Lehmiger Leichter Mittlerer Schwerer Leichter Mittlerer Schwerer
Sand
Sand
Lehm
Lehm
Lehm
Ton
Ton
Ton

I

V

*

*

—»—s-

1. Physikalischer Sand (Teilchen >0,01 mm); 2. Physikalischer Ton (Teilchen
< 0,01 mm); 3. Böden des podzoligen Typus der Bodenbildung; 4. Böden des
Steppenbodenbildungstypus, Krasnoseme und Scheltoseme; 5. Solonetzböden
und Starksolonzierte Böden.
dieses Bodens bildet Schlamm, den zweiten Platz nimmt Staub ein, den
dritten — grober Staub und Sand. Einen solchen Boden nennen wir der
mechanischen Zusammensetzung nach staubig-schlammigen mittleren Ton
(Tabelle 2).
Ein anderes Beispiel. Bezeichnen wir den podsoligen Boden seiner Textur
nach als schlammig-grobstaubigen schweren Lehm, so bedeutet das, daß der
Boden 40—50 % 'physikalischen' Ton (siehe Tabelle 2) enthält. Die in
diesem Falle quantitativ dominierende Fraktion ist Grobstaub ; den zweiten
Platz nimmt in quantitativer Hinsicht Schlamm ein; den dritten — alle
übrigen nichtgenannten Fraktionen.
Die detaillierte Klassifikation empfehlen wir bei der Zusammenstellung
von Bodenkarten mit einem Maßstabe von 1 : 25000 und genauer.
Auf Grund dieser Klassifikation wurden in der UdSSR 40 sich durch
ihre mechanische Zusammensetzung voneinander unterscheidende Böden
konstatiert. Zum Beispiel können mittlere Lehmböden (siehe Tabelle 2)
eingeteilt werden in: staubig-schlammige, schlammig-staubige, grobstaubigschlammige, schlammig-grobstaubige, staubige, schlammig-sandige, staubigsandige *.
* 'Staubige' Lehmböden weisen als zweitgrößte Fraktion groben Staub
(0,01—0,001 mm) auf, dagegen nimmt in den 'grobstaubigen' den zweiten
Platz der Quantität nach eine 0,01—0,05 mm betragende Staubfraktion ein.
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Grundsätzlich ist es wünschenswert über eine besondere Klassifikation
für jeden Bodentyp nach seiner Textur zu verfügen. Es gibt aber gegenwärtig zu wenige Anhaltspunkte für die Ausarbeitung eines Systems solcher
Klassifikation. In unserem Bestreben, diesem Ziel näher zu kommen, haben
wir auf Grund des uns zur Verfügung stehenden Materials eine Klassifikation für drei Bodengruppen ausgearbeitet (Tabelle 2, und Abbildung 1).
Versuch einer Bonitierung verschiedener Böden ihrer Textur nach unter
Berücksichtigung der in ihnen vorhandenen Mengen von Nährstoffen, der
Wasser-, Luft- und Wärmeregimes und des Schwierigkeitsgrades ihrer Kultivierung zu Zwecken des Getreideanbaus.
Die Einschätzung erfolgt innerhalb einer jeden Bodenzone des europäischen Teils der UdSSR und des Kaukasus auf Grund des Zehnnotensystems (Tabelle 3).
ZUSAMMENFASSUNG

Im Vortrag werden die Klassifikation der mechanischen Bestandteile
des Bodens ihrer Größe nach und die Klassifikation der Böden ihrer Textur
nach dargelegt.
Die mechanischen Elemente des Bodens werden eingeteilt in: Steine,
Kies, Sand (grober, mittlerer und feiner Sand), Staub (grober, mittlerer
und feiner Staub) und Schlamm (Teilchen mit dem effektiven Durchmesser
< 0,001 mm). Schlamm zerfällt seinerseits in groben, feinen und Kolloidschlamm. Im Vortrag werden die Wesenszüge der mechanischen Bestandteile des Bodens betrachtet.
Die Klassifikation der Böden nach ihrer Textur wird mittels zweier
Skalen dargestellt: a) einer Haupt- und einer Ergänzungsskala.
Der Einteilung der Böden in Klassen nach ihrer Textur liegen die Proportionen der Fraktionen zugrunde: > 0,01 und < 0,01 mm. Eine genauere
Charakteristik der Böden nach ihrer Textur beruht auf den Proportionen der
Fraktionen des Kieses (1—3 mm), des Sandes (0,05—1 mm), des Staubes
(0,001—0,05 mm) und des Schlammes ( < 0,001 mm).
Im Vortrag wird die These begründet, daß jede Klassifikation der Böden
nach ihrer Textur auf einer bestimmten Methode der mechanischen Analyse
aufgebaut werden muß, da sich bei der Analyse je nach der angewandten
Methode die Größe der mechanischen Fraktionen voneinander unterscheidet.
Der Vortrag enthält eine die Zonen berücksichtigende Bonitierungsskala
nach der Textur.
SUMMARY

This paper is reviews the principles underlying the classification of soils
according to their texture as widely applied in soil research in the Soviet
Union and in some of the countries of Asia and Europe.
Table 1 gives our latest classification of the mechanical elements of the
soil according to their precipitation velocities in water by the Stokes'
formula.
Since the yield of different fractions is largely determined by the method of preparation of the sample to be analysed and partly — by the precipitation technique adopted for suspensions one cannot but admit that
any classification of soils according to their texture should be arranged in
conformity with the mechanical analysis chosen. In view of the above it is
impossible to apply this or that classification arbitrarily, regardless of the
mechanical analysis method. Our classification of soils according to the
texture includes two scales: brief (table 2) and detailed.
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TABELLE 3. Mechanische Zusammensetzung

Zonen

der Böden und ihre Einschätzung

Unterzonen

nach dem

10-Notensystem.

Ton

schwerer
Lehm

mittlerer
Lehm,
staubig

mittlerer
Lehm,
sandig

leichter
Lehm,
staubig

leichter
Lehm,
sandig

lehmiger
Sand,
grobstaubig

lehmiger
Sand,
staubigsandig

mittlerer
mittlerer
und feiner und grober
Sand
Sand
(bindiger)
(lockerer)

podsoliger Gleiboden
eigentlich podsoliger
Boden
podsoliger Rasenboden

4

6

7

8

10

9

8

7

5

3

5
6

6
7

7
9

8
10

10
8

9
7

7
6

6
5

5
4

3
2

grauer
Waldboden

für alle Unterzonen

8

10

9

8

8

7

6

5

4

2

Schwarzerde

fruchtbare, mächtige
und gewöhnliche
Schwarzerde
Südliche (schwächere)
Schwarzerde, wie auch
die Schwarzerdegebiete am Asowschen
Meer und in Ciskaukasien

10

9

8

7

6

5

4

3

2

1

9

10

9

8

7

6

5

4

3

1

podsoliger
Boden

dunkelkastanienfarbener
kastanien- und hellkastanienfarbener
Boden

8

9

10

9

8

7

6

5

3

1

7

8

9

10

9

8

7

6

3

1

brauner Boden

für alle Unterzonen

7

8

10

9

7

6

5

4

2

1

Serosem

für alle Unterzonen

8

10

9

8

7

6

5

4

3

1

Krasnosem und
Sholtosem

für alle Unterzonen

10

9

8

7

6

5

4

3

Sholtosem-podsolig

für alle Unterzonen

8

9

10

8

7

6

5

4

Kastanienfarbener Boden

-

—
3

2
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When mapping on larger scales a more detailed classification is required.
The soil obtains a more detailed denomination, according to the texture.
For example: medium clay, silty, clayey or heavy loam etc.
A detailed classification for all soil survey operations on larger scales,
beginning with a scale of 1 : 25,000 and further, is proposed.
TABLE 1.

Effective diameter of
mechanical elements in
soil (mm)

Names of mechanical
elements

>3

stones

3-1

gravel
sand

coarse-graded
medium-graded
fine-graded

0,05-0,01
0,01-0,005
0,005-0,001

silt

coarse-graded
medium-graded
fine-graded

0,001-0,0005
0,0005-0,0001
<0,0001

clay

coarse-graded
fine-graded
colloidal

1 — 0,5
0,5-0,25
0,25-0,05

'physical' sand
'physical' clay

>0,01
<0,01
TABLE 2. Brief scale
Physical clay content (of particles < 0,01 m m %)
Soils
Podzolic type
of soil-formation

Steppe-type soilformation; red
and yellow soils

Slightly and
strongly salinized soils

0-5
5-10
10-20
20-30
30-40
40-50
50-65
65-80
>85

0-5
5-10
10-20
20-30
30-45
45-60
60-75
75-85
>85

0-5
5-10
10-15
15 — 20
20 — 30
30-40
40-50
50-65
>65

Brief soil name
according to
texture

Loose sand
Close sand
Sand loam
Light loam
Medium loam
Heavy loam
Light clay
Medium clay
Heavy clay

Classification of soils according to grade of stoneness
Ref. No.

% of particles
3 mm

Grade of
stoneness

1.
2.
3.
4.

<0,5
0,5-5
5-10
>10

Non-stony soil
Slightly stony
Medium story
Stony

Mode of stoneness
Established according
to the skeleton part
Soils may be bouldertype, graveltype, and
rubble-type.
136

1.7
RÉSUMÉ

Dans cette communication, les constituants mécaniques du sol sont
classés d'après leur diamètre et les sols d'après leur texture.
Les éléments mécaniques du sol ont été subdivisés en: pierres, graviers,
sables (grossiers, intermédiaires et fins) pousières (grossières, intermédiaires
et fines) et boues (particules d'un diamètre effectif inférieur à 0.001 mm).
Les boues sont subdivisées en Boues grossières, fines et colloïdales. Les
caractéristiques de ces différents constituants mécaniques du sol sont discutées.
La classification des sols d'après leur texture est représentée au moyen
de deux tableaux: un tableau principal et un tableau complémentaire.
La subdivision des sols en classes d'après leur texture est basée sur les
rapports entre les fractions > 0.01 et < 0.01 mm. Une caractérisation
plus précise fait appel aux proportions des graviers (1—3 mm), des sables
(0.05—1 mm), des pousières (0.001—0.05 mm) et des boues ( < 0.001 mm).
La thèse est avancée que toute classification du sol d'après la texture
doit être basée sur une méthode d'analyse mécanique bien définie. Le pourcentage des différentes fractions varie en effet avec la méthode utilisée.
Un tableau de référence donne les valeurs de texture pour les différentes
zones (Tableau 3).

DISCUSSION

T. J. MARSHALL: HOW do descriptions of texture in the field compare with
this classification?
N. A. KATSCHINSKI: Classification of textural groups of soils given in my
report is based on the field soil characteristics as well as laboratory analysis.
More than 10.000 mechanical analyses of soils have been studied statistically.
Classification underwent gradual refinement and at the present time is
accepted as essential for the soil cartography in the Soviet Union.
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CONCERNING THE FORCES OF WATER RETENTION BY SOILS
by
M.

TSCHAPEK

Institute de Suelos y Agrotecnia, Cervino 3101, Buenos Aires
Lately, with reference to the investigation of the long-range forces by
Derjaguin (1954) and Overbeeck (1954) every time bigger significance is
given to the surface forces in the water retention by soil; particularly is the
opinion emitted concerning the importance of these forces up to the Field
Capacity (F.C.).
It is interesting to note, that such ideas were emitted formerly in the
literature, although without the corresponding mathematical analysis.
As an example it is possible to mention the works of Mattson (1932) and
Lebedeff (1927, 1936). For regarding the water that remained after draining ( ^ F.C.), the latter even introduced the notion of the "maximum
molecular moisture holding capacity".
Meanwhile, experiments showed that with the common soil conditions and
moisture the capillary forces predominate. For instance, the Moisture
Equivalent (M.E.) of sand and clay are about 2 and 20 %, respectively,
while their surface areas are about 50 and 50.10* cm2 g _1 . Absence of proportionality between M.E. and surface areas demonstrates that M.E. (or
F.C.) cannot be explained completely by surface forces. In sand and coarse
dispersed soil, M.E. is retained principally by capillary forces at the points
of contact of particles. This is easily shown when M.E. determinations are
plotted as a function of surface tension of water (<r), as shown in Fig. 1. To
reduce the surface tension of water, alcohol: ethyl, propyl, butyl (1,0 M/L)
were used.

30

4-0

50

BO

70

©O

<D
Fig. 1. Moisture Equivalent (M.E.) at different surface tension (a). 1. Kaolin;
2. Soil; 3. Sand.
The curves for sand and soil do not leave any doubt about the importance
of surface tension (a) in Moisture Equivalent. The behaviour of kaolin is
different, because the M.E. does not show the influence of a.
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With respect to kaolin, the following cases may present themselves:
a) the water is uniformly distributed as a film held by adsorptional forces,
or is filling the spaces of repulsion between the particles;
b) the water fills the capillaries of < 1 p diameters, from where at a
pressure of 0,5 atm it is hard to displace.
If we assume that water distributes itself on the surface of kaolin (assuming = 15ma g"1) in a homogeneous film, we obtain an average water film
thickness of about 0.03 fi. When using other liquids, including non-polar,
the thicknesses do no change appreciably, for instance n-heptane: 0,03 /*,
n-cetane: 0,04 n, etc. The kaolin, the same as aluminosilicates, has a hydrophylic surface, therefore it would be a mistake to admit that such, comparatively a thick layer of apolar liquids could be adsorbed by a kaolin surface.
The question of repulsive forces in apolar media excludes itself completely
because the double layer in such a medium remains thin. Therefore, those
experiments show that the predominant forces of water retention at ME or
FC in kaolin should be of a capillary nature.
In order to confirm this supposition, a determination of water content in
kaolin sediment, at different pressures, was made. 2 mm thick kaolin
sediments were obtained on the filter in the ultrafiltration Bechholdapparatus. The water was displaced gradually from the capillaries of the
sediment by means of pressure increases; at some determined pressure,
there was a "break" of gas through the sediment. Using the formula:
0 = 4a/P (here: 0 is diameter in cm; a is surface tension in dynes cm - 1 and
P is pressure in dynes cm -2 ), the maximum capillary diameter was calculated.

P(atm)
Fig. 2. Water content in kaolin paste at different pressures in equilibrium.
1. Solution of Butyl alcohol (1 M/L); 2. Water. Arrows show minimum pressure
at which the "break" was observed.
Curves shown in Fig. 2 give us the water contents in kaolin at different
pressures. Curve 1 corresponds to a sediment obtained from a water suspension of kaolin, which contained 1 M/L of butyl alcohol, while curve 2
corresponds to a sediment obtained from a water suspension of kaolin,
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which did not contain surface active substances. Arrows show minimum
pressures at which the "break" was observed (1,5 and 4,0 atm.). Calculations
of capillary diameters
in both cases give 0,72 n (surface tension of water
= 72,7 dynes cm - 1 and 1,0 M/L of butyl alcohol solution = 27,0 dynes cm -1 ).
In the Bechhold apparatus for ultrafiltration, using cellophane membrane
from below and above, the kaolin paste (2 mm layer), was prepared with
water and with the solution of butylic alcohol, and submitted to high
pressures. These experiments show that the water content is always less in
the kaolin which contains surface active substances, and that proves the
prevalence of capillary forces (Tschapek, 1959.)
Also experiments of water movement in a soil column as a function of
gradient of its surface tension show the dominating importance of capillary
forces, at least up to the Permanent Wilting Percentage (P.W.P.). To the
soil column containing 13,2 % of water, 1 cm3 water or solution (1,0 M/L)
of butylic alcohol was added at one end. After some time the distribution
of water in the column was determined. As shown by the curves, (Fig. 3)
the water conductivity up to P.W.P. is influenced by the capillary pressure
(Pa = 2ajr). In contrast to the Pa, the osmotic pressure (Po) has no
influence upon the water movement. So, that from the experiments with
added electrolytes, was established the absence of its influence upon water
(liquid) movement in the soil.
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Fig. 3. Water movement in the soil column (48*) 1. Initial water content;
2. Final content (for water); 3. Final content (for solution of Butyl alcohol
(1 M/L).
To the capillary phenomena, in the ample sense, could be added also
the water film movement, although it does not appear as a capillary one.
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Water in sand, with water content < F.C. does not move capillarily, a
fact that is possible to show according to the distribution of electrolytes by
evaporating water through one of its ends. Anyway these observations do
not permit to conclude that water movement in a liquid state is absent in
such sand. So that in contacting sand layers containing different quantities
of water (F.C), liquid water movement is observed.
Water in the disperse systems, at low moisture content, is present in
two ways: as films and as meniscus at the contact points. The water film
covers the surface of particles and usually has a convex surface, while the
water meniscus mainly has a concave surface. A convex surface of water
meniscus may have importance only if moisture content is > Field Capacity.
Derjaguin and his coworkers (1956—1958) presented very interesting
papers on thin films in such disperse systems as a soil. These authors admitted that in thin films there is a pressure deficiency due to the fact that
it exerts an equal pressure on the outside. Such a theory came up when it
was established that a water film does not run completely to the meniscus
in spite of having different kinds of surfaces (the film a convex and the
meniscus a concave).
A question about qualitative relation between these two forms of water
film and meniscus have not yet been resolved, because there is a great
experimental difficulty.
We can assume that on the soil particle's surface there only remains
a part of film which is related to it. Edelfsen and Anderson (1943) and later
Bolt and Miller (1958) had an ample discussion on the problem.
The data which we find in the literature gives us a basis to admit that
water movement in the soil at low moisture content occurs thanks to the
capillary forces of the meniscus through water films on the surface. Water
film plays only the role of a link between two menisci. From this point
of view at low moisture content a principal importance is ascribed to the
capillary forces.
By thermodynamica! analysis a question arises whether we should accept
capillary pressure as variable. As it is known, that Edelfsen and Anderson
(1943) did so, while Babcock and Overstreet (1955) do not recommend it
and avoid it by introducing a new variable (water content). Some authors
introduce as variable the free surface energy. That makes it possible to use
capillary pressure (Per) without connecting it with 'macro' pressure (P),
a method that we have applied.
Though not denying the possibility of the influence of adsorbent surface
forces up to certain depth (Henniker, 1949) it is necessary to accept that
this is not strong enough to be taken into account on thermodynamical
calculations. It is here accepted that water surface tension remains constant
up to the first layer of adsorbed molecules.
Complete differential of Gibbs function (G) for soil water (without
electrolytes) can be represented (at a = const) thus:

where:
\*T)p.s

=

~S*]

(ÏPJT.S

=

V)

VS)T,P

=

°

here:
S* — entropy; S — surface; P — pressure; V — volum; a — surface tension
T — temperature;
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from which it follows that:
dG = - S*dT + VdP + adS
And at T = const, and P = const. :
(dG)r, p = adS
Passing from G to chemical potential (ft) :

(2)
(3)

(dG)r,p = (/*—/*o) ^M

(4)

and
M — fo

ds
dn

(5)

ds
By substitution for -=- in (5) it becomes for convex surfaces:
/*r

^r

- * - ?J
- *• — " 7

(cylindrical)

(6)

(spherical)

(7)

On the other hand:
fi0 = RT In

(8)
£o
By substitution for (ft — /i0) in (6) and (7) it becomes for convex surfaces:
V- = RT In £ '
r
o
V- = RT In

(9)

a

(eq. Thompson) (10)

Because the meniscus are connected with each other by means of the
film and are in equilibrium with it, the water movement from greater
moisture toward less moisture must flow through films. For two concave
meniscus of different radii we can write:

V
»*-"»-~
'\k~£j
— are radii of concave meniscus (r > T'I):

here: rx and r2
At r2 3> rx it becomes:

in)

2

/v, — i»r. =

(12)

-Va-

Owing to the fact that radii of curvature r2 and rx correspond to two films
of thicknesses h2 and hlt then it can be expressed approximately in this way:

^-^' = -Va{i-¥j

(13)

/*», —torn— — Vo

(14)

and at h2~^>hx.

K
a .

here: — r represents a drop of pressure in the film, while T is a pressure
exerted by film upon the outside i.e. Derjaguin's 'disjoining pressure'.
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This formula gives the possibility of determining er/h at different value of plp0.
So for two important Imoistures: F.C. {plp0 = 0,9997) and P.W.P. (plp0 =
0,99) the ajh is equal to 0,4 and 14,0 atm. respectively.
It is interesting to emphasize, that the calculated thickness of the film
according to this formula at pjp0 = 0,2 gives 3 Â, i.e. a molecular layer,
that was 'a priori' accepted by many authors.
For higher values plp0 it does not agree with the experimental ones, because
with an increase of capillary water there is a surface decrease.
Water movement investigations at low moisture content were realized
with sand and soil (from Pampa). In tubes 10 cm long and 2,5 cm wide
were put in contact two samples of soil (or sand) at different moisture
contents. After a certain time of rest in a horizontal position the water
content was determined. In parallel experiments between samples there
was placed a layer of paraffinized glass beads, through which only water
vapor could pass. Moreover, in the same experiments to recognize the
influence of electrolytes on the water movement, at low moistures, salt was
added to one of the samples. In the following figures are given the results
of some experiments.
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Fig. 4. Water movement in the sand columns (60 days). 1. Initial content:
2,40—0,90%; 1,72-0,90%; 2. and 3. Final contents after 60 days. Vapor
movement was insignificant.

From fig. 3 can be seen the water movement in the sand is also produced
at moisture lower than F.C. ( = 2,2 % ) .
From fig. 5 and 6 it can be concluded that at moisture close to P.W.P.
(for this soil = 13,0 %) electrolytes have no influence on the water movement in a liquid state.
This conclusion by no means contradicts the theoretical considerations
of Derjaguin (1956) and Winterkorn (1955), since in the similar to soil
disperse systems the water moving down to lowest moisture, probably
depends upon the meniscus of contact points.
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SUMMARY

1. Investigations on the influence of surface tension (a) upon retention
of water by soil show, that up to P.W.P. capillary force has an outstanding
importance.
2. Investigations on the influence of capillary and osmotic forces upon
water movement in the soil, at reduced moisture content, permit to establish
that capillary forces are predominant while osmotic forces have no influence
whatsoever.
3. For thermodynamic analysis it is suggested to include as a variable a
free surface energy of water, which would permit the use of a capillary
pressuie without any connection with a 'macro' pressure (P).
RÉSUMÉ

1. Des recherches sur l'influence de la tension superficielle (a) sur la
rétention de l'eau par le sol montrent que jusqu'au point de fanaison permanent (P.W.P.) les forces capillaires ont une très grande importance.
2. Des recherches sur l'influence des forces capillaires et osmotiques sur
le mouvement de l'eau dans le sol maintenu à un taux d'humidité réduit,
permettent d'établir que les forces capillaires prédominent tandis que les
forces osmotiques n'ont aucune influence.
3. Pour l'analyse thermodynamique il est suggéré d'inclure comme
variable l'énergie libre de la surface eau, ce qui permettrait d'utiliser une
pression capillaire non liée à une 'macro' pression P.
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ZUSAMMENFASSUNG

1. Untersuchungen den Einfluss der Oberflächenspannung (a) auf das
Wasserfesthaltungsvermögen im Boden betreffend, haben gezeigt, dass
bis zum P.W.P. (permanenten Welkepunkt) die Kapillarkraft hervorragend
wichtig ist.
2. Untersuchungen über den Einfluss der kapillaren und osmotischen
Kräfte auf die Wasserbewegung im Boden, bei reduziertem Feuchtigkeitsgehalt, erlauben festzustellen, dass Kapillarkräfte vorherrschend sind,
während osmotische Kräfte überhaupt keinen Einfluss haben.
3. Zur thermodynamischen Analyse wird empfohlen, eine freie Oberflächen-energie des Wassers, welche die Anwendung eines Kapillardrucks
ohne irgendwelche Verbindung mit einem 'makro'-Druck (P) erlauben würde,
mit einzuschliessen.
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MISCIBLE D I S P L A C E M E N T IN S A T U R A T E D AND U N S A T U R A T E D
SOILS
by
J . W . BlGGAR AND D . R . N I E L S E N *

When a fluid containing a tracer in solution is displaced from a porous
medium b y the same fluid without a tracer, the miscible displacement (MD)
results in a tracer concentration distribution which depends upon both
microscopic flow velocities and tracer diffusion rates. Studies of MD in
various porous materials have been made by a number of investigators for
the purpose of defining analytically and developing mechanisms by which
both tracer and fluid move through porous material.
Slichter (6) attempted to follow ground water movement through aquifers
using a tracer. He observed t h a t a general dispersion or spreading of the
salt took place from the point of injection which he accounted for by flow
velocity distribution in the pores. More recent work shows t h a t other
factors involved in dispersion during MD involve statistical distribution
of the p a t h lengths, diffusion, ion exchange, adsorption and precipitation.
W i t h rare exception, all work to date appears to be limited to porous
materials saturated with the fluid. Statistical models (2, 4, 5) describing
the material have been used to calculate the probability of a salt grain
appearing at some distance from the point of injection. Models proposed
b y de Jong (2), Rif ai (4) and Scheidegger (5) have been used with some
success to describe dispersion in saturated sands and exchange resins,
somewhat less complicated media than soils.
Published results are often misleading in their description of dispersion
because the process of molecular or ionic diffusion m a y be occurring simultaneously with the dispersion resulting from velocity distribution. The
relative importance of the two processes to tracer movement have not
been shown experimentally with the exception of work reported b y H a n d y
(3) and de J o n g (2).
Day (1) has indicated t h a t hydrodynamic dispersion can occur in ion
exchange processes without an apparent effect on dispersion properties of
the media.
A better knowledge of the principles of miscible displacement will result
in a more complete physical description of fluid flow and fluid dependent
processes occurring in soil. I t is the purpose of this paper to point out
the importance of MD b y considering the movement of a tracer in fluid
flowing through soils under different boundary conditions.
METHOD

Samples of soil screened through 2 m m sieve were uniformly packed in
30 cm long 7.62 cm diameter lucite tubes. The water content and flux
density were controlled using fritted glass bead porous plates on each end of
horizontal columns. The soil moisture suction over the entire length of
column was almost the same even though small differences in suction were
required for flow. Even at high total suctions, the difference in suction
never exceeded 5 cms. Water was introduced into the soil using a hanging
* Assistant Irrigationist and Assistant Professor of Irrigation, Department
of Irrigation, University of California, Davis.
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water column and the effluent collected by means of a vacuum arrangement.
Collection of the effluent in this way allowed samples to be obtained as
close as possible to the end of the soil column thereby eliminating dispersion
outside the sample.
Three soils, Oakley sand, Yolo loam and Columbia silt loam were used in
the investigation. The non-tracer water was 0.01 N CaS0 4 boiled water, and
the tracer water was 0.1 N CaCl2 boiled water. Analysis of the chloride
ion was by titration with AgNOs. Problems involving deflocculation and
microbial activity were neglible. A constant volume flux was maintained
throughout the entire time of the experiments with adjustments in head of
less than 0.4 cm.
RESULT AND CONCLUSION

All figures to be presented are the result of measuring CI - concentration
in the effluent. Consider Figure 1 in which water containing CI - tracer of
concentration (C0) displaces tracer-free water or visa versa under stationary
flow conditions. The appearance of tracer at the outflow end of the column
well in advance of the expected tracer-free front if piston flow had occurred
illustrates a true difference in the microscopic flow velocities in the soil.
The congruent nature of the curves for the addition and removal of the
tracer indicates the satisfactory use of Cl - as a tracer in this soil. The
initial part of the breakthrough curve (e.g. at 400 ml) differs significantly
from the latter part of the curve between 800—1000 ml. This difference
results from the differential capacity of the flow channels to transport the
tracer water and will be more fully dealt with later.
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Figure 1. Breakthrough curves for Columbia silt loam
The breakthrough curve obtained using average flow velocity v (average
microscopic flow velocity is calculated by dividing v by the water filled
porosity) of 0.054 cm/hr for the case of Figure 1 is reproduced and compared
to that of a faster velocity of 2.49 cm/hr presented in Figure 2. The same
soil column was used to study the effects of both flow velocities. The
displacement to the left at the smaller flow velocity as well as the slight
rotation of the curve to the right about a midpoint of C/C0 = 0.5 is caused
by ionic diffusion coupled with the hydrodynamic dispersion during miscible
displacement. In this respect, the breakthrough curve at the slower velocity
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might be expected to cross the breakthrough curve at the faster velocity.
However, the flow which occurs in the smallest pores is sufficient to offset
this effect. This is not the case for the Yolo soil presented in Figure 3.
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Figure 2. Breakthrough curves for Columbia silt loam at two average flow
velocities for the same sample.
The breakthrough curves do cross suggesting an important difference
between the Yolo and Columbia soils. For the Yolo soil a large number of
the smaller pores act as static sinks to chloride diffusion. As a result, the
diffusion of CI - which does occur from the larger pores having high Cl~
concentrations into the smaller ones of lower concentration results in a
less rapid breakthrough and a greater transport volume before the maximum
C/C0 = 1.0 is reached. The Columbia on the other hand has a more narrow
velocity distribution which tends to mask the effect of diffusion which has
occurred.
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Figure 3. Breakthrough curves for Yolo loam at two average flow velocities
for the same sample.
Figure 4 presents three breakthrough curves for Oakley sand determined
at three different water contents on a volume basis but run at the same
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average flow velocity. The relative concentration C/C0 is related to t h e
number of pore volumes leached through the column. Unsaturating the soil
has resulted in a progressive shifting of the breakthrough curve to the left
at the initial breakthrough. Desaturation of the sand eliminates larger
flow channels and creates static sinks. Whereas diffusion is relatively
unimportant in the saturated sand, it becomes significant at the velocity
used under desaturated conditions. This explains the slow approach to
C/C0 = 1 . 0 and the increase in the skewness of the breakthrough curve.
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Figure 4. Breakthrough curves for Oakley sand at three water contents.
In all figures, it is significant to notice the large magnitude of mixing
or spreading of salt associated with the initial fresh-water salt-water
boundary. A major portion of this mixing is a result of flow velocity distributions previously shown b y other investigations using sands and
synthetic materials. Ionic diffusion in previous experiments was recognized
only as a minor cause of tracer mixing or spreading. But the large displacements of the breakthrough curves in this study for different velocities, for
different soils, and for different water contents are caused in part by ionic
diffusion. Ionic diffusion manifests itself to a greater degree in the Yolo
and Oakley soils than in the Columbia. This manifestation is brought
about b y a greater number of static sinks in the Yolo and in the partially
desaturated Oakley. The distribution and total volume of these static
sinks will be a characteristic property of the soilwater system and must
be taken into account when considering exchange and leaching processes.
Statistical models describing tracer distributions in sands and synthetic
materials appear to be unsatisfactory for miscible displacements in soils.
Work is in progress to develop and test statistical and other models which
will satisfactorily describe tracer distributions in saturated and unsaturated
soils.
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SUMMARY

When a fluid containing a tracer in solution is displaced from a porous
medium b y the same fluid without a tracer, this miscible displacement
results in a tracer concentration distribution which depends upon microscopic flow velocities, tracer diffusion rates and other chemical and physical
processes. The tracer appeared at the end of the soil column well in advance
of t h a t expected had no mixing occurred at the boundary of the tracer and
tracer-free water. Physical differences between porous materials were
manifested by changes in shape and position of breakthrough curves
owing to ionic diffusion. One of the more important physical features was
the magnitude of the volume of water not readily displaced at saturation
and its increase when the soil was desaturated. Because the total flux of
water moving through field soils is generally small, the role played by
hydrodynamic dispersion and diffusion in transporting dissolved solutes
must be included in the theory of most soil-water processes.
RÉSUMÉ

Quand un liquide, contenant un 'tracer' en solution, est déplacé d'un
milieu poreux par ce même liquide ne contenant pas de 'tracer', ce déplacement miscible donne lieu à une distribution de la concentration en
'tracer' qui dépend à la fois de vitesses d'écoulement microscopiques, du
taux de diffusion du 'tracer' et d'autres processus physiques et chimiques.
Le 'tracer' arrivait à la fin de la colonne de sol bien avant que l'on pouvait
s'y attendre au cas où aucun mélange n'eut eu lieu à la limite entre les
deux liquides. Des différences physiques entre matériaux poreux différents
se reflètent par des variations de la forme et de la position des courbes de
passage, grâce au phénomène de diffusion ionique. Une des caractéristiques
physiques les plus importantes était l'ampleur du volume d'eau qui ne se
déplaçait pas facilement à l'état de saturation, et l'augmentation de ce
volume après désaturation du sol. Du fait que le flux total de l'eau qui se
meut a travers le sol en place est généralement petit, le rôle, joué par la
dispersion hydrodynamique et la diffusion dans le transport de matières
en solution, doit être pris en considération dans la théorie de la plupart des
processus impliquant l'eau du sol.
ZUSAMMENFASSUNG

Wenn eine ein Spurenelement in Lösung enthaltende Flüssigkeit aus
einem porösen Medium durch dieselbe Flüssigkeit ohne Spurenelement
verdrängt wird, dann resultiert aus diesem mischbaren Ersatz eine Konzentrationsverteilung des Spurenelementes, welche von mikroskopischen
Fliessgeschwindigkeiten, Diffusionsgeschwindigkeit des Spurenelementes
und anderen, chemischen und physischen Prozessen abhängig ist. Das
Spurenelement erschien am Ende der Bodensäule deutlich in stärkerer
Konzentration als erwartet werden konnte, wenn keine Mischung an der
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Grenze des spurenelementhaltigen Wassers und des davon freien Wassers
stattgefunden hätte. Durch Änderungen in der Form und Stellung der
Durchbruckskurven infolge der Ionendiffusion, wurden physische Unterschiede zwischen verschiedenen porösen Materialien offenbar. Eine der
allerwichtigsten Eigentümlichkeiten erwies sich die Grösse des nicht sofort
bei der Sättigung ersetzten Wasservolums und dessen Zunahme, wenn der
Boden entsättigt wurde. Da die totale Wasserbewegung durch Böden im
Felde im Allgemeinen gering ist, muss die Rolle welche die hydrodynamische
Dispersion und Diffusion in der Verschiebung gelöster, löslicher Stoffe
spielt, in der theoretischen Betrachtung der meisten Boden-Wasser-Prozesse
mit eingeschlossen werden.
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EFFECT OF SOIL TEMPERATURE ON WATER USE BY PLANTS *
by
MORRIS E.

BLOODWORTH

The relation of climate to plant growth and development in both dryland
and irrigation agriculture is one of the oldest as well as one of the most
modern of soil and plant physiological problems. A survey of modern literature shows quite convincingly that environment, which includes both
soil and climatic factors, still claims the attention of leading soil and plant
scientists throughout the world. Although viewpoints and methods have
changed with time, the underlying principles of water absorption and utilization by plants continue to challenge the researcher.
The importance of quick, effective, and accurate methods for using the
plant as a direct indicator of certain environmental conditions has long
been recognized. However, little is known at the present time about the
use of plants as direct indicators of their environment. This is due primarily
to a lack of adequate methods and techniques for properly characterizing
plant response to a changing environment.
Studies concerning plant environment cover a wide field, not because
so many different factors are involved, but because each factor is subject
to many quantitative variations. Furthermore, there is a constant interaction
between all factors, and a change in one can readily influence the others.
Plant scientists agree that growth is the result of a complex chain of
closely interrelated processes, many of which are directly influenced by
temperature. Hagan (9) has indicated that the effect of temperature on
plant development has been studied by many investigators, but entire
plants have frequently been subjected to different temperatures in such a
manner that it was practically impossible in most cases to determine the
effect of temperature on growth response of certain portions of the plants
under study. Furthermore, he did not find soil temperature-growth data
for the various plant organs at different stages of development.
In conducting experiments with cotton to determine the effects of soil
temperatures on water absorption, Arndt (1) found that plants growing in
the greenhouse wilted on clear, warm days when the soil temperature ranged
between 10° C. and 18° C, even though an ample supply of soil moisture
was available for plant use.
Hubbard on Herbert (11) observed that cotton plants wilted considerably
on warm days following cold nights even in the presence of sufficient soil
moisture. Wilting disappeared as soon as the soil warmed, and there was no
apparent visual damage to the plant other than a retardation of growth.
Similar studies and observations have been conducted by Kramer (12)
who concluded that rates of water absorption decreased with lower temperatures, both for plants growing in soil and in water. Cotton was found
to absorb only 20 % as much water at 10° C. as at 25° C. Meyer, Anderson,
and Böhning (14) have reported similar results for cotton and indicated
* A contribution of the Department of Agronomy, The Texas Agricultural
Experiment Station and The Agricultural and Mechanical College of Texas,
College Station, Texas. The support, in part, of this work by the Olin Mathieson
Chemical Corp. is gratefully acknowledged. The author wishes also to acknowledge the assistance of James Mulkey, Jr., graduate assistant in Soil Physics.
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that transpiration by sunflower plants was curtailed greatly below a soil
temperature of 55° F.
The results of other soil temperature studies reported by such workers
as Barney (2), Brown (6), Cameron (7), Nelson (15), and Schroeder (16)
have shown generally that cooling of the roots produced wilting through
lowering the capacity of those organs to absorb water. Such lowered absorption might be occasioned by increased viscosity of the water which
accompanies cooling, decreased permeability of the root protoplasts and
cell walls due to lowered temperature, retardation of the rate of root elongation, decreased metabolic activity of the root cells, and doubtless other
complex factors.
A review of the literature concerning the effect of soil temperature on
water use by plants revealed that little to no control of aerial environment
was effected in a majority of the studies reported. Furthermore, much of
the reported data have been obtained with small floriculture plants, leaves,
or root sections removed from growing plants. No temperature data have
been found in the literature where both the soil and aerial environment
were controlled as reported by Bloodworth (3) in another paper.
Due to a lack of soil temperature data as related to water use and the
importance of aerial environment, as well as its over-all control over
transpirational water losses by agricultural plants in the semi-arid and
arid regions where irrigation is practiced, it was found necessary to initiate
a study to obtain more fundamental information on water absorption and
use by plants as affected by soil temperature and related factors. Such a
study also necessitated the inclusion of several different combinations of
aerial environment.
The objectives of this paper are two-fold. First, it is to report preliminary
work concerning soil temperature which has been accomplished in controlled
environmental studies with cotton plants; and second, to evaluate further
a thermal method (4, 5) for measuring water flow rates in agricultural
plants as affected by temperature changes. Cotton was chosen for study
because of its major agricultural importance in this country, as well as the
fact that it is grown in many different climatic zones throughout the world.
APPARATUS AND PROCEDURES

Since results obtained from use of the thermal method during the last
six years have indicated that it could be used successfully as a tool for
studying the effects of aerial environment on water absorption and movement in plant stems (4, 5), it appeared that the technique should be applicable for use in measuring or indicating the influence of soil temperatures on
water use by plants.
The method consisted of a brief, local application of moderate heat to
the stem of the plant and then detection of the rate at which the slightly
warmed water moved in the stem. A thermistor, which was used as one arm
of a modified Wheatstone bridge, was located 1.9 centimeters above the
point at which heat was applied. This permitted measurement of the time
required for transfer of warmed water up the stem from the point of application. Since rate is distance divided by time, the rate of water flow was
determined without difficulty.
Because of a recently completed controlled environment system (3),
it was possible to subject both the aerial part and root system of plants to
variable conditions of climate in a way which heretofore has not been reported. A general over-all view of the controlled plant enclosure is illustrated in figure 1. The plant enclosure is made of clear plastic and is 10
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feet long, 4 feet wide, and 4 feet high. Effective aerial temperature control
ranges between 45° F . and 115° F . ( ± 2° F . ) ; wind velocities can be varied
between 1 and 20 mph.; relative humidity is controlled automatically
between 15 % and 90 % ( ± 2 % ) ; a light intensity of 3850 foot-candles
can be obtained; and day length is controlled b y the use of timing devices.
Light quality is effected b y using fluorescent and incandescent lamps (3).

Figure 1. An illustration of the method used for both soil and aerial environmental control. Soil temperatures were controlled by an external water circulation system as shown. The electronic controls for measuring water flow rates
are shown to the left and below the plant chamber.
Soil temperature was controlled t o ± 1° F . b y a circulating water system
(AMINCO) * as illustrated in figure 1. One-half inch copper tubing for
water circulation was coiled around an insulated galvanized-iron cylinder.
Two-gallon glazed ceramic pots were placed in the soil-temperature control
unit, and the open surface a t the top was kept covered with aluminum foil
to prevent excessive temperature differentials near the soil surface. Thermometers and thermocouples were installed at different depths and locations
within the root zone for the purpose of determining the distribution of
soil temperature.
Water movement rates in the plant stem, which were used as indicators
of the different treatments applied, were determined as outlined previously,
but in more detail in previous papers (4, 5). The measuring Wheatstone
bridge circuit was modified as originally reported (4) to use a Sargent SR
recorder ** as an indicator of deflection for flow-rate measurements.
A wall-type galvanometer had been used previously. The recorder expedited greatly the rate in which readings could be obtained and gave an
immediate and permanent recording of the data in chart form.
RESULTS AND DISCUSSION

Soil and Air
Temperatures
The curves illustrated in figures 2, 3 and 4 indicate t h a t the thermoelectric method was used successfully and provided a simple technique
* Model 4-86E Constant Temperature Bath, American Instrument Company,
Silver Spring, Maryland.
** Model SR recorder as manufactured by E. H. Sargent and Company,
Dallas, Texas.
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for studying the relationship between soil temperatures and the environment which prevailed around the aerial part of cotton plants.
D a t a presented in figures 2 and 3 are somewhat similar to those reported and discussed b y Kramer (12), Meyer, Anderson, and Böhning (14),
and others in t h a t the absorption of water by cotton plants was curtailed
greatly below 60° F., even with a pronounced reduction in air temperature.
Cotton plants used in obtaining data illustrated in figure 2 were 60 days old,
while those used in collecting soil temperature d a t a for figures 3 and 4
were 85 days of age.
140
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Figure 2. Water flow rates vs. soil temperature curves obtained with different
air temperatures and from cotton plants which were 60 days of age. Approximately one-half of the total light, as measured at the top of the plants, was obtained from reflector-type incandescent lamps. The abbreviation W. V. indicates
wind velocity in miles per hour.
The most apparent difference between the two sets of d a t a (figures 2
and 3) occurs with 99° F . and 100° F. air temperatures. There is no exact
explanation as to why the difference at this particular level of temperature;
however, it is postulated t h a t light quality m a y have been a contributing
factor. The quality and intensity of light were different in figures 2 and 3.
About one-half of the total light in figure 2 was obtained from 150-watt
reflector-type incandescent lamps. The remaining amount of light was
obtained from 96-inch cool-white, slimline, fluorescent tubes. The source
of light for plants used to secure d a t a presented in figure 3 consisted of
cool-white fluorescent tubes and were supplemented b y four 150-watt
reflector-type incandescent lamps *. Recent reviews on environment b y
Hudson (10) and Went (18) have indicated t h a t a strong interrelation exists
* Day length used for all cotton plants ranged between 12 and 14 hours.
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between temperature (soil and air) and photosynthetic light, especially
in the red and infra-red parts of the spectrum.
The wind velocities were slightly different, and the increased velocity
shown in figure 2 may have caused some decrease in absorption because
of the high air temperature and increased DPD (diffusion pressure deficit)
around the plants. Although it has been indicated that an increased wind
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Figure 3. Water flow rates vs. soil temperature data obtained with different air
temperatures and from plants which were 85 days of age. All light, with the
exception of that received from four reflector-type incandescent lamps, was
obtained from 96-inch high-output fluorescent tubes (cool-white). Light
intensity was measured at the top of all plants used. The abbreviation W. V.
indicates wind velocity in miles per hour.
velocity can lower water movement rates in the stem under certain circumstances (5, 13), it is doubtful that such a small increase in velocity
could account for the observed difference. All plants were grown under
conditions of high moisture and fertility levels, so neither factor should
be considered as a hindrance to growth and the ready absorption and
movement of water through the plants. Previous studies (5) have indicated
that soil moisture stress decreases water flow rates with the magnitude being determined by the amount of moisture depleted from the soil. Therefore,
the inducement of moisture stress would have caused a more pronounced
lowering of water-flow rates in the cotton plants for a given soil temperature
or aerial environment treatment.
A further study of figures 2 and 3 reveals that the rate of water absorption
by the plants continued to increase with root and air temperatures up
to 105° F.; however, it was postulated that prolonged soil temperatures
greater than about 105° F. would have caused a depression in water flow
rates because of possible injury to some of the absorbing areas of the more
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tender roots. This condition has been observed in studies reported by Crafts
et al (8) and Kramer (12). Even though an ample supply of soil water was
available, several plants (60 days of age) were killed when the soil temperature remained at 50° F. for 24 hours. Aerial temperatures during the
same period ranged between 75° F. and 79° F. Similar results occurred
with plants used to obtain data shown in figure 2; therefore, studies with
elevated air temperatures and a soil temperature of 50° F. were not continued as indicated in figure 3. Cotton plants subjected to the 50° F. soil
temperatures for 18 hours usually shed all fruiting forms and often one or
more of the older bottom leaves. In some cases, small bolls were caused
to abscise. Plants also were severely wilted and appeared similar to a condition of severe soil moisture stress. Two to three days at soil temperatures
of 75° F. or above were required for the plants to regain previous flow rates
for a given condition of aerial environment.
A reversal of the soil and air temperature to 100° F. and 50° F., respectively, reduced the water flow rates to 34 centimeters per hour. Plant
leaves appeared to be rolled at the edges, but the over-all appearance did
not indicate any undue stress conditions. There was no fruit or leaf-drop
resulting from this treatment. Although the water flow rates for the two
conditions were somewhat similar, there was an apparent difference in the
response of the plants to change in soil and air temperature.
Relative Humidity
Relative humidity of the air is an environmental factor which is influenced strongly by temperature and forms part of the complex of factors
which affect evaporation and transpiration. Summaries by Went (18) and
Crafts et al (8) have indicated that a high humidity reduces transpiration
through the factors associated with it, namely, temperature. Such a moisture
condition of the atmosphere affects radiation absorption by the plant and
earth's surfaces, thereby, affecting both incoming and reflected radiation.
Wilson (19) has reported that the effect of low relative humidity on the
width of stomatal aperature is comparatively slight at medium and low
temperatures, but stomatal closure is accelerated at higher temperatures.
Stomatal aperature of cotton was found to decrease with decreased temperature. Thut (17) observed that leaves of cotton lost water linearly until
a relative humidity of 3 per cent was reached, and then the rate of loss
dropped very rapidly. Also, it was indicated that transpiration rate of leaves
was an inverse, linear function of relative humidity. These findings were
determined with individual leaves by a static diffusion method developed
by Thut.
In a recent review by Hudson (10), it is stated that few recorded facts
concerning the effects of humidity on growth and water use by plants are
available, especially where humidity has been treated as an independent
factor separate from evaporation. Furthermore, it has been thought that
the control of relative humidity was not necessary for most work under
controlled environments. However, more recent work (10) has shown that
humidity variations over a wide range may have effects of unrealized
importance, especially as related to both soil and air temperatures.
The data plotted in figure 4 indicate quite conclusively that relative
humidity does play an important role in water use by cotton plants. This
fact appears to be more pronounced at the lower temperature of 70° F.
than at the elevated temperature of 100° F. The greatest water use and
flow rates have been observed in cotton plants subjected to conditions of
high air temperatures (100° F.), 40 to 50 per cent relative humidity, and
wind velocities which ranged from 1 to 3 miles per hour. However, water
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flow rates have been found to be lower at temperatures near 100° F. and
when the relative humidity is lowered to approximately 25 per cent or
below. This occurrence can be observed in figure 4 but would probably be
much more pronounced with less mature plants. Such a condition is brought
about, perhaps, by the fact that the desiccating power of the surrounding
air is sufficiently great that absorption and transpiration of water cannot
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Figure 4. Water flow rates vs. relative humidity as affected by different air
temperature levels. The same physical set-up was used as outlined in figures
1 and 3.
off-set it; consequently, stomatal closure apparently occurs, and water
flow rates, as measured in the stem, become lower. Since this effect is not
observed when lower air temperatures prevail, it might be concluded
from these data that relative humidity is an important factor which can
influence water use by such plants as cotton and should not be discounted
or minimized in controlled environment.studies.
In conclusion, the data presented indicate that both soil and air temperatures are effective in causing rapid changes in water absorption and
use rates by cotton plants. A comparison of air and soil temperatures
indicated that the root system of cotton plants was more sensitive to
temperature changes as related to water use than the aerial part. The
results of the study to date substantiate and confirm previous findings in
which cotton and other similar type plants have been observed to wilt
severely during daily periods when the air is warm and the soil is cold.
Such an occurrence is often common in some of the western irrigated regions
of this country.
From the data presented, it appears that the thermal method may
be used with acceptable accuracy and sensitivity for studying water absorption as affected by soil temperatures and relative humidity. This phase
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of t h e study also indicated t h e advantage of t h e method for determining
water movement rates a n d evaluating certain environmental conditions
as they occurred, rather than depending on t h e collection d a t a which h a d
to be obtained over extended periods of time b y less-sensitive methods.
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SUMMARY

Plant scientists agree t h a t growth is t h e result of a complex chain of
closely interrelated processes, m a n y of which are directly influenced b y
temperature. Studies concerning t h e relationship of soil and air temperatures t o water absorption a n d t h e effectiveness of a thermal method for
measuring t h e water movement rate under such conditions were conducted
under controlled environment conditions in t h e laboratory with cotton
plants. Soil temperatures were controlled ± 1° F . b y a newly-designed
combination circulating water a n d electrical heating system, a n d t h e
aerial parts of t h e plants were subjected t o variable conditions of clim a t e b y a recently developed controlled environment system.
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Data obtained from the use of fruiting cotton plants indicate that the
thermoelectric method provided an immediate, simple technique for studying the relationship between soil temperatures and the environment which
prevailed around the aerial parts of the plants. The results also indicate that
the absorption of water by the plants under study was curtailed greatly
below about 60° F., even with a pronounced reduction in air temperature
and an ample supply of available soil moisture.
The rate of water absorption increased with an elevation of soil and air
temperatures; however, soil temperature greater than 107° F. usually
caused a depression in water flow rates, probably because of injury to some
of the absorbing areas of the more tender roots. Vigorous cotton plants
were sometimes killed when soil temperatures remained at 50° F. for 20
to 24 hours. Aerial temperatures during the same period ranged between
75° and 79° F.
The reported preliminary studies concerning relative humidity indicate
that this climatic variable does play an important role in affecting water
use by cotton plants. This fact appears to be more pronounced at the lower
temperature of 70° F. than at the elevated temperature of 100° F.
Results of the study are useful in helping to clarify several aspects
concerning the effect of soil and air temperatures on transpiration by
certain agricultural plants and have direct application to field problems of
this nature, especially in regions where wide diurnal fluctuations between
soil and air temperatures occur.
RÉSUMÉ

Les botanistes admettent que la croissance est le résultat d'une chaîne
complexe de processus étroitement liés, et dont beaucoup sont directement
influencés par la température. Des études qui ont trait aux rapports qui
relient les températures de l'air et du sol à l'absorption de l'eau, et à l'efficacité d'une méthode thermique pour mesurer la vitesse du mouvement
de l'eau dans ces conditions, ont été effectuées au laboratoire sur des plantes
de coton dans des conditions de milieu contrôlées. Les températures du
sol furent contrôlées à ± 1° F près par une technique nouvelle, utilisant
une circulation d'eau et un chauffage électrique. Les parties aériennes des
plantes furent soumises à des conditions climatiques variables grâce à un
nouveau système de contrôle de milieu. Les données obtenues avec du coton
arrivé au stade de la formation de la graine, indiquent que la méthode
thermo-électrique est une technique rapide et simple pour étudier les rapports entre la température du sol et les conditions régnant à proximité
des parties aériennes des plantes. Les résultats montrent aussi que l'absorption d'eau par les plantes étudiées était fortement gênée à des températures inférieures à 60° F, même pour des températures de l'air très réduites
et en présence de quantités largement suffisantes d'eau dans le sol. Le
taux d'absorption d'eau augmentait avec la température de l'air et du sol.
Toutefois, des températures du sol supérieures à 107° F diminuaient généralement le flux d'eau, probablement à cause de certains dégâts infligés
aux zones absorbantes des plus tendres racines. Des plantes de coton vigoureux succombaient parfois quand la température du sol restait à 50° F
pendant 20 à 24 heures. Pendant cette même période, la température de
l'air variait entre 75° et 79°F. Les études préliminaires rapportées ici,
et qui ont trait à l'humidité relative, indiquent que cette variable climatique joue un rôle important dans l'utilisation de l'eau par les plantes de
coton. Ce fait semble plus prononcé pour la température basse de 70° F
que pour la température élevée de 100° F. Les résultats de cette étude
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contribuent à rendre plus clairs plusieurs aspects de l'effet des températures
de l'air et du sol sur la transpiration de certaines plantes cultivées et ils
sont d'application directe aux problèmes pratiques qui y ont trait, spécialement dans les régions où il existe des larges fluctuations diurnes de
ces températures de l'air et du sol.
ZUSAMMENFASSUNG

Botanische Forscher sind sich darüber einig, daß das Wachstum der
Pflanzen aus einer komplizierten Reihe von eng mit einander verbundenen
Prozessen hervorgeht, von welchen viele direkt durch die Temperatur
beeinflußt werden. Um die Beziehung von Boden- u n d Lufttemperaturen
zur Wasserabsorption und die Auswirkung einer Thermalmethode zur
Messung der Wasserbewegung unter solchen Umständen zu studieren,
wurden im Laboratorium in wohl kontrolierter Umgebung Versuche mit
Baumwollepflanzen angestellt. Die Bodentemperatur wurde bis auf 1° F .
kontroliert durch eine neu entworfene Kombination von zirkulierendem
Wasser und elektrischer Heizung und den sich in der Luft befindenden
Teilen der Pflanzen veränderliche Klimaverhältnisse geboten durch ein
vor Kurzem entwickeltes, die Umgebung beherrschendes System.
Mit fruchttragenden Baumwollepflanzen erhaltenen Daten ergaben, daß
die thermoelektrische Methode sich erwies, eine direkte, einfache Technik
zu sein zum Studium der Beziehung zwischen Bodentemperaturen und
der Umgebung, welche rund den oberirdischen Pflanzenteilen vorherrscht.
Auch gaben die Daten an, daß die Wasseraufnahme durch obengenannte
Pflanzen unterhalb etwa 60° F . ansehnlich eingeschränkt wurde, selbst
bei deutlicher Erniedrigung der Lufttemperatur und reichlicher Versehung
mit verfügbarer Bodenfeuchtigkeit.
Die Menge absorbierten Wassers nimmt mit Erhöhung der Boden- und
der Lufttemperatur zu; jedoch, wenn die Bodentemperatur 107° F . übertrifft, verursacht dies einen Rückgang in der Menge der Wasserströmung,
wahrscheinlich durch Beschädigung der Absorptionsstellen der zarteren
Wurzeln. Kräftige Baumwollepflanzen starben manchmal ab, wenn die
Bodentemperatur 20 bis 24 Stunden auf 50° F . stehen blieb und die Lufttemperatur während derselben Zeit zwischen 75 und 79° F . schwankte.
Die mitgeteilten vorläufigen Studienresultate, die relative Feuchtigkeit
betreffend, zeigen, daß die Klimaschwankungen eine hervorragende Rolle
spielen durch die Beeinflussung der Wasseraufnahme durch Baumwollepflanzen. Dieser Einfluß scheint bei der niedrigeren Temperatur von 70° F .
mehr ausgesprochen zu sein als bei der höheren von 100° F .
Erwähnte Resultate sind nützlich, da sie helfen, verschiedene Aspekte
des Einflusses von Boden- und Lufttemperatur auf die Verdunstung gewisser landwirtschaftlicher Gewächse zu klären u n d direkte Anwendung
finden bei Feldproblemen dieser Art, speziell in Gebieten, wo große tägliche
Schwankungen in den Boden- und Lufttemperaturen vorkommen.
DISCUSSION

S. J. RICHARDS: Has progress been made in using electrothermal equipment
under conditions where ambient air temperatures are changing?
M. E. BLOODWORTH: Yes. Data has been obtained which indicates that
the technique can be used successfully where ambient air temperatures are
changing. Some of the data have been published.
L. LEYTON: Does the analysis of Marshall and Closs in New Zealand on
physics of heat flux in stems have any influence on interpretation of your
results ?
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M. E. BLOODWORTH: Data obtained to date by using agricultural crop plants
such as cotton, tomatoes, and pole beans indicate that the analysis of the workers
in New Zealand by using trees does not apply. However, tests are being made
presently to check this problem again to make sure that 'rate' of movement
is the quantity which is being measured.
DON KIRKHAM: You indicated that cotton was used as a test crop because
it was an important crop in the southern United States and elsewhere in the
world. Is this method useful for other crops such as corn (maize)?
M. E. BLOODWORTH: The method has not been used successfully on monocottype plants. Its success has been confined, to date, to dicot-type plants such
as cotton, tomatoes, and pole bean plants. Otherwise, it is assumed that water
is moving uniformly in the xylem which is cylindrical around the stem. This
assumption has been shown to be correct by laboratory studies.
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MULCHES AND THE ENERGY BALANCE AT THE SOIL SURFACE
by
PAUL E. WAGGONER

The Connecticut Agricultural Experiment Station, New Haven, Connecticut,
U.S.A.
The climate about the plant is profoundly influenced by the disposition
of the energy which comes from the sun and sky. Some heats the air, some
heats the soil and plants, some evaporates water, and some returns as radiation. The soil surface's disposition of the energy among these accounts
determines the activity of roots through a control of soil temperature and
moisture. Diverse coverings on the soil will change the disposition of
energy among the accounts and create a range of soil climate.
A great diversity of climates beneath the mulches was a prerequisite
to useful results. A film of translucent, natural polyethylene 152 fi thick;
an opaque black polyethylene film 38 p thick; and an aluminum film 152 /x
thick bonded to a polyethylene film of the same thickness provided a range
of optical properties that seemed certain to change importantly the energy
budget and the soil climate. On two May noons the temperature at a depth
of 2.5 cm was measured, Table I. The translucent and aluminum films caused
great and opposite changes in the midday energy budget and consequent soil
temperature. And the practical black film, which caused no great change in
temperature but which stops evaporation, provided a nice comparison. With
this clear indication of the considerable changes of climate possible to the
films, we turned to their dispositions of energy.
TABLE

I. The midday temperature of the soil 2.5 cm below the bare and film-covered
surfaces.
No mulch

Clear May day
Cloudy May day

22.2°C
30.0

Black film

Translucent
film

22.5
30.5

26.6
39.5

Aluminum
film
20.0
26.1

ENERGY BUDGETS OF THREE MULCHES

Balancing the energy accounts is a useful way of understanding how a
climate is produced at a surface. These accounts were established: Rt,
incoming radiation of all wavelengths; R0, outgoing radiation of all wavelengths; G, storage in the soil; W, evaporation or condensation of water;
A, vertical exchange with the air by conduction and convection. No account
was established for horizontal exchange because ideally the surface has no
vertical extent; nor were accounts established for the small quantities of
photosynthesis, respiration or storage of heat in plants. Thus, R< -f- R„ +
G + W + A equal zero, a simple analysis that will show how a variety of
mulches change the climate near the surface.
Mulched plots were established for the observation of the energy budgets
at the modified surfaces. A 9.2 by 9.2 m plot of well-drained fine sandy
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loam was plowed and harrowed and then raked and rolled by hand to an
apparent specific gravity of 1.5 in the top 5 cm. The four quadrants were
covered with three different mulches and one quadrant remained bare. The
films were pinned down at intervals of 30 to 90 cm. Although the soil had
been rolled, it was not perfectly plane, and air lay between film and soil
particles over much of the surface.
The density of radiation of all wavelengths was measured by Gier and
Dunkle (1) radiometers. A net radiometer measured the difference between
incoming radiation Rt- and the radiation striking the lower surface of the
meter, RL. The meter was supported at a height of 90 cm by a boom which
was swung over the different quadrants. Nearby, a hemispherical radiometer
measured R,-. After estimating R( and RL separately, R0 was estimated from
the view factors for the meter and quadrants and from the observations of
RL obtained above the four quadrants. Thus R0 is an estimate of outgoing
radiation from an infinite plane of the same material.
The G, storage in the ground or conduction to and from the soil, was
measured by heat flow transducers that were inserted into the soil profile
at a depth of 1 cm.
The W, energy used in evaporation, was estimated by the loss of weight
from soil-filled cans 3 cm deep and 7 cm in diameter. At the beginning of
each series of observations, the cans were filled with nearby surface soil
and then set with their tops within 3 mm of the adjacent soil surface. Since
evaporation from the soil beneath the films was a small fraction of that
from bare soil, the former was set equal to zero. The daytime loss of water

Open

Black

Translucent

Aluminum

Figure 1. Temperature profiles and the distribution of energy at an open or
exposed soil surface and at three mulched surfaces. The observations of 1120
hours, October 12, 1958, a clear day.
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was set equal to the positive net radiation, permitting an assignment of a
W to any moment. The nighttime loss was assumed constant. The transfer of
energy by distillation of soil moisture was ignored.
The A, energy exchanged with the atmosphere by conduction and convection, had to be estimated by difference after the other accounts of the
budget were estimated independently.
Temperatures resulting from the energy budgets were measured by 30gauge copper-constantan thermocouples exposed in the air or buried in the
soil.
The three films have already been described in the introduction. The
manner in which they distributed the energy received at noon on October 12,
1958 exemplifies their behavior on a clear day. These energy budgets and
the temperatures they produced are shown in Figure 1. In the same manner,
their behavior on a clear night, October 12, is shown in Figure 2.

Open

Black

Translucent

Aluminum

Figure 2. Temperature profiles and the distribution of energy. The observations
of 0020 hours, October 12, 1958, a clear night.
During the day, the black film absorbs much and reflects little insolation ; it can conduct little of this energy downward through the still layer of
air that lies between it and the soil; hence, the film itself becomes hot and
emits and conducts large amounts of energy to the air above, while the
soil beneath remains surprisingly cool. The translucent film transmits most
of the insolation to the soil beneath and warms it ; the upward loss of energy
from the soil is difficult because the layer of air beneath the film is still
and the film and the drops of dew upon it absorb and emit long-wave
radiation; thus, much heat is conducted into the soil and it becomes hot.
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The aluminum film reflects much, absorbs some and transmits no insolation;
like the black film, it can conduct little energy downward, but unlike the
black film, the aluminum remains cool; thus, the soil beneath remains very
cool.
At night, Figure 2, all surfaces, films and soil alike, emit more energy
than they receive from the cold sky. But the energy is replaced surprisingly
slowly through the still layer of air beneath the films, leaving the sheltered
soil warm. Each film has peculiarities: the soil beneath the black has
about the same temperature as that in the open and, hence, that beneath
black film loses slightly less heat and, during the night, becomes slightly
warmer than the exposed soil. The soil beneath the translucent film is hot
and loses more energy than the others; but the increase in loss is not proportional to the increase in temperature, and this film-covered soil remains
warmest of all. The low emissivity of the aluminum retards the radiational
loss, consequently the loss from the soil is decreased; and this soil becomes
warmer than the exposed soil.

E V A P O R A T I O N FROM A SURFACE ABOVE T H E

MULCH

The mulches obstruct the evaporation of water from the soil. The Figures
have shown that it essentially ceases beneath plastic films. But meanwhile
plants can provide access from soil to air, and the consumption of soil
moisture can proceed apace. Therefore, we turned to this more difficult
question of the effect of mulches upon transpiration, or the evaporation of
water from a surface held above the mulch.
Customarily, transpiration and evaporation are set proportional to the
net or difference between incoming and outgoing radiation. If this custom
were followed, a smaller loss of water would be predicted from sparse plants
growing through a reflective mulch than from plants growing through a
black mulch. But an evaporator above the soil or film receives, not the
difference, but the sum of incoming radiation measured above and of outgoing radiation measured below the evaporator. If the mulch is mostly shaded, this phenomenon is inconsequential; but where plants are sparse and the
mulch is sunlit, it can be considerable.
The magnitude of the effect of mulch color upon transpiration from
isolated plants was estimated on a clear noon. The net radiation above tan
kraft paper was only 0.68 of that above bare soil. At the same time an
elevated and isolated evaporator received radiation from both above and
below and emitted only an amount characteristic of its temperature and
emissivity: for a black body at air temperature this net receipt above tan
paper was 1.15 of that above bare soil. The loss from an elevated evaporator
was measured with a black atmometer bulb at a height of 37 cm above plots
similar to those already described. During clear and partly cloudy weather
the loss from the bulb above the paper was 1.12 times as great as the loss
from the bulb above bare soil, demonstrating the reality of the effect of
mulch color upon transpiration from tall, isolated plants. The evaporation
above black film and above hay was not significantly greater than the loss
above bare soil. A large increase is predicted for an evaporator above aluminum and a small increase for an evaporator above new and shiny translucent
film.
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SUMMARY

Compared to bare soil, an opaque mulch is warmed more by insolation
and conducts and emits more energy upward. At night these mulches, at
most points separated from the soil, receive less heat from below and lose
less energy upward. These processes are exaggerated if the covering has great
reflectivity or thickness or low emissivity. Consequently, the diurnal
amplitude of soil temperature is decreased and the mean may be changed.
A transparent mulch transmits insolation to the soil. The loss of energy
is retarded by air beneath and by the high emissivity of water on the film.
The sheltering film moderates the nighttime loss, but the loss from the
hot soil remains large. Thus, the temperature amplitude and mean are both
increased.
Because an evaporator, a leaf, held above a sunlit surface receives energy
from below as well as above, its evaporation is increased by reflective
mulches.
RÉSUMÉ

Comparé à un sol nu, un paillis opaque se réchauffe plus par insolation
et conduit et émet plus d'énergie vers le haut. Pendant la nuit ces paillis
qui, à part quelques points de contact avec le sol, en sont pour leur plus
grande partie séparés, reçoivent moins de chaleur d'en bas et perdent moins
d'énergie vers le haut. Ces processus s'accentuent quand les recouvrements
ont un grand pouvoir de reflection, une grande épaisseur ou un faible
pouvoir d'émission. Par conséquent, l'amplitude diurne de la variation de
la température du sol diminue et les valeurs moyennes peuvent être modifiées. Une couverture transparente laisse passer l'insolation vers le sol.
La perte d'énergie est retardée par la couche d'air sous le film et par le
pouvoir d'émission élevé de l'eau qui s'y condense. La protection assurée
par le film modère les pertes d'énergie nocturnes, quoique au dépens du
sol chaud elles restent importantes. Ainsi l'amplitude des variations de
température et les valeurs moyennes augmentent. Du fait qu'une surface
évaporante, telle qu'une feuille, tenue au-dessus d'une surface illuminée
par le soleil, reçoit de l'énergie aussi bien d'en dessous que d'au-dessus,
son evaporation est augmentée par des recouvrements du sol qui réfléchissent la lumière.
ZUSAMMENFASSUNG

Im Vergleich zu nacktem Boden, wird eine für Strahlung undurchlässige
organische Schutzschicht bei Besonnung mehr verwärmt und leitet und
strahlt mehr Energie aufwärts aus. In der Nacht bekommen diese meistens
lose auf dem Boden aufliegende Schutzschichten weniger Wärme von unten
her und verlieren weniger Energie aufwärts. Wenn die Deckschicht dick
ist, stark die Einstrahlung reflektiert oder ein geringes Emissionsvermögen
hat, werden jene Prozesse erheblich gesteigert. Demzufolge wird die tägliche
Amplitude der Bodentemperatur vermindert und auch die Mitteltemperatur
geändert.
Eine durchlässige Schutzschicht lässt die Besonnung zum Boden durchdringen. Der Energieverlust wird sowohl durch Luft unterhalb der Schicht
als durch das hohe Emissionsvermögen von Filmwasser zurückgehalten.
Der schützende Film mässigt den nächtlichen Verlust, aber der Verlust
aus dem heissen Boden bleibt beträchtlich. Folglich werden die Temperaturamplitude und die Mitteltemperatur beide erhöhnt. Ein verdunstendes
Blatt, über einer besonnten Oberfläche, erhält Energie von unten wie von
oben; seine Verdunstung wird daher durch eine reflektierende Schutzschicht merklich erhöht.
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THE TEMPERATURE DEPENDENCE OF THE DRYING OF SOIL
COLUMNS *
by
CRAIG L. WIEGAND AND STERLING A.

TAYLOR**

The evaporative drying of initially saturated soil generally consists of
a constant and two falling rate periods (6, 11, 12, 13, 14, 15) but the direct
experimental identification of the rate limiting process in the various stages
of drying is not easy. In the work reported here, information on the rate
limiting process in the drying of soil was sought through experiments designed to utilize the physio-chemical theory of rate processes. This paper
demonstrates the application of the theory.
THEORY

There are several physical processes t h a t , either singly or in combination,
could limit the rate of evaporative drying. Since evaporation is an endothermic process, the rate of supply of energy to the sites of evaporation
could limit the evaporation rate. If the evaporation rate is constant and
independent of the moisture content of the soil, external drying conditions
are deemed rate limiting (11, 12, 13).
Flow or diffusion of water to the evaporating surface or across a dry
soil layer might also limit the process. If unsaturated liquid moisture flow
to the site of evaporation is limiting, evaporation should be a function of
the square root of time (1, S). If vapor diffusion is limiting, the evaporation
r a t e should be low, change slowly with time, a n d be relatively temperature
insensitive (4, 10).
I n the kinetic approach used here, the rate limiting processes in drying
are analyzed at the molecular level and the energy barriers t h a t must be
surmounted b y molecules during the reaction are estimated (2, 7, 9).
At the molecular level, the evaporation of water consists of the escape of
water molecules t h a t have sufficient energy to break away from the surface
and the return of some proportion of t h e m to the surface. The net process
of drying is a result of the molecules t h a t permanently escape. The dominant
energy sink in evaporation is the phase transition so that the energy barrier
to evaporation should be commensurate with the latent heat of vaporization.
If unsaturated moisture flow to an evaporating surface limits evaporation,
self diffusion in the liquid films and surface migration of molecules probably both occur. In diffusion or viscous flow, energy required to break
hydrogen bonds constitutes a logical energy barrier limiting the flow rate
(16).
The rate of activated molecular processes such as those just described
are satisfactorily characterized b y the temperature dependence of the
reaction expressed b y
log k = ( - £ * ) / ( 2 . 3 0 R T) + A
(1)
*) Contribution from the Utah Agricultural Experiment Station, in cooperation with the twelve Western States and the Agricultural Research Service
through Western Regional Research Projects W-29 and W-68 and by contract
with the U.S. Army Signal Corps.
**) Formerly research assistant Utah State University, Logan, Utah, presently
with the Agricultural Research Service, USDA, Weslaco, Texas, and Professor
of Agronomy (Soil Physics), Utah State University, Logan, Utah.
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(7,9) in which k symbolizes any accurate parameter of molecular reaction,
E* is the activation energy (joules per mole), 2.30 is the factor for conversion
from natural to common logarithsm, R is the universal gas constant (8.314
joules per degree Kelvin per mole), T is the absolute temperature, and A
is a pre-exponential factor representing the rate of the reaction when the
activation energy is zero.
The magnitude of E* depends upon the sensitivity of k to temperature,
but is independent of its absolute magnitude or its units. Most processes
proceed faster at higher temperatures, because then, more of the molecules
have sufficient kinetió energy to surmount the energy barrier to reaction.
The sensitivity of reaction depends upon the molecular mechanism of
reaction since some mechanism are more temperature sensitive than others.
Implicit in the present theory is the consideration that the rate limiting
reactions differ in temperature sensitivity, and hence activation energies.
The activation energies can be used as a clue to the identification of the
molecular processes that limit drying. This use of the activation energies
is supported by knowledge that the possible limiting physical processes are
themselves temperature dependent and yield 'reference' activation energies.
Thus the temperature dependence of the vapor pressure of free water, the
diffusion of water vapor through air, and the fluidity of water yield upper
limits for the energy barriers associated with the processes for which these
properties could be rate limiting. A number of 'reference' values of interest
are listed in Table 1. These include both thermodynamic data and activTABLE 1. Reference values of thermodynamic functions and of activation energies
for various properties of water and water vapor as obtained from handbook data of their temperature dependence or from experiments on pure
water systems.
Property

Latent heat of vaporization
Vapor pressure of
water
Hydrogen bond
energy
Fluidity of water
Water-water self
diffusion coefficient
Diffusion coefficient
of water vapor
through air

Energy
kilojoules
mole

Symbol

Temperature or
temp,
range (°C)

Reference
(for data or energy)

43.9

AHVnp

10-40

Inter. Crit. Tbls. (10)

43.9

F*

10-40

18.8
16.7

•C v p

Inter. Crit. Tbls. (10)
Pauling after Wang,
et al. (16)
Inter. Crit. Tbls. (10)

19.2

-

?
10-40

Eh b
£*ti

25

£*l-dlH

4.2

10-40

Wang, et al. (16)
Inter. Crit. Tbls.
(10)

£*atm-d

ation energies for pure systems. It is realized that the values of some of these
activation energies could be somewhat different for soil moisture but the
values are considered to be good first approximations.
Application of rate process theory to the drying of soil consists of (a)
measuring the evaporation as a function of time at a given temperature
then expressing the results by a rate equation, (b) repeating the experiments
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at a series of temperatures and applying equation (1) to obtain the apparent
activation energy for drying from its temperature dependence, and (c)
interpreting the results in terms of molecular level reaction mechanisms.
Drying will be expressed by the generalized flow equation
Q = at>
(2)
or
log Q = log a + b log t
(3)
in which Q is the cumulative evaporation (grams water), a and b are 'constants' evaluated from the data, and t is time (hours). The cumulative
n

evaporation Q is by definition Xqt where q is the quantity of water evaporated
»=i

in a given time interval i, and n is the number of time intervals since drying
began. The evaporation rate is designated q/At where At is the duration
of the time interval.
The rate of the process can be characterized by log Q, log q/At, or log a,
and plotted against reciprocal temperature to obtain the activation energy
E*. As implied by the linearity of equation (1), the slope of such plots
equals (—£*/2.30 R) from which E* can be calculated.
EXPERIMENTAL

Soil columns 5.7 cm. in diameter and 31 cm. long, and others 6.9 cm. in
diameter and 18 cm. long were prepared by packing air-dry, screened
Millville silt loam soil homogeneously into leucite cylinders to an average
bulk density of 1.40. The dry soil was wetted to near saturation by water
flowing dropwise onto two thicknesses of filter paper on the surface of the
upright columns. The columns were then drained to a predetermined
moisture condition by applying suction to tensiometers embedded in the
columns. The tensiometers were installed at distances of 2, 4, 8, 12, and 16
cm. in the 18 cm. columns and at 2, 4, 8, 12, 16, 24, and 30 cm. in the 31 cm.
columns.
Thermistors calibrated to i 0.1° C were embedded in the center of the
soil columns at depths of 1, 2, 4, 6, 9, and 13 cm. in the 18 cm. columns and
at 0.5, 5, 10, 16, and 24 cm. from the drying surface of the 31 cm. soil
columns. Both the tensiometers and the thermistors were in place when the
soil was added to the cylinders.
Water replenishment at the distal end of the 31 cm. soil column was
effected by placing a grade M 'porvic' * membrane between the soil and
water contained in a reservoir attached to the soil column. A slight suction on the water in the reservoir prevented its flowing freely into the
soil column. Such an artificial water table was not provided for the 18 cm.
soil column.
A leucite disk was inserted into the open end of the cylinder to within 1 cm. of the soil in the cylinder. Both ends of the cylinder and the space
around the tensiometers and the thermistor leads were sealed. The cylinders
were immersed horizontally in a continually stirred constant temperature
water bath. The temperature of the bath was controlled at specific temperatures within the range 12.7 to 37.7° C. Control was sufficiently good
that no variation in reading of a thermometer graduated in tenths of
degrees could be detected when read using a hand lens.
* Supplied by Pritchett & Gold and EPS Company Ltd., Dagenham Dock,
Essex, England. The mention of specific companies or products does not
constitute endorsement
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Air which had been passed through silica gel to bring its relative humidity
to a constant low level was passed through the 1 cm. air gap between the
soil and the end of the cylinder. The air flowed at the rate of 3.5 liters per
minute. It was delivered to the soil column through 1/4 inch copper tubing
which extended through the cylinder wall and ended flush with the inside
wall of the cylinder 0.5 cm. from the soil surface. The exhaust arrangement
was the same as that of the delivery tube and was positioned diametrically
opposite the point of entry. The dry air was brought to the temperature
of the bath before its passage over the soil surface by flowing it through
coils of copper and rubber tubing submerged in the water bath. The moisture taken up by the dry air flowing across the surface of the soil column was
retained in a silica gel column. The evaporation rate and cumulative evaporation were determined from the wet and dry weights of these silica gel
traps alternated at frequent intervals. Weighings were made to ± 0.05 gm.
The data obtained at each reading included: (a) the temperature distribution in the soil column as obtained from the thermistor readings,
(b) the cumulative and rate of evaporation from the periodic weight increase of the silica gel columns and (c) the matric suction in the soil column
as indicated by the tensiometers. The time of each observation was recorded
to he nearest minute.
RESULTS AND INTERPRETATION

The cumulative evaporation as a function of time is shown in Figure 1.
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Figure 1. The cumulative evaporation of water from soil columns (log scale)
at different temperatures as a function of elapsed time (log scale) since evaporation began.
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According to such a plot, the intercept on the ordinate at unit time is a
(log scale), and the slope of the plot is the exponent, b, on time. It can
be seen that the intercepts of the cumulative evaporation-time curves
on the ordinate are in the order of the equilibrium temperature, that the
plots are very nearly parallel, and that most of them change slope after

TIME, hr.
Figure 2. Evaporation rate as a function of time at a series of soil temperatures
for two different soil systems: A, 18 cm. columns with no replenishment of water,
and B, 31, cm. columns with water supplies under suction at the moist end.
The arrows indicate time of slope change in Figure 1.
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2 or 3 days. In order that the plots be parallel on a log scale, the difference between the cumulative evaporation expressed by successive lines
must increase on moving upward along the cumulative evaporation axis.
Thus the effect of temperature on the initial evaporation rate is operative
at least to the time of the slope change.
The average of the statistically determined values of b for the data on all
of the runs was 0.918 ± .020 before the slope change and 0.478 ± -147 after
the slope change. These values of b indicate that, evaporation was close
to a linear function of time during the first evaporation period, and equal
to the square root of time after the slope change.
The evaporation rates as functions of time are presented in Figures
2a and 2b. The arrows designate the times of the slope changes shown
in Figure 1. They reveal that the slope changes occurred at longer times
in runs at lower temperatures.
The curves of Figure 2a (18 cm. column) illustrate the periods of drying
of a finite soil mass. The plateau region covering the time interval zero to
about 50 hours is the period of approximately constant evaporation rate.
This period is followed successively by a period of rapid decline in evaporation
rate and a period of low, slowly changing evaporation rate. According to
classical interpretation, these periods correspond to the period of evaporation
limited by external drying conditions, moisture flow within the sample, and
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vapor diffusion. The run at 12.7° C is exceptional since the constant rate
period lasted considerably longer than in the runs at higher temperatures.
The constant and first falling rate phases are not clearly distinguishable
for runs in the longer, 31 cm., columns with the artificial
water table.
2
(25.5
cm.
compared
with
These soil
columns
were
smaller
in
cross-section
37.4 cm.2 for the columns of Figure 2a). Since the dry air was passed over
both size columns at the same rate, drying conditions would be more
severe for those of smaller cross-section. Moisture flow appears to have
become rate limiting sooner for these smaller columns.
The evaporation rate was clearly temperature dependent to about
the time of the slope change; thereafter, no temperature dependence was
found. Therefore, calculations of activation energies were made only for
times preceding the slope change.
Plots of two different parameters of drying versus reciprocal temperature are presented in Figure 3. These are the cumulative evaporation
Q at 20 hours (approximately the midpoint of the initial drying period)
and the evaporation rate at the time of the slope change. The values of
Q were obtained from plots similar to those of Figure 1 extended to the
time of the first evaporation measurement, 0.75 hours. This parameter
emphasizes the temperature dependence of the initial drying rate. On
the other hand, the evaporation rates per unit column cross-section at
the times of the slope change should reflect the temperature dependence
of drying at or near the time of the change from one limiting mechanism
to another.
The values of the activation energies of the two parameters considered
and the 0.95 level confidence limits associated therewith are given in
Table 2. The temperature sensitivity of drying was the same within limits
TABLE

2. Activation energies for drying calculated from the cumulative evaporation
at 20 hours and from the evaporation rate at the time of the slope change
of Figure 1.
Activation enerev. E*
—,
water
°J
mole
18 cm. column
31 cm. column

Parameter

Cumulative evaporation Q, at
20 hours
Evaporation rate at slope change

28.8 ± 9,6
34.3 ± 8.4

38.9 ± 5.8
30.1 ± 19.6

of error of the determinations at the time of the slope change as it was
during the first 20 hours of drying, also there was no measurable difference
between the two sizes of soil columns. The activation energies are intermediate between those for vapor pressure of water and the fluidity of water
as given in Table 1. This suggests that the energy barriers are intermediate
between those of the latent heat of vaporization and self diffusion (viscous
flow) of water.
CONCLUSIONS

The activation energies associated with the Q values offer the higher
probability of correct interpretation since they occurred during the early
part of the experiment when conditions were uniform while later the results
might be affected by differences in shrinkage or in the moisture distribution
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that arise at longer times as a result of different rates of drying. The activation
energy of 28.8 ± 9.6 kilojoules mole - 1 of water suggests that even during
the first 20 hours of the experiment the fugacity of the water molecules
could have been operating either alone or in combination with unsaturated
flow to limit the rate of drying in the 31 cm. columns. Figure 2a indicates
that the evaporation rate was independent of unsaturated flow until well
past 20 hours for the 18 cm. columns. Thus the evaporation rate should have
been a function of temperature at the evaporation sites. (The vapor pressure
or fugacity of water is a single valued function of temperature, other conditions being-1 the same). The observed activation energy of 38.9 ± 5.8 kilojoules mole water, is not significantly different from that for the vapor
pressure of water, 43.9 kilojoules mole -1 water, and could result from either
experimental error or small differences between the physical states of soil
and free water. It might also be attributed to small errors in estimating the
temperature at the evaporation sites.
The evaporation rates at the long times shown in Figures 2a and 2b
appear to be limited by the rate of diffusion of water vapor through a
dry soil layer. By the time of their occurrence all tensiometers shallower
than 12 cm. in the soil column had become inoperative. There was no
measurable temperature dependence which would suggest a very low value
such as is shown in Table 1 for vapor diffusion. The irregularity in evaporation rates at long times in these studies is attributed to non-uniform
boundary conditions of drying which arose during the course of drying.
Activation energies, reduce the temperature dependence data to a numerical, directly comparable criterion of temperature sensitivity. The activation
energies of Table 2 are 0.7 to 0.9, 1.7 to 2.3 and 7 to 9 times those of the
vapor pressure of water, the fluidity of water, and the diffusion coefficient
of water vapor through air, respectively. In terms of the possible limiting
physical processes in drying, the evidence is that the fugacity of the water
molecules limited the rate of drying during the portion of the drying period
analyzed.
Crank (5, p. 280) states that when the diffusivity increases with increasing
concentration — as it does for unsaturated moisture flow — 'desorption
is always slower than sorption'. If the higher energy barriers found here
for drying are typical of desorption, a rational explanation is available for
why soils wet faster than they dry under analogous mathematical boundary
conditions.
Activation energies reported by Biggar and Taylor (3) and calculable
from the data of Gardner (8) enable a comparison of the energies of activation for the wetting of soil with those for drying found here. Biggar and-1
Taylor (3) reported activation energies of 4.2 to 12.5 kilojoules mole
water for infiltration of water into air-dry Millville silt loam, the same
soil used in this study. The temperature dependence of the weighted mean
diffusivity D data of Gardner (8) for infiltration of water
into five soils
yield activation energies ranging
from 8.4 kilojoules mole -1 water for Chino
-1
clay to 16.7 kilojoules mole water for Traver sandy loam. The wetting
of soil, which exhibits a temperature dependence of about the same magnitude as the fluidity of water, is thus only about half as temperature
sensitive as the evaporative drying of soil.
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SUMMARY

Evaporation induced b y passing d r y air over soil columns was measured
in t h e temperature range 12.7 to 37.7° C b y trapping the water vapor in
silica gel. The activation energies based on t h e cumulative evaporation a t
20 hours and t h e evaporation rates at t h e end of the constant rate of evaporation period ranged from 28.8 to 38.9 kolojoules m o l e - 1 water. These large
activation energies indicate t h a t t h e fugacity of t h e water molecules a t t h e
evaporation sites limited t h e rate of drying initially. After about four days,
the evaporation rates were very low and temperature insensitive.
RÉSUMÉ

Les auteurs ont mesuré l'évaporation causée par le passage d'air sec
sur des colonnes de sol à des températures comprises entre 12.7 et 37.7° C,
en adsorbant la vapeur d'eau dans du silicagel. Les énergies d'activation,
basées sur l'évaporation cumulative après 20 heures et sur le t a u x d'évaporation à la fin de la période d'évaporation à t a u x constant, variait entre
28.8 et 38.9 kilojoules mois e a u - 1 . Ces grandes énergies d'activation indiquent que la fugacité des molécules d'eau a u x sites d'évaporation limitait
la vitesse de desiccation dès le début de l'expérience. Après environ quatre
jours, les t a u x d'évaporation étaient tombés très bas et étaient peu sensibles
à la température.
ZUSAMMENFASSUNG

Durch einen Strom trockener Luft über Bodensäulen geführt, wurde
Verdunstung verursacht u n d gemessen durch Auffangen des Wasserdampfes in Silicagel, innerhalb einer Temperaturreihe von 12.7 bis 37.7° C.
Die Aktivierungsenergien, basiert auf die GesammtVerdunstung bis 20
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Stunden und die Verdunstungsbeträge am Ende der Periode der konstanten
Verdunstung, bewogen sich zwischen 28.8 bis 38.9 Kilojoules-mol-1. Wasser.
Diese hohen Aktivierungsenergien beweisen, dass die Flüchtigkeit der
Wassermolekülen aus den Verdunstungsflächen das Mass der anfänglichen
Trocknung eingeschränkt haben. Nach ungefähr vier Tagen wurden die
Verdunstungszahlen sehr niedrig und von der Temperatur unabhängig.
DISCUSSION

G. H. BOLT: There seems to be an increasing tendency to use the term activation energy in relation to certain processes studied by soil physicists. I
should like to point out that in effect this activation is nothing but the temperature coefficient of the logarithm of an often poorly defined 'role' of a complicated process. Now giving this the name 'activation' energy really does
not help us very much. In fact it might suggest that we understand the process
fully, wherein actually we know only the temperature coefficient of the multiple
process studied. I would rather recommend that we attempt to trace down the
separate links of the chain of events taking place in the process studied.
C. L. WIEGAND: Dr. Bolt's remarks emphasize that it is easy to carry out
temperature dependence studies and to calculate activation energies, but that
their correct interpretation, particularly for a system as complicated as soil,
is difficult. This is very true. Frost and Pearson (see reference 7) emphasize
that one must consider all factors affecting the rate to aid in identifying the
mechanism of the reaction. In these experiments auxilary information on temperature and moisture distribution and flow in the soil columns and on salt
accumulation was obtained to aid in interpreting the results.
The calculation of activation energies is an accepted method of cataloguing
the temperature dependence of rate processes. Their interpretation is made in
terms of molecular level mechanisms of reaction. How generally succesful and
useful the approach will be in soils research is difficult to predict.
L. A. RICHARDS: Did the observed accumulation of soluble salts at the evaporation surface influence evaporation? Was not salt effect negligible?
C. L. WIEGAND: NO effects of the soluble salts could be detected.
M. B. RUSSELL: What was the distribution of soluble salts in the columns
during the evaporation studies?
C. L. WIEGAND: In one instance after an equivalent depth of 14 cm. of water
had evaporated the soil column was dissected into 1 cm. sections and the
electrical conductivity of the saturation extracts from these soil sections was
measured. The equivalent osmotic pressure of the first 1 cm. section at the
drying surface was 2 atmospheres. At distances greater than 3 cm. from the
drying surface the osmotic pressure of the saturation extracts was constant
at about 1/2 atmosphere. Since distilled water was used in wetting the soil
and replenishing the moisture removed, the solutes were those of the mass.
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RADIATION ENERGY BALANCE RECORDED AT SOIL SURFACE
by
H . C . ASLYNG

The Hydrotechnical Laboratory, The Royal Veterinary
and Agricultural College, Copenhagen
1. INTRODUCTION

The investigations are carried out at the Climate and Water Balance
Station of the Hydrotechnical Laboratory situated on the experimental
farm, H0jbakkegaard, 20 km west of Copenhagen at 55°40' N and 12°18' E
and at an altitude of 28 m above sea level. The distance to the sea is 10 km
SE, 23 km NE and 45 km NW.
The station is freely exposed to climatic conditions. A small, partly
underground building at some distance contains the recording instruments
and installations.
2. METHODS OF RECORDING RADIATION

The incoming radiation from sun and sky and the reflected radiation
from surface are recorded by means of horizontal Moll thermopiles in solarimeters G2 from Kipp & Zonen, Holland. These are mounted 1 m above the
ground which is covered by a dense, short clover-grass mixture. Reflected
radiation is recorded by a solarimeter turned upside down.
The calibrations of the solarimeters are controlled from time to time by
comparison with unused or newly calibrated solarimeters. It has been found
that the sensitivity of a solarimeter may increase by a few per cent when
it is in constant use. Similar experiences
are reported by Trickett et al. [1].
The results are given in cal cm~2min_1 according to the International
Pyrheliometric Scale 1956.
Net radiation and net long-wave radiation are recorded by means of two
heat flow transducers, model T 200—1 from Beekman & Whitley, California,
used as radiometer.
The transducer plates are quadrangular and each has an area of 130 cm2
and a thickness of about 0.12 cm. The internal resistance is 110 ohms.
The thermopile is 1.0 X 5.5 cm. The two transducers are serial connected
to a millivolt recorder and are mounted horizontally side by side 1 m above
the soil surface which is covered by a clover-grass mixture, Fig. 1. By
means of a blower with a narrow nozzle a wind speed of about 10 m sec - 1
is maintained symmetrically on both sides of the horizontal plates. No
effect could be detected from small changes in ventilation which has been
investigated by e.g. MacDowall [2]. When shielding the plates on both
sides against radiation the output is zero. Recorded results do not change
when the plates are inverted.
The two heat flow transducers are calibrated simultaneously when
mounted. Incoming radiation and reflected radiation
are recorded by
calibrated instruments and are expressed in cal cm - 2 . At night the net
records represent net long-wave radiation only, Fig. 2. The net long-wave
radiation for every 8 night hours (for May—August
6 night hours), and the
total net radiation are integrated in cm2 chart. The cm2 for net long-wave
179

1.13

Fig. 1. Heat flow transducers used as radiometer.
radiation are multiplied by three (or four) assuming average equal net longwave radiation day and night.
The factor k for converting the integrated area of the chart into cal cm - 2
is then found from:
Incoming radiation minus reflected radiation
'

•

—'- K

net radiation plus net long-wave radiation
On the basis of monthly results the sensitivity of the transducers is thereby
found to be 5.1 mV for a net radiation of one cal cm - 2 min -1 .
3. RADIATION ENERGY BALANCE.

According to Milankowitch [3], Fig. 3 shows a curve for incoming radiation, RA, assuming a solar constant of 2.0 cal cm - 2 min - 1 and no atmosphere.
Further is shown a curve 7?0 for days, 1954—1958, which gave maximum
recordings. The lower curve, R, gives the 15-day moving averages of the
daily means from the years 1954—1958. A similar procedure was used by
Crabb [4]. Dots for January—March are calculated on the basis of 60 and
for the other months on the basis of 75 figures, as recordings for 1954 are
available from April only.
About 20 per cent of the total incoming radiation is reflected from a
green (short and dense) clover-grass surface during spring and summer,
and about 22 per cent in the autumn, Fig. 4. Maximum reflection is recorded
from newly fallen snow and found to be up to 90 per cent decreasing to
about 50—70 per cent when the snow gets dirty. These results are in
agreement with figures given in literature.
It has been found that the net long-wave radiation may be 2.5—3.0 per
cent higher at day than at night hours. The total net long-wave radiation
is then estimated 1—2 per cent too low (winter and summer respectively)
when based on night hours.
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Net radiation and at night net long-wave radiation all for a day in May. The
night on one side with low and on the other side about normal net long-wave
radiation intensity. The chart covers 10—0—10 mV.
The error in net long-wave radiation recordings due to rainfall appears
to be small or negligible when the relative humidity of the air is high and
especially when at the same time the temperature is low. Therefore, the
influence of rain is generally not serious a t night and/or during steady
rain. Showers, however, can cause an error u p to 100 per cent. As this
occurs for about 2 per cent of the time only, the average error will not
exceed 2 per cent.
As the underestimation of net long-wave radiation b y use of night
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recordings is of the same order as the overestimation due to rainfall, the
obtained net long-wave radiation is assumed to be close to the true values
without corrections for periods with rainfall.
The method is discussed by Aslyng & Nielsen [5] who preferred the
recordings for use of emperical formulas for estimating net long-wave
radiation. In this connection it m a y be emphasized t h a t no m a t t e r whether
net long-wave radiation at night or an empirical formula are used for
estimating the total net long-wave radiation, it is necessary to assume equal
mean cloudiness day and night.
Net radiation is recorded b u t can also be found from incoming radiation
minus reflected minus net long-wave radiation, Fig. 4. Incoming, reflected,
net long-wave and net radiation per year amounts to about 88000, 20000,
42000 and 26000 cal cm- 2 respectively.
4. POTENTIAL EVAPORATION

(EVAPOTRANSPIRATION)

Six evapotranspirometers similar to the Thornthwaite model [6] have
been used since 1956. They are completely underground and made of
concrete. Each of them has a ground area of 2 x 2 m and a depth of 0.8 m.
They are filled with 0.2 m gravel and 0.6 m soil. The water table is maintained at 0.45 m below the soil surface.

Fig. 5. Anemometer, raingauge and screened evaporimeter with side tube and
thermometer.
The soil surface is level with the surrounding area and covered with a
short dense and actively growing mixture of clover and grass. They are
surface irrigated once a week with the same amounts of water which during
the last week is added to the screened evaporimeters described below.
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During the period of growth the crop is normally cut with a lawn-mower
every fortnight. Yield per year has been 940 gram dry matter per m2 which
is regarded as high.
Evaporation has been recorded from a free water surface with an area
of 12 m2 in a circular 1 m deep tank with a 30 cm vertical brick wall and a
concrete bottom. The rim of the inside wall is 8 cm above the water and
above the soil, while the outside rim of the wall is level with the ground
covered by short clover-grass. The tank is inside painted black.
Evaporation is also measured by means of screened evaporimeters (Fig. 5)
with a circular water surface with an area of approximately 1/3 m2 and a
depth of 1 m. They are made of 3 mm thick galvanized iron. The rim is
8 cm above the water level and the surrounding ground which is covered
by short clover-grass. A galvanized wire netting screen with gaps 5 mm2
of size and 16 gaps per 100 mm is suspended half-way between the rim and
the basic (or the "normal") water level to which regulation is done. An
indicator for normal water level is mounted in a connected side tube.
The evaporation measurements and water balance are more fully described
by Aslyng [7]. From 1959 evapotranspirometers, of which the weights are
continuously recorded, are also used.
5. ACTUAL EVAPORATION (EVAPOTRANSPIRATION)

In order to draw up a radiation heat balance it is necessary to know the
actual average évapotranspiration from a large area.
Hydrological research [8, 9] on catchment-areas in Denmark has proved
that the actual évapotranspiration for the considered region of the country
is about 400 mm per year and investigations on water balance in Danish
agriculture [10, 11] show an actual évapotranspiration of the same order.
Evaporation from screened evaporimeters represent very well both
actual and potential evaporation for vegetation with dry surface and ample
water supply. When the surface is wet the actual and potential évapotranspiration are of the same order as evaporation from the large open water
surface. The evaporation from screened evaporimeters
is fairly constant
80 per cent of the evaporation from the open 12 m2 water surface.
In May—July and now and then also in April and in August lack of water
occurs, and the actual évapotranspiration falls below the potential évapotranspiration and the evaporation from screened evaporimeters.
For periods with lack of water the average actual évapotranspiration
has been estimated. The evaporation from screened evaporimeters in excess
of rainfall corresponds to the soil moisture deficit. In average the actual
évapotranspiration is assumed to be limited by a maximum deficit of 40,
60, 80 and 100 mm for the months May—August respectively. The gradual
increase in passible deficit is justified by average progressive root intensity
and depth.
Summation curves for rainfall and evaporation determined three times a
week from screened evaporimeters have been drawn for the estimation
of the actual évapotranspiration May—August and taking into account
the maximum possible soil moisture deficit according to Aslyng & Hansen [12].
6. NET RADIATION ENERGY BALANCE

The monthly energy balance of the soil is determined on basis of temperature measurement to 7 m depth according to Kristensen [13].
Radiation energy for heating the atmosphere is determined as difference
between net radiation and energy for evaporation and for heating the soil,
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Fig. 6. Net radiation energy balance 1956 — 58.
Fig. 6. T h e very small quantity of radiation energy involved in photosynthesis is neglected.
Positive figures for heating of t h e atmosphere are found for t h e months
March to August, b u t mainly for April to J u l y which is t h e period where
the air temperature is higher a t inland than a t sea. P a r t of t h e heat must
then be lost b y 'atmospheric runoff', limithing the increase of air temperature.
During t h e winter heat is on t h e contrary brought in b y wind causing a
relatively mild winter climate.
I n a yearly average radiation energy balance heating of soil a n d atmosphere can be neglected. I t appears t h a t t h e yearly net radiation of 26000
cal c m - 2 more than covers the energy consumption b y actual évapotranspiration leaving a quantity of about 2000 cal c m - 2 for loss b y transport t o
somewhere else.
Horizontal transport of heat b y wind and heat used for melting of ice
and snow or released b y condensation should be considered for a total heat
balance, b u t this is outside t h e scope of t h e present paper. The heat blown
in during t h e winter months has not much influence on evaporation due
to t h e high relative humidity of t h e air. The main source of energy for
evaporation therefore is incoming radiation.
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SUMMARY

The investigations are carried out a t 55°40' N a n d 12°18' E . Incoming
radiation a n d reflected radiation are recorded b y means of Moll thermopiles
in K i p p & Zonen solarimeters. Net long-wave radiation a n d net radiation
are recorded by means of thermopiles in heat flow transducers from Beekman
& Whitley.
Energy consumption b y water evaporation is latent heat of evaporation
multiplied b y actual évapotranspiration. The évapotranspiration is determined b y screened evaporimeters, b u t limited b y possible moisture deficit.
Energy for heating t h e soil is determined from temperature measurements
and heat capacity to 7 m depth. The remaining net radiation is assumed
to be energy for heating t h e atmosphere.
In t h e diagrams average monthly results are given for t h e years 1954
or 1956 t o 1958. Average yearly incoming radiation has been about 88000
cal c m - 2 , which in per cent is spent as: 23 reflected, 48 net long-wave
radiation, 27 for evaporation a n d 2 to t h e atmosphere.
RÉSUMÉ

Les recherches relatées dans cette communication ont été effectuées à
55°40' N et 12°18' E . Le rayonnement global incident et le rayonnement
réfléchi ont été enregistrés par les piles de Moll des solarimètres de K i p p
en Zonen. Le rayonnement effectif et le rayonnement global effectif ont
été enregistrés par des thermopiles dans les 'transducers' construits par
Beckmann et Whitley pour la mesure du flux calorifique.
La consommation d'énergie par l'évaporation de l'eau est égale à la
chaleur latente d'évaporation multipliée par l'évapotranspiration naturelle. L'évapotranspiration est déterminée au moyen d'évapotranspiromètres recouverts de toile métallique, méthode qui perd sa validité lorsque le
sol environnant est déficitaire en eau. L'énergie nécessaire pour chauffer
le sol est déterminée à partir de mesures de température et de capacité
thermique jusqu'à une profondeur de 7 mètres. Il est supposé que le restant
du rayonnement effectif sert à réchauffer l'atmosphère.
Les diagrammes donnent les résultats moyens mensuels pour les années
1954 ou 1956 jusque 1958. Le rayonnement global incident moyen annuel
était d'environ 88.000 cal c m - 2 , se répartissant comme suit: 23 % de radiation réfléchie, 48 % de rayonnement thermique effectif, 27 % utilisés
pour l'évaporation et 2 % perdus dans l'atmosphère.
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Die Versuchsstelle der Untersuchungen liegt auf 55°40' N und 12°18' O.
Einfallende und reflektierte Strahlung wurden mittelst Moll-Thermopilen
in Solarimetern (Kipp & Zonen) aufgenommen.
Nettostrahlung und langwellige Nettostrahlung wurden registriert mit
Thermopilen in Wärmestrom-Durchleitern von Beekman & Whitley.
Energieverbrauch durch Wasserverdunstung ist latente Verdunstungswärme, multipliziert mit der aktuellen Evapotranspiration. Die Evapotranspiration wurde mit abgeschirmten Evaporimetern bestimmt, jedoch
beschränkt durch möglichen Feuchtigkeitsmangel. Die Energie zur Erhitzung des Bodens wurde bestimmt mittelst Temperatur- und Wärmekapazität-Messungen bis zu einer Tiefe von 7 m. Die übrige Nettostrahlung
wurde angenommen, die Energie zur Erwärmung der Atmosphere zu sein.
In den Diagrammen werden die monatlichen Mittelwerte für die Jahre
1954 oder 1956 bis 1958 aufgeführt. Die jährliche
einfallende Strahlung
betrug im Mittel ungefähr 88000 cal. cm -2 , welche prozentisch verteilt
wurde in: 23 % reflektiert, 48 % netto langwellige Strahlung, 27 % zur
Verdunstung und 2 % zurück in die Atmosphere.
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THE EVAPORATION OF WATER FROM BARE SOILS WITH
DIFFERENT TILTHS
by
J. W. HOLMES*, E. L. GREACEN* AND C. G. GURR*

1. The steady state soil moisture profile, with evaporation from the
surface of the soil.
A soil which possesses a water table at a relatively shallow depth acts as
a conducting medium, connecting the water in the water table with the
soil surface, from which evaporation occurs according to the prevailing
meteorological conditions. When a steady state prevails, the water content
of the soil is unchanging, and the liquid water flux from the water table is
equal to the evaporation rate from the surface. It has frequently been
reported that the evaporation rate, under steady state conditions, depends
strongly on the depth from soil surface to water table, and is controlled too
by the unsaturated permeability function of the soil with respect to water
content, or suction.
Wind (1), Philip (2, 3) and Gardner (4) have all discussed aspects of the
upwards transport of liquid water through the soil from a water table. The
height from water table considered as datum to the soil surface, zw, the rate
of evaporation, E, and the unsaturated permeability of the soil, K, are
connected by the relation,
rft.
dh
r.
an
z,
+
E/K
JÄ-OI +E/K
W
where hs is the soil moisture suction at the surface of the soil.
Since we are considering the steady state, the rate of evaporation, E,
is also the liquid water flux through any horizontal section of the soil
profile. The suction profile may therefore be calculated, using Eqn. (1),
z being then the height from the water table, to the point at which the suction
is /;.
During January to May 1957, the water content and suction profiles
of a red-brown earth soil were measured regularly and the results offer an
opportunity to compare observation with the calculated profiles. The
particular soil, Urrbrae loam (5) has a well marked texture change to a heavy
clay B horizon at a depth of about 40 cm. During the period of observations
its surface was kept bare and free from weed growth. There was no significant
rain during the period, until the break of the dry season in May, which,
ended the experiment.
The soil water content and suction were measured at weekly intervals,
by neutron moisture meter (6) and by gypsum block (7) techniques respectively.
The observed water content and suction profiles are shown in Figs. 1
and 2. Within the limits of accuracy of the measurements, there was no
change in either water content or suction at 60 cm depth or deeper. The soil
dried out, as may be read from the graphs, at 10 and 30 cm.
The calculation of the suction profile, shown in Fig. 2, used the unsaturated permeability function shown in Table 1. The unsaturated perme•Commonwealth Scientific and Industrial Research Organization, Division
of Soils, Private Mail Bag No. 1., Adelaide, South Australia.
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Fig. 1. Water content profile, with
evaporation from the surface of a
bare fallowed field.

Fig. 2. Soil water suction, with evaporation from the surface of a bare
fallowed field.

ability was determined b y the method of Marshall and Gurr (8), supplemented when necessary b y values calculated from pore size distribution
measurements (9).
TABLE 1. Unsaturated permeability of the A horizon, Urrbrae loam as a junction
of soil moisture suction.
h cms
1
10
100
200
300
500
800
1,500
5,000
7,500

K cm/sec

7.5
4
7.4
4
2.1
1.3
6.8
5.8
4

X
x
x
x
x
X
x
x
x

10-«
10-»
10-'
10-'
10-'
10-'
10-'
10-"
10-»
10-»°

The calculated suction profile agrees in shape with the observed profile.
However, calculation predicted a drier profile than t h a t observed. There are
several reasons for the discrepancy, though it is not possible to ascribe the
effect to any cause quantitatively.
The calculation of the suction profile demands the accurate realisation
of steady state and boundary conditions, usually impossible to attain in
observations on field phenomena, which are largely beyond the control of the
experimenter.
The assumptions in calculating the profile were as follows:
1. The unsaturated permeability function was determined only for the
A horizon of the soil profile, let us say about 40 cm deep. The unsaturated
permeability at all depths was considered to be t h a t of the A horizon. The
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error in the evaporation rate, thus introduced, will be small, because the
control of the process is exercised largely in the 0—20 cm depth as can be
seen from Fig. 2. The error in the calculated suction profile is likely to be
larger because the moisture potential gradient adjusts itself to the unsaturated permeability in order to convey the appropriate water flux.
2. The water table was at a depth of 5.88 m. Actually, the water table
was at a greater depth, probably about 30 m. A depth of 5.88 m was chosen
to match the calculated soil water suction at a depth of 3 m, with that
observed. Evidently the suction profile was not truly at a steady state in
equilibrium with the water table and the evaporative flux. The assumed
evaporation rate was 0.52 mm/day appropriate to a water table depth of
5.88 m. The actual evaporation rate was not measured.
In the depth interval from the surface to 30 cm, the soil water content
diminished from its value at the start of the experiment, as shown in Figs.
1 and 2, indicating that the approach to final equilibrium was still proceeding
at a rate which could be measured by our equipment.
In order to control the evaporation rate from a bare-fallowed soil, there
are two aspects to consider. The equilibrium suction profile of the soil
and the corresponding evaporation rate are controlled by the soil near the
surface, which has a high soil moisture suction and correspondingly low unsaturated permeability. On the other hand, the attainment of this equilibrium by a soil initially at field capacity, requires that a dry mulch zone
should establish itself at the surface, with appropriate loss of water, which
is, in the case of the Urrbrae loam soil, about 3.0 cm of water for a 20 cm
depth of dried surface soil. The rate of approach to equilibrium depends
upon the unsaturated permeability and the water capacity of the soil at
lower suctions than those governing the equilibrium condition.
The next section of this paper describes observations on the effect of
tillage manipulation on the rate of evaporation from soil which was initially
very wet.
2. Rate of approach to the steady state soil moisture profile, with
evaporation from soils with different tilths.
In areas where rainfalls or irrigation applications of 5 cm or more are
usual, the evaporation of water from the surface layer of soil before the
equilibrium profile has been reached is important. Marshall and Stirk (10)
showed that periods of up to two days might elapse before the surface layer
of Urrbrae loam would drain to a suction of 100 cm. Burov (11, 12) reported
considerable influence of imposed structure of the surface soil, on the loss
of water. We have investigated the initial rate of evaporation from wet
soil under surface treatments such as might be accomplished by tillage
practices.
Soil clods of Urrbrae loam were prepared (Table 2) and packed into
TABLE 2. Scheme of the preparation of soils of different tilths.
Pot no.
1
2
3
4

Treatment

Untitled
Fine tilth
Medium tilth
Coarse tilth

Particle size

Dry bulk
density

< 2 mm
2.5 mm aggregates
25 mm clods
50 mm clods

1.33
.96
.91
.93
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rectangular pots (40 x 10 X 15 cm deep). These were wetted up from below
by a syphon arrangement, from a water table at 15 cm depth. They were
then exposed in a small wind tunnel to wind speeds up to 9.5 m.p.h., both
with and without radiant heating towards the soil surface. The heating was
effected by four 200 watt lamps arranged to give a plane of uniform heating
at the surface.
The pots were weighed to about 0.1 mm water accuracy and the position of
the pots was rotated in the wind tunnel twice daily. Soil temperatures at a
depth of 0.5 cm were measured by two thermistors in each pot.
. UNTILLED
+ FINE TILTH
•> MEDIUM "
x C0AR-SÉ
"
WIND SPEED 9-5 MPH.
S RADIANT HEATING

^
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Fig. 3. Cumulative loss of water from soils with different tilths.
Fig. 3 shows a typical set of results, illustrating that the cumulative loss
of water was strongly influenced by the structural condition of the soils.
When a total of 15 mm of water had been evaporated from each pot, the
instantaneous evaporation rate for that pot was calculated, and Table 3
allows a comparison to be made between the different pots.
Comparing the fine tilth with the untilled soil, for all conditions of wind,
with and without heat, there was a lower rate of loss from the fine tilth.
This difference became particularly pronounced with increasing wind speed.
For winds from 5.5 to 9.5 m.p.h., under heat, the evaporation rate fell to
6 % of that from the untilled soil. Under these conditions the fine aggregates
formed a dry mulch about 2 cm deep and the evaporation flow must involve
vapour diffusion through the dry layer. Gardner and Fireman (13) reported losses of 0.7 mm/day through a dry mulch of 2 cm thickness. It is
likely that the over-riding difference between the fine tilth structure and
that of the untilled soil was the large reduction in unsaturated permeability
caused by the 'tillage' effect. This is reflected to some extent by the difference in bulk densities of these two treatments. The lowering of the unsaturated
permeability predisposed the soil to rapid dry mulching. In some cases the
mulching effect can also be seen in the higher surface temperatures that
occurred in the fine tilth.
Under conditions of wind without radiant heating, the evaporation rate
from the fine tilth was still less than that from the untilled pot. At zero
wind, the fine tilth had an evaporation rate 82 % of the untilled soil. This
fell to 33 % for wind of 7.5 m.p.h.
For soil layers consisting entirely of clods, 25 mm or 50 mm in diameter,
the evaporation rate for low wind speeds i.e. 0 and 1.5 m.p.h. was as high
as that of the untilled soil, even though the unsaturated permeability, and
liquid flow from one layer of clods to that above, might be expected to be
lower than in the case of the fine tilth. .
With wind speeds higher than 1.5 m.p.h. losses from the coarse tilth
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increased u p to 2.4 times t h a t of the unfilled soil for the 9.5 m.p.h. wind
with heating. Since these rates were maintained after a layer of dry clods
had formed on the surface of the soil, turbulent transfer of water vapour
due to forced or thermal convection out of the large holes between clods
probably contributed to these high flows. This mechanism gave rise apparently to a larger effective evaporating surface.
TABLE 3. Instantaneous rate of evaporation after cumulative evaporation has
reached 15 mm. Details of treatments given in Table 2. Temperature of
the soil surface (5 mm beneath) was measured for the tests under radiant
heating.
Continuous wind without heat
Wind Speed (m.p.h.)

Treatment
0 mm/day

1.5 mm/day

2.5 mm/day

7.5 mm/day

1
2

1.7
1.4

2,7
1.6

3.9
1.6

5.2

3
4

1.8
1.8

2.9
2.8

5.9
6.9

1.7
6.9
8.3

Continuou 3 wind and heal:
1
2
3
4

mm/day
15.0
5.0
16.0
12.0

°C
41
63
46
38

mm/day
7.9
2.1
6.7
8.2

°C
35
45
41
30

mm/day
8.0
0.7
9.0
12.8

°C
23
35
26
18

mm/day
6.2
0.4
11.0
15.0

°C
19
19
19
14

A cloud of white smoke was introduced intermittently into the wind
tunnel, and the smoke was observed to enter and then empty from the
large pores and spaces between the clods, with a rapid, turbulent motion.
Some work on heat transfer supports the opinion t h a t turbulent flow occurs
at a narrow range of pore sizes. Waddams (14) showed t h a t the flow of heat
through a bed of steel balls increased greatly when the particle diameter
exceeded 5 mm. I t appears t h a t for particle diameters larger t h a n -^ 10 mm,
pore dimensions become large enough to accommodate eddies which enhance
the rate of vapour flow.
We have as yet no measure of the importance of these mechanisms under
field conditions. The structures used here were artificial. B u t soil structure
similar to the coarse tilth has been observed after chisel-plowing in a slightly
dry condition, whereas the condition of fine tilth is not improbable under
good management in fertile soils. The extent to which these structure effects
determine the steady state water profile has not yet been tested. They are
evidently important in controlling the rate of water content change of the
fertile surface layer of the soil during fallow. In orchards and under other
crops where cultivation is practised between the crop rows it is likely t h a t
the structure of the surface layer of soil can play a part in reducing the rate
of loss of water to the atmosphere.
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SUMMARY

The soil moisture profile established b y steady state evaporation from
the surface of a bare-fallowed soil, was measured directly. The computation
of t h e profile b y an extension of t h e Darcy equation and measurements of
unsaturated permeability, agreed reasonably well with observation.
By observations in a wind tunnel, t h e rate of approach of t h e soil to a
steady profile b y drying and establishing a mulch zone a t t h e surface,
was shown to be strongly influenced b y surface tilth. A fine tilth, containing
soil crumbs predominantly of 2.5 m m diameter size, was more effective in
slowing t h e rate of water loss than either the unfilled condition or coarse
clods a t t h e surface.
RÉSUMÉ

Le profil hydrique d'un sol non cultivé et nu, établi par evaporation
lente et continue à partir de la surface, a été mesuré directement. Les
valeurs calculées à partir de mesures de perméabilité à l'état non saturé
et en appliquant une généralisation de la formule de Darcy concordaient
assez bien avec les observations.
Au cours d'expériences, effectuées dans un tunnel à soufflerie, il fut
remarqué que la vitesse avec laquelle u n sol se rapprochait de l'état décrit
plus haut, en se désèchant et en se recouvrant d'une couche meuble à sa
surface, était fortement influencée p a r le labour. Une couche finement
amménuisée, dont la plupart des grumeaux avaient des diamètres de 2.5 m m
environ, était plus effective pour limiter les pertes en eau que la condition
non labourée ou la présence de mottes grossières à la surface.
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Das Bodenfeuchtigkeitsprofil, eingestellt durch ständige Verdunstung
aus der Oberfläche eines nacktgehaltenen Bodens, wurde direkt gemessen.
Die Berechnung des Profils durch eine Erweiterung der Darcy'schen Gleichung, und Messungen von ungesättigter Durchlössigkeit, stimmten
befriedigend mit der Beobachtung überein.
Durch Wahrnehmungen in einem Windtunnel wurde festgestellt, dass
das Mass der Annäherung des Bodens an ein feststehendes Profil durch
Austrocknung, und Bildung einer Deckenzone an der Oberfläche, in hohem
Masse beeinflusst wird durch Bearbeitung der Oberfläche. Eine feingekörnte
Oberfläche von Krümeln u m 2.5 m m Durchmesser war mehr effektiv in der
Abschwächung des Wasserverlustes als sowohl die nicht aufgebrochene
Oberfläche oder anfliegende grobe Klumpen.
DISCUSSION

Dr. W. SCHOTE UBBING: IS it taken into account that soil surfaces with
differences in tilth have differences in reflection coefficient for short wave radiation? Consequently these soils have not been under equal net radiation
conditions.
E. L. GREACEN: There were often better than fivefold differences in evaporation rate from the coarse and fine aggregate beds, which would have similar
surface geometry. Such a difference could not be accounted for on the basis of
reflection coefficients.
C. L. WIEGAND: The analysis is based upon the assumption that unsaturated
liquid flow is limiting the rate of moisture removal from the soil profile. Has
the possibility been considered that water vapor diffusion through the dry
surface layer might be the physical process governing the steady state evaporationrate? Is ananalysis based on vapor diffusion compatible with the results?
E. L. GREACEN: The calculated suction profile was obtained for liquid flow
using only an estimated unsaturated permeability function. The observed results were obtained in the field for a difficult soil. We were satisfied to obtain
a shape which fitted the observed curve as it does. The calculated evaporation
rate was .5 mm day.
I expect a vapor diffusion treatment would be compatible with the results,
displacing the curve vertically a few centimeters. I imagine it would predict
an even lower evaporation rate than above.
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SOIL T E M P E R A T U R E A N D T H E D I S T R I B U T I O N
O F H E A T B E T W E E N SOIL A N D AIR
by
W. R. VAN W I J K AND W. R. GARDNER*

Laboratory of Physics and Meteorology, Agricultural University, Wageningen,
the Netherlands.
H E A T TRANSFER IN SOIL AND IN A I R .

The temperatures in the upper soil layer are on one hand determined b y
the quantity of heat which periodically flows into the soil a n d back t o the
surface. On the other hand b y the thermal properties of the soil.
The rapid damping off of a periodic temperature variation in a d r y
loosely packed soil as compared to the deep penetration of such a temperature variation when the soil is wet, for instance, can be satisfactorily
explained b y the difference in their thermal properties. I t is, however,
necessary t o know the heat flux densities in both soils if t h e temperature
itself is calculated. A similar situation occurs if one wants t o estimate the
effect of an agricultural operation, such as tillage, mulching, irrigation or
drainage, on soil temperature.
In order t o calculate the heat flux density in t h e soil it is necessary to
have a knowledge of the ratio in which a quantity of heat generated a t the
surface is distributed between the soil and the air. Evaporation must, of
course, be taken into consideration if the surface is not very dry.
As early as 1918, Schmidt (8) introduced a turbulent exchange coefficient
of air near t h e ground in the evaluation of Angot's (1) measurements of air
temperature at the Eiffel Tower in Paris. He used a value of the exchange
coefficient, k, which was independent of height in his calculations, b u t t h e
measurements showed t h a t k increased with height. Several authors have
studied a linear variation of k with height: Haurwitz, (5); Shvets, (9);
Lettau, (6); Budyko, (2). Such a variation is expected in turbulent air near
the ground if there are no strong convective motions. Priestley (7) showed
t h a t k increases linearly with height in the lowest air layers b u t t h a t the
relationship is a different one at some height above the ground if t h e
temperature distribution in the air is such t h a t convection occurs. Under
conditions of strong convection, hot air has been observed to rise as columns
or walls.
A new method for studying propagation of heat in turbulent air has
recently been developed at Wageningen. T h e theory and a detailed description is given elsewhere (van Wijk et al., (11)). A short description will be
given here. The application of the method to the calculation of the ratio
of t h e distribution of heat between soil and air is the aim of the present
article.
METHOD FOR STUDYING H E A T TRANSFER IN A I R AND IN SOIL

The propagation of temperature impulses in air is used for the determination of t h e turbulent exchange coefficient in air.
Temperature impulses are caused on a bright day by drifting clouds or
conversely b y periods of bright sunshine on a cloudy day. Air temperature
* U.S. Salinity Laboratory, Riverside, California, temporarily at Wageningen.
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above a grass plot was recorded by radiation shielded thermocouples. Soil
temperature, solar radiation, windvelocity at 2 and 21 m and precipitation
were also recorded. Net radiation records were used for an approximate
check of the calculated energy balance. The site of the measurements was
the experimental plot of the laboratory of physics and meteorology at
Wageningen. Several buildings are in the neighbourhood. They have a
strong infuence on the wind near the surface. Consequently turbulent exchange over this plot will be considerably different than in the open field

Fig. 1. Recorded meteorological variables as a function of time (hrs) on July 22,
1958 at Wageningen,
a Solar radiation,
b, c, d. Air temperature at 3, 10 and 200 cms height.
e. windvelocity at 21 m.
f. precipitation intensity.
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under similar meteorological conditions. This does not affect t h e present
investigation as t h e actual turbulent exchange coefficient was determined.
Records were taken on J u l y 22, 1958. They are shown in Figures 1. a n d 2.
The impulses were of a duration of the order of 30 minutes. A temperature
variation of such a short duration is rapidly damped out in the soil.
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Fig. 2. Recorded air and soil temperatures as a function of time (hrs) on July 22,
1958 at Wageningen.
The thermal diffusivity
of- 1 the upper soil layers calculated from the - 1records
_s
1
a = 12.6 x 10 cm sec agreed with the value a = 12,9 cm* sec found
from the diurnal variation at the same moisture content. I t also checked with
laboratory data.
REDUCTION OF THE MEASUREMENTS.

I n t h e publication referred t o above, t h e temperature in air at 200 cm
was calculated starting from the record of the 10 cm temperature and
assuming a linear variation of the turbulent exchange coefficient with height
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(van Wijk et al. (11)). The recorded- and the calculated temperature curve
were in satisfactory agreement.
The turbulent thermal conductivity of air, A, was written as
A = b(z + z0)
(1)
in which b is a constant, z the height above the soil surface and z0 a parameter in this case of negative sign which takes into account that air motion
is largely suppressed by the grass at some small height above the surface.
The relationship between the turbulent transfer coefficient k and the apparent thermal conductivity of air is k = XjC in which C is the volumetric
heat capacity of air, C = 0.29 x 10~3 cal cm -3 . For grass of 6 cm height
as in the present investigation, z0 is often stated to be of the order of 1 cm
(Sutton, (10); Bodyko, (2)).
Calculations were performed using z0 = 0 and z0 = —1.5 cm. The value
of bjC which gave the best fit to the empirical curve was determined.
It turned out to be different in the different impulses. A minimum of
b/C = 1.0 was found for the impulse starting at hr 13.32 and a maximum
of b/C = 6.4 cm sec -1 for the impulse which began at 10 hr 50. (cf. van Wijk,
et al. (11)).
CALCULATION OF AIR TEMPERATURE AND H E A T FLUX D E N S I T Y

In the above mentioned paper the temperature at 200 cm, &(r, t), was
calculated from the temperature at 10 cm, &(a, t), using the relationship
(Carslaw—Jäger, (3)):
— 2b f«
Hr, t) = j^jo
*(«, n) I{r, a, t-n) dv
(2)
in which r = Vz + z0 and a = -\/10 + z0, b is the constant in eq. (1) and
C = 0.29 X 10 - 3 the volumetric heat capacity of air.
The function I is
v

Jo I ^ \
4C
/)
[I\{ua)+Nl{ua)]
with I0 and N0 the first and second Bessel function of zero order, respectively.
Comparison of the calculated temperature with the observed value at 200 cm
enabled the determination of bjC.
d&
The heat flux density q PB — X-j- (cal cm - 2 sec -1 ) follows from eq. (2) as
j

I &(a, t]) I {r, a, t—rf) dr]

(3)

in which
f~ j exp ( - ^ i ^ ) u 4 ^ o ( ^ ) - ^ ( - ) ( o ^ ) ]
uHu
Jo \ v \
4C / /
[/«(«a) +Nl{ua)]
Here / , , and Nv are the Bessel functions of the first order.
For the impulse commencing at 12 hr 25 air temperatures at 50 and 200 cm
were calculated from the measured temperature at 10 cm by numerical
integration of the righthand side of eq. (2).
The heat flux density at 200 cm was calculated by eq. (3) from the
temperature at 10 cm. The heat flux densities at 10 cm, and
0 cm were
determined from the variation of the heat content per cm -2 , Q(z), of the
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respective air layers as a function of time and the heat flux density at 200
cm, q (200). One has
?(*) = ^

+ q (200)

(4)

The heat flux density in soil will now be discussed.
TEMPERATURE AND HEAT FLUX DENSITY IN THE SOIL.

The heat flux density in the soil due to the 12 hr 25 impulse was calculated
by a similar method as in the air. The total heat content of the layer 0—20
cm was plotted as a function of time. The temperature as a function of
depth was obtained from the records at 1, 2, 3, -5,
and 10 cm, and 20 cm.
3
cm
was
determined in the
The volumetric heat capacity C = 0.5 cal
laboratory. The total heat content per cm2 of surface, Q, is
f 20

Ç(20) = 0.5

0(z) dz

cal. cm"2

(5)

and the heat flux density at z = 0 is

It was not necessary to take the heat flux density at 20 cm depth into
account as the temperature variation was negligible at that depth.
The recorded temperature was compared with the theory. The relation
between the temperature at a depth z and that at the shallower depth zlt
is given by
#(*, t) = - ^ f"

/ »(zlt t-

(

* 7 ~ y ] e-P* an

in which a is the thermal diffusivity.
The temperature at 2, 3, and 5 cm was calculated from the recorded
temperature at 1 cm. A very satisfactory agreement with observation was
obtained for a = 12.6. 10 - 3 cm2 sec -1 .
DISTRIBUTION OF HEAT BETWEEN SOIL AND

AIR.

The heat flux density at z = 0 to air Hai and to the soil Hm respectively
is shown in Fig. 3 shas a function of the time. The flux density of short wave
(solar) radiation H is also shown in that figure. The areas under the curves
represent the total quantity of heat which entered the air or the soil or
in the case of solar radiation was radiated to the surface during the impulse.
The curves show that more than 12 times as much sensible heat goes into
the soil than into the air. (Owing to évapotranspiration a considerable latent
heat flux into air occurs). Expressed as a function of total incident solar
radiant energy one finds that 24 % penetrated as heat into the soil.
This is a much larger fraction than in the diurnal variation. In the latter
case the ratio is generally of the order of 0.1. By way of comparison the
ratio was determined on a bright day for the same location when the thermal
constants of the soil were approximately the same as on July 22, 1958.
In this case the maximum quantity of heat which penetrated into the
soil was only 12 % of the incident solar radiation.
The results thus confirm the theoretical prediction that the soil is more
effectively warmed up by a short heat impulse than by one of longer duration
and that less heat is transferred to air in the shorter impulse.
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Fig. 3. Heat flux density at z = o to air and to soil for the impulse of July 22,
1958 as a function of time (in recorder periods). The total area under the curves
Hai and H,„ is the shquantity of heat which entered the air or the soil respectively.
The area under H is the short wave energy radiated to the surface. Approximately 25 % of it was reflected, the rest absorbed.
This fact is of considerable importance in studies on soil temperature.
Tillage of a soil, for instance, has a definite influence on the diurnal variation
of soil temperature, whereas it does practically not affect the annual
temperature variation (van Duin, (4)).
LIST OF SYMBOLS.

&
= temperature °C
X
= turbulent thermal conductivity in air cal c m - 1 sec - 1 C C _1
a
= -v/10 + zo cm*
a
= thermal diffusivity in soil cm2 sec - 1 .
b
= constant in formula À = b(z + z0)
C
= volumetric heat capacity
Hat
= heat flux density into air at z = 0
H,h
= total global short wave radiation flux density, cal cm - 2 sec - 1 .
H,
—
heat flux density into soil at z = 0
0
I1
= integrand in eq. (3).
I(r,a,t — rj) = integrand in eq. (2).
Qz
= heat content per cm 2 in layer 0 —z cal cm - 2 .
= heat flux density at height z in air or at depth in soil cal c m - 2 secqz
r
— ^Jz + z0 cm'
/
= the time sec.
z
= height above surface in air or depth below surface in soil cm.
z0
= a constant depending on height of vegetation cm.
z,
= constant value of z cm.
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SUMMARY

In studies of soil temperature the heat flux entering t h e soil per unit
of surface has hardly ever been considered. Yet it is an important quantity
in determining soil temperature.
I t is strongly affected b y mulching, irrigation, tillage a n d similar operations and depends on the type of the soil as well as on weather conditions.
A method to determine this quantity for short periods of sunshine during
a cloudy d a y is described. The results confirm the theoretical expectation
t h a t relatively more heat is transferred t o t h e soil t h e shorter t h e period
of its exposure to sunshine.
RÉSUMÉ

Dans les études ayant pour objet la température du sol, le flux calorifique
qui y entre par unité de surface a rarement été pris en considération quoiqu'il
constitue une quantité importante, déterminante de la température du sol.
Affecté fortement p a r le paillage, l'irrigation, le labour et les opérations
similaires, ce flux dépend aussi du type de sol et des conditions météorologiques. Une méthode est décrite pour mesurer cette quantité pendant des
courtes périodes ensoleillées interrompant u n temps couvert. Les résultats
confirment ce que la théorie laissait prévoir, notamment que la quantité
de chaleur apportée au sol est relativement plus élevée quand la période
d'exposition au soleil devient plus courte.
ZUSAMMENFASSUNG

In Studien die Bodentemperatur betreffend, wurde der in den Boden
eindringende Wärmestrom pro Oberflächeneinheit kaum je in Betracht
genommen. U n d doch ist das eine wichtige Grösse bei der Bestimmung
der Bodentemperatur.
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Er wird stark beeinflusst durch irgendeine Deckschicht, durch Bewässerung, durch Bodenbearbeitung und dergleichen Massnahmen, und
ist auch von der Bodenart sowie von dem Wetter abhängig. Es wird eine
Methode, die genannte Grösse für kurze Sonnenscheinperioden während
eines übrigens bewölkten Tages zu bestimmen, beschrieben. Die Resultate
bestätigen die theoretische Erwartung, dass je kürzer die Periode, dass
der Boden dem Sonnenschein ausgesetzt ist, relativ desto mehr Wärme in
den Boden eindringt.
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A SIMPLE AERO-HEAT BUDGET METHOD
FOR DETERMINING DAILY EVAPOTRANSPIRATION
by
C. B. TANNER*

Agriculturists are interested in any method or combination of methods
t h a t can provide daily or hourly estimates of the évapotranspiration
over different experimental surfaces under different climatic regimes.
W i t h the exception of lysimeters, no 'routine' method is available, and the
cost and immobility of lysimeters is a hindrance to extensive 'sampling'
of different conditions. Micro-meteorological methods appear promising
in convenience and mobility. They also can provide information on the
sensible heat flux and C 0 2 flux which are of interest t o agriculturists. The
main limitation is in the instrumentation and in the basic assumptions of
the methods t h a t m a y not be met under all conditions of agricultural
interest. Agriculturists can use to advantage any method t h a t provides
daily or hourly evaporation estimates with a ± 10 percent error (or more)
except for very special purposes. We need to weigh carefully the possible
compromises between the experimental difficulties of a method and the
usefulness of its results.
The purpose of this paper is twofold: First, to examine briefly the experimental difficulties associated with the heat budget and aerodynamic
methods for daily and hourly évapotranspiration measurements, and the
second, to present the experimental results from a method combining the
simplest heat budget and aerodynamic measurements t h a t appears to be
useful for daily estimates of évapotranspiration.
SYMBOLS AND EXAMPLE DIMENSIONS

Rn
A
E
S
D
Kh
Km
Kv
T
L
C„
P
a
e
k
s
u
z
z„
a
ß
A

= net radiation flux density [cal c m - 2 min - 1 ]
= sensible heat flux density (heating air) [cal c m - ' min -- 12 ]
— latent heat flux density (évapotranspiration)
[cal c m min - 1 ]
= soil heat flux density [cal c m - 2 min - 1 ]
= zero plane displacement [cm] 2
= eddy diffusivity for heat [cm min - 1 ]
= eddy diffusivity for horizontal momentum [cm - 2 min- 1 ]
= eddy diffusivity for water vapor [cm2 min - 1 ]
= air temperature [°C or °A = deg]
= latent heat of vaporization [585 cal g m - 1 at 20° C]
= (spa2/y) [1 — («i/w2)]
[cal c m - 3 mb - 1 ]
= air pressure [mb]
= k/[ln(zi + D)/(zl + £>)]
[dimensionless]
== vapor pressure [mb]
= Von Karman's universal number [dimensionless]
= heat capacity of moist air at constant pressure [cal g m - 1 deg - 1 ]
= horizontal wind speed [cm min - 1 ]
= height above zero point displacement [cm]
= roughness length cm.
= proportional
= Bowen ratio = A/E = y AT\Ae [dimensionless]
= finite increment (e.g., change of T, u over height interval, z2 —Zj)

* Soils Department, University of Wisconsin. This research was supported,
in part, by Army Electronic Proving Ground Contract DA-36-039-SC-80282.
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s
y
p
T

=
=
=
=

ratio of mole weights of water to air [dimensionless]
psychrometer constant = (sP/eL) [mb deg - 1 ]
density of air [gm cm - 3 ]
shearing stress [gm c m - 1 min - 2 ]

Note: Any heat flux density can be converted to equivalent evaporation
units using the density 1of water and L (e.g. 1.0 ly min - 1 = 1.02 mm water hr _ 1
= 0.102 gm cm-* hr" )
METHODS

Heat budget: The simple heat budget method (6) is based on the measurement of Rn and S and a means for separating the A and E terms in [1]
Rn - S = A + E
[1]
The separation of A and E usually is made via the similarity assumption [2]
(EjAe) = (1/y) (KJKh) {A/AT)
[2]
which requires measurements of Ae and AT over the same height interval
above the surface. W i t h the assumption of Kv = Kh
E=(RnS)l(l + ß)
[3]
The small heat storage terms and the energy used in photosynthesis are
usually neglected (though the method could be extended to account for
these terms).
Aerodynamic: Aerodynamic methods require a measurement of the wind
profile so that * m a y be found through [4].
T = Pa2(u2 - Ml )2 = pJW/[ln(2 + D)/z0]2
[4]
Similarity [5] then is assumed to determine the eddy transport of vapor
and sensible heat. The ratios KmjKv and KmjKh must be known or assumed
to be unity.
(r/Au) = (yjs) (KJKV)

{EjAe);

(r/Au) = (1/s) (KJKh)

(A/AT)

[5]

Measurements and assumptions: A summary of the measurements and
of the two micro-meteorological methods is given in Table 1.
TABLE 1. Assumptions involved in and ratings of measurement difficulty
the heat budget and aerodynamic methods.
Method

Measures

Assumption

Difficulty ratings for 5 to 10 %
error in measurement
Easy

Heat
Budget

E, A
T

Aerodynamic
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E
(needs T)
A
(needs t )

Similarity
(E/Ae)oi(A/AT)
Surface conditions
(D,z0) constant
for all periods
of measurement
Similarity
(r/Au)aL(E/Ae)
Similarity

{flAu)*(AIAT)

for

Rn, S,
Tt-Tt

(f,-Xi)

Medium
e2

Difficult

ex

(u«—n»)

(determine
neutrality)

D or z„
(neutral
periods)
D or z0

(«a-«i)

(ri-r1)

( « , —Ml)

D or z„
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Rn, S, and AT (which requires thermopiles — temperature difference
devices) are easily measured with precision (6). No instrument is available to conveniently give either Au or Ae directly. These gradients must be
gotten from instrument pairs which require matching of instruments.
Dewcels (in special arrangement) and psychometers are most convenient
for Ae measurements but construction of matched Dewcel elements and
wet-bulbs is very difficult. The interchange of Dewcels and psychrometers
(and anemometers) in position is a convenient means of matching (4, 6).
In general, measurements and data reduction are more easily done for
Au than for Ae.
The greatest experimental difficulty in the aerodynamic method is the
evaluation of D and z0 which is done by minimizing the departure of In
(z -\-D)vs.u from linearity for neutral periods by an appropriate choice of D.
This procedure requires accuracy in the second order terms of the wind
profile gotten from wind measurements at a minimum of three levels.
Wind measurements at 6 to 10 levels (rather than the theoretical minimum
of three) is required for reliable estimates of D (or z0). This increases both
the labor both in measurement and data reduction.
The use of similarity in both the heat budget and the aerodynamic methods
assumes that equal eddy coefficients exist for the quantities measured.
There is general agreement that Km = Kv. However, controversy exists
regarding the equality Kh = Km (=iC„), as thermal stratification varies.
Making gradient measurements near the surface, where increased wind
shear minimizes the effect of thermal stratification, is helpful to both the
aerodynamic and heat budget methods because KhjKm and KhjKv are
closer to unity. Except for special research, Kh, Km, and Kv usually are
assumed to be equal because of uncertainties and labor involved in corrections. Since that similarity enters the heat budget method only through
(1 + ß), for ß > —0.5 it is less critical with regard to assuming Kh = Kv
and to errors in AT and Ae than the aerodynamic method.
Similarity also assumes a model 'homogeneous' surface where the sinks
and sources for the transported quantities are indistinguishable so that
the quantities measured are well mixed in the layer of measurement.
Thus, though it is desirable to make gradient measurements near the
surface, local surface inhomogeneities become more disturbing. Similarity
methods cannot be applied without test to surfaces with large scale patchiness
(e.g. soils with large patches of wet and dry soil and short, widely-spaced
row crops with large patches of dry soil exposed). We have used spacial
sampling over hay area rather than relying on time averaging alone (5).
This may alleviate the problem of surface inhomogeneities, but cannot be
assumed a priori to do so.
The aerodynamic method assumes in addition to similarity that D and
z0 determined during a neutral period remain constant for the day regardless
of wind speed. Stoller and Lemon* have found large variations in D and z0
with wind speed over corn Penman and Long (3) cite similar results in
other crops.
Deacon and Swinbank (1) have proposed a simple aerodynamic approach
that is less critical to errors in D and Ae measurements than other aerodynamic methods.
Pasquill (2) employed the relation
E = C> 2 (e 2 — ej
[6]
*) Unpublished data of J. H. Stoller and E. R. Lemon (USDA) Agronomy
Dept., Cornell Univ.
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where z2 and z1 were 50 cm and 25 cm respectively above a pasture. Pasquill
determined D from neutral period profiles and established (uju2) from
several hours of measurement. This method is objectionable, mainly
because of the difficulty in determining D, and to a lesser extent because
of the (e2 — ej) measurement. The method has convenience in that the
wind at only one level is required much of the time.
Aero-heat budget method: A combination [7] of the aerodynamic determination of A similar to [6] and heat budget measurements eliminates
the need for continual Ae measurements and measurements of D and
K/«i)E = (Ä. - S) -A
[7a]
A = Cvu AT
[7b]
We can find C„ without recourse to exacting wind profile measurements
if we measure R„, S, u, and Ae during a neutral period when Rn — S = E
as in [8a]. If, during the neutral period, the storage terms and energy of
photosynthesis are large compared to (Rn — S), we can find Cv from [8b]
for a higher energy period.
(Neutral period) Cv = (R„ - S)\uAe
(High energy period) C„ = (Rn - S)/u(Ae + yAT)

[8a]
[8b]

This requires a precise measurement of e2 — e1 for only one period, T2 — Tv
and u somewhere in the range of z2 to z1 with z2 and z1 near the surface
(e.g. within a meter). This method employs the easiest and most convenient
measurements in Table 1 except for Ae which is needed for only one hour.
The relative error in E decreases as E/A increases, and should be reasonably
small when E — A.
Pasquill (2) points out that if means of û and Ae could be substituted in
[6] to obtain the mean daily E, that analytical efforts would be greatly
decreased and may help simplify measurement requirements. Valid arguments and data are given (2, 6) to show that the daily mean data cannot
be used in this manner because of the large diurnal variations in u and Ae.
However, four-hour means have been used satisfactorily (3), and Tanner (6)
found that if the means over periods of net radiation gains and periods of
net losses are used separately, that a useful 'daytime-nighttime' period
approximation can be made.
EXPERIMENTAL

The aero-heat budget combination [7] was tested with data gathered at
Hancock, Wisconsin in 1956 and 1957. The data from 1956 was over a
good alfalfa-brome cover with a height from 30 to 65 cm. Inversions were
frequent and A was generally small compared with E. The data from 1957
were following a cutting when A was much greater than E in comparison
with 1956 (ß > 0.5 on 10 days and ß > 1.0 on 3 days when cover was
sparse). All u, T, and e measurements were within a meter of the crop
surface (11). Cv was established through [8a] when (Rn — S) was certain
to be large compared with storage terms. On six days in 1956, inversions
existed over the high Rn — S periods and on six days in 1957 strong lapses
occurred so that neutral periods were available only during evening and
early morning periods when (Rn — S) was small. On these 12 days C„
was evaluated during hours near noon with [8b].
The means of u, AT, and Ae for daytime periods in 1956 and 1957 and
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for nighttime periods in 1957 were used to find
(E+A)est

=Cvü(Äe+

y~ÂT)

[9]

This should be equal to the measured (Rn — S) for the period if the aeroheat budget method is satisfactory. The results of these measurements are
illustrated in figure 1. Though scatter exists, the method appears to be
satisfactory for agricultural estimates. The general departure of (E + A)est
vs. (R„ — S) from a 1 : 1 relation for daytime values is in the direction
expected for a variation of KJKm with 2thermal stratification. The correlation of (Rn — S)I(E + A)est with ATju (a crude measure of the stratification) was 0.45. The greatest relative error is for the nighttime periods
when u, AT and A e were much different than daytime values so that nighttime may not be representative. However, absolute error is not great.
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Figure 1. Comparison of the aero-heat budget estimate of (E
(Rn—S)est with measured (Rn—S).
Since (Rn — S) is approximated fairly well by (E + A)est, we may
expect that E gotten from [7] would have less error. Since (Rn — S) can
be measured with reliability the main error is in the estimate of A. Accordingly we found
(Rn-S)-CvuAT
[10]
and compared it with E measured by [3] which has been tested and found
good for this surface (5, 7). The comparison is given in figure 2. The estimate
of E by the above method is quite satisfactory for most agricultural applications.
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Figure 2. Comparison of the aero-heat budget estimate of Eest with E measured
by a detailed heat budget method.
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SUMMARY

The évapotranspiration from crop surfaces can be determined from
a combination of the simplest aerodynamic and heat budget measurements.
The method requires a measurement for an hour during the day of wind
a t one level and the temperature and vapor pressure gradients within
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one meter of the surface together with the net radiation, and soil heat
flux. These measurements for one hour are used to 'calibrate' the simple
aerodvnamic system. From this calibration and the average wind and
temperature gradients over periods of net radiation gains and losses respectively, the sensible heat for the period is estimated. The évapotranspiration over either the daytime and nighttime period is found from the
aerodynamic estimate of the sensible heat, the measured net radiation,
and the measured soil heat flux for the respective period.
The method is most suitable when the évapotranspiration (latent heat
flux) is larger than the sensible heat flux.
RÉSUMÉ

L'évapotranspiration des surfaces des plantes peut être déterminée
par une combinaison de mesures très simples d'aérodynamique et de bilan
thermique. La méthode nécessite la mesure, pendant une heure au cours
de la journée, de la vitesse du vent à un seul niveau, des gradients de
température et de pression de vapeur d'eau dans le premier mètre à partir
de la surface du sol, du rayonnement effectif et du flux calorifique. Ces
mesures effectuées pendant une heure servent à calibrer un système aérodynamique simple. Quand on connait les gradients moyens de la vitesse du
vent et de la température, au cours de périodes de gain et de perte de
rayonnement effectif respectivement, cette calibration permet d'estimer
la chaleur tangible pour la période étudiée. L'évapotranspiration pendant
la période diurne aussi bien que nocturne est dérivée de l'estimation aérodynamique de la chaleur tangible, du rayonnement effectif et du flux
calorifique du sol mesurés pendant cette même période.
La méthode convient le mieux quand l'évapotranspiration (flux calorifique latent) est plus grande que le flux calorifique tangible.
ZUSAMMENFASSUNG

Die Evapotranspiration von Kulturbeständen kann aus einer Kombination
der einfachsten aerodynamischen und Wärmebudgetmessungen bestimmt
werden. Die Arbeitsweise verlangt Messung während einer Stunde täglich
des Windes in einer bestimmten Höhe, sowie der Temperatur- und Wässerdampf-Gradienten innerhabl 1 m Höhe über der Erdoberfläche und dabei
die Nettostrahlung und die Wärmebewegung im Boden. Diese eine Stunde
währenden Messungen wurden benutzt um das einfache aerodynamische
System zu 'kalibrieren'. Mit Hilfe dieser Kalibrierung und den mittleren
Windstärke- und Temperaturgradienten über Nettostrahlungsgewinne, resp.
— Verluste, konnte die offensichtliche Wärme für die Beobachtungsperiode
geschätzt werden. Die Evapotranspiration über je die tageszeitliche oder
die nachtzeitliche Periode findet man dann aus der aerodynamischen
Schätzung der offensichtlichen Wärme, der gemessenen Netto-Strahlung
und der gemessenen Boden Wärmebewegung für die resp. Periode.
Die Methode ist am besten geeignet wenn die Evapotranspiration (die
latente Wärmebewegung) grösser ist als die offensichtliche Wärmebewegung.
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EVAPOTRANSPIRATION IN THE SEYHAN PLAIN IN SOUTHERN
TURKEY
by
SADIK TOKSÖZ *
INTRODUCTION

As in other arid and semiarid regions, irrigation has been practiced in
Turkey for centuries. Irrigation was usually limited to narrow strips of
land along rivers or creeks and irrigation practices were primitive. The first
large scale irrigation project was built in the central Anatolia Plain in 1904.
Two more areas, one in western Turkey and another in southern Turkey
have been put under irrigation. Rapid increase in population (at an annual
rate of 3 % ) and a strong desire to improve the standard of living has focused
great interest in the possibility of expanding irrigation. Several Turkish
engineers have studied and worked in the United States and many new ideas
and concepts are being introduced.
This paper is restricted to a discussion of the methods used to determine
irrigation water requirements for the Seyhan Plain, which covers an area
of 180,000 ha and is located in southern Turkey along the Mediterranean
Sea. The merits and limitations of the methods of determining water requirements for irrigation are discussed briefly.
EVAPOTRANSPIRATION AND WATER REQUIREMENT FOR IRRIGATION

Water requirements for irrigation have thus far not been determined
locally from field experiments. Empirical methods for calculating this
requirement have been imported haphazardly and used without carefully
considering their applicability to Turkish conditions and without making
detailed comparative studies of climate and weather. The Lowry-Johnson
method (20, pp. 4.1.1—4.1.15) has been used here to determine water
requirements for irrigation. However, this method was developed for the
arid western United States where the climate differs greatly from that of
many parts of Turkey, especially the coastal plains along the Mediterranean
and Aegean Seas. The Blaney-Criddle method (1) has also been used
extensively. This method involves a simple and handy formula, requiring
only temperature data, which makes its use attractive. In addition, large
numbers of K values are available for various crops and for locations with
approximately the same latitudes of Turkey (and with apparently similar
climatic conditions). The formula together with recommended crop coefficients for the western United States (1) for 'similar' climatic conditions,
were applied to the Seyhan Plain. Locally determined K values were not
available. The water requirement so calculated is very high when compared
to that calculated from methods based on a physical analysis of weather
and climate.
Two sets of experiments have been conducted in the Seyhan Plain
during 1958 and 1959 to determine K values for the Blaney-Criddle formula
for one field crop (cotton) and one vegetable crop (tomatoes). Values were
determined on test plots by controlling the water application and measuring
the soil moisture depletion. Large discrepancies were observed between
* Engineer, Devlet Su Isleri, 6.ci Bolge, Adana, Turkey.
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results obtained for consecutive years and for the two crops. The growing
season is about 365 days and a wide variety of crops are and can be grown.
There is ample room for large errors if the water requirement for irrigation
is not determined correctly.
In order to obtain immediate results, Penman's method (10, 12) is used
which involves the use of climatological data and does not require extensive
and time-consuming experimentation. It is based on sound physical reasoning and necessary constants have been determined and checked in many
places (2, 4, 5, 6, 7, 9, 10, 14). The necessary information was obtained
from a local Class A meterorological station. Relevant data was available
for eight consecutive years (1945^1952) and monthly values of évapotranspiration have been calculated for these years. The Penman method does not
lead directly to a value for the irrigation water requirement but rather to
an estimate of potential évapotranspiration. The latter may be used to
estimate the actual évapotranspiration from which the irrigation requirement may be determined.
T H E PENMAN METHOD

For a thorough discussion of Penman's approach, reference is made
to the original papers of Penman (10, 11, 12, 13) and to Deacon, et. al. (3);
Rijtema (16) compares various methods for calculating potential évapotranspiration.
Briefly, Penman (10) used the following expressions for relating evaporation from open water surfaces to potential évapotranspiration from
cropped surfaces
ET = fEt
[1]
*• -

(A/y) H0 + Ea
(A/y) + 1

W

The symbols have been defined in Appendix 1, Empirical values for /, as
determined from experiments (12) at Rothamsted, England, are: 0.8 for
May through August, 0.7 for September, October, March, April and 0.6 for
November through February. By introducing a stomatal term (S) and a day
length factor (D), Penman and Schofield (15) arrive at an analytical
expression for / and give the following equation for ET
ET

(A/y) HT + Ea
- (A/y) + (l/SD)

L3J

De Wit (4, pp. 10—15) discusses the stomatal term (S), transpiration
of a leaf, crop surfaces, plants, and the effects of morphological differences.
Businger (2) introduces a new term (e) which replaces (l/SD) in equation
[3] and gives e = 0.92. Penman (14) states: 'Dutch experience suggests that
the best working value of what I have as (l/SD) is very near unity'. He
goes on to say that a newer formulation has a term (l/h0) in both numerator
and denominator, that is
E T

-

(A/y) HT + (1/A0) Ea
(A/y) + (I/A.)

L4J

where h0 is the value of relative humidity inside the crop, and will lie between
the value of relative humidity outside the crop and unity. Penman observes
further that it makes no real difference whether one puts l/h0 = 1.1 or
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1.0. This reasoning leads to the following expression, as given by Penman
(14)
(A/y) HT + Ea
[5]
=
ET
(A/y) + 1
In the above formula:
HT = Re — RB
Re = R4 (1 - r) {a + b(njN)}

[6]
[7]
RB = oTa (0.56 - 0.09 y/ed) [0.10 + 0.90(»/JV)]
[8]
E a = /(«)(«« - ed)
[9]
Monteith (9) gives the following values for reflection coefficient (r):
for grass 0.25 (Mean), for lucerne 0.25 (Mean), for winter wheat 0.25 (29
July), for sugarbeet 0.27 (27 May), for potatoes 0.27 (29 July). In our
calculations a value of 0.25 has been used. Reference is made to Hounam
(6) and Glover and McCulloch (5) for a thorough discussion of the empirical
expression [a + b(njN)']. In the latter paper it is shown that, for all practical
purposes, b = 0.52 can be considered constant, and that a depends on latitude as follows
a = 0.29 cos q>
[10]
so that, for the Seyhan Plain with q> m 37° N, a « 0.23.
Penman (14) gives a new expression for f(u) which is directly proportional
to wind speed: f(u) = 0.27 U2. Using the above values, it follows from [7]
and [9] that
Re = 0.75 RA [0.23 + 0.52 (n/N)]
[H]
Ea = 0.27 U2(ea - ed)
[12]
Equations [5], [8], [11], and [12] have been used to compute potential
évapotranspiration for the Seyhan Plain. Necessary data have been taken
from a Class A meteorological station. The major climatological features
of the Seyhan Plain are summarized in Table I. An example computation of
potential évapotranspiration by Penman's method is given in Table II
for the year 1947.
TABLE 1. Average monthly meteorological data for the Seyhan Plain.
MONTH
Rainfall

J

F

M

A

M

J

j

(mm) 999 1085 6 0 4 413 52.0 2Û0 5 4

A v. 'tempera/ure &7 99 126 16.8 21.4 2 5 0
c°
Relative
65
66
67 6 6
63
65
humidilu %
Actual
bright
6.0 6.6 8.4 9 8 12.1
52
sunshine hours
Prevailing
NE NE SW SW sw
NE
wind
Wind velocity
oao Q95 120 125 1.20 ] 1.60
2 w. height/n m/sec

275

A

S

63

18.I

0

NI

D

484 65.7 9 2 8

28.1 7*>? 208

157

10.9

67

66

61

59

61

65

124

E0

105

86

67

4.9

SW

SW

SW

NE

NE

NE

1.90

2.10 1.30 0.65 0.60

Station: Adana, Turkey; Elevation: 25 meters;
Longitude: X = 35°18'E.

0.75

Latitude: 0 = 36°59'N;
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TABLE 2. Calculation of potential évapotranspiration
the year 1947.
J

NO

F

M

A

M

J

J

by Penman's

S

A

N

1.40

5.55 4 . 6 5

1 (0.7SRA)

5. 10 6.75
0.39

0 . 5 9 0.62

oea

0.73

0.80

3 pSSn/N^O^

043

0.54

ose

0.61

O 65 0.68 0.71 0 6 9 064

0.55

4

^

2.19

3 6 5 4-72

7.03

5

tc°

9.8

11.0

id.i

154

6 G-TQ

12.»7 13.10 1395 1450

7 R.N.

0.71

0.63

069

9.1

96

13.0 15.3

8

<2a

0.56

9 <2V

e 46 6.17

10 (p.56-0-09^)

0 . 3 3 0 33 0 29 OX

II (pson/rt+o.to]

O 45 0.63

12

RB

12 2

1535 16.00 16.60 1665 15.BO 14 90 14.00 13 55
0.61
20.0

0.68
24.3

0 68 0.61

056

28.7 2Ô.8

23.6

0.50

069

0.64

18.00 1 3 8

10 6

9.00 9 5 2 6 78

O 16

oie

024

029

0.28 0 33

O.B4 0.76

067

093

0.89

OSO

054

1.91 2 75 2.65

3.63 2.92

2 . 5 6 2 3 2 283

3.32

3.43

2 10 244

5.53

3.20

1.35 O 50 -0.12

0.90

2.07 3.40 4M
1.55

eQ-£d

264

3.63 4 03 6.73

£a

ose

0.54

1.05

1.22

1.33

173

19 fr

2 . 6 0 2.32
165

0B2

O 55 0 95

(&h)\i

4.73
20.5

0.51

ose

020

OB0

18

24e

049
047

0.25

14 Us

17 A/»

7 9 8 6.52

0.78

066

13 UT-Rc-Qe

15

à.30

2 3 3 284

8 9 7 8 . 5 7 12.20 16.52 1952 17.57 1322

026

16

7.26 e.09

22 3 25.3

0.86 0 9 2 0.88

D

O

2 (n/N)

a.60 10.65 11.90 12.45 12.20 11.25 9.45

method for

2 . 2 2 2 . 3 3 2.73
041

0 75

1.45

S.98 S.15

1.65 2 35 2 . 2 5

1.05 055

7.80

7 78 9.18 11.23 1038

283

3.04

350

5 78 6.85

2 91

195

255

295

3.46

2.85

2 . 9 5 3.55

3.46

0.55

056

O 65

9.00 4 28 3.82
135

064

224

1.79

069

1.38

3 9 5 4 46 4 . 4 6 3.85

3.24 2 . 7 9 2.38

6 OC 3 50 3.10

1 3 5 0 5 5 0 21

1 70 3 2 0 4 00 5.0C

•Divide figure by 0.85 to obtain potential évapotranspiration.
APPENDIX

E0
ET
/,e
A
y
E„
Ut
H„
HT
Re
RB
RA
r
a, b
/
T
a
n
N
RH
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— L I S T OF SYMBOLS.

Evaporation from open water surface in mm of water/day
Potential évapotranspiration in mm of water/day
Empirical factor (dimensionless)
Slope of temperature-vapor pressure curve in mm of mercury/°C.
Psychrometer constant = 0.49 in mm of mercury/°C.
An intermediate expression for the drying power of the air in mm/day
Wind velocity at 2 meter height in meter/sec
The heat budget of open water surface in mm of water/day
The heat budget of soil or cropped surface in mm of water/day
Incoming short-wave radiation in mm of water/day
Outgoing long-wave radiation in mm of water/day
Radiation at the top of the atmosphere in mm of water/day.
Reflection coefficient (dimensionless)
Empirical constants (dimensionless)
Average air temperature in centigrades
Average absolute air temperature in centrigrades
Stephan Boltzman constant = 2.01 x 10~"mm/day/T 4
Actual duration of bright sunshine in hours
Maximum possible hours of bright sunshine in hours
Relative humidity (dimensionless)

1.17
e„
ed
5
D

S a t u r a t i o n v a p o r pressure a t air t e m p e r a t u r e in m m of m e r c u r y
S a t u r a t i o n v a p o r pressure a t d e w p o i n t in m m of m e r c u r y
S t o m a t a l t e r m (dimensionless)
D a y l e n g t h factor (dimensionless)
CONCLUDING

REMARKS

In order to prepare water balance sheets and to determine the irrigation
water requirement during the period of maximum demand, one must consider the relationship between potential and actual évapotranspiration.
This relationship is discussed by Makkink and van Heemst (13) and Slatyer
(18). Makkink and van Heemst (13) found that, for a suction of 7 meters
of water at 5 cm depth below land surface and with a potential évapotranspiration of 4 mm/day, the actual évapotranspiration is 30 % less t h a n
the potential. General experience indicates t h a t the actual évapotranspiration (Ejt) exceeds the potential during winter and t h a t it is less than the
potential during summer. In preparing water balance sheets for the Seyhan
is
Plain, the ratio of actual and potential évapotranspiration (ERJET)
taken to be 0.85 for April through September and 1.0 for October through
March. The conservative value of 0.85 has been chosen to reflect the effect
of higher évapotranspiration by trees (11, 13) and green vegetables which
are expected to be grown on 20 percent of the project area. Green vegetables
require frequent irrigation because of shallow rooting, and their yield increases if the soil moisture stress is kept low. During winter, wet bare soils
evaporate more water than is calculated in Table I I . The reflection coefficient
(which has been kept constant in the table) of wet bare soil is smaller t h a n
t h a t of green vegetation which causes evaporation to increase.
Water requirements for irrigation for the Seyhan Plain, as calculated b y
t h e Lowry-Johnson, Blaney-Criddle, Penman, and Thornthwaite methods
are summarized in Table I I I . Values as calculated b y Thornthwaite's
TABLE 3. Monthly water requirements for the Seyhan Plain as calculated by
four methods.
~\_MONTH
MCTHOD~^\^

J

Lowry- Johnson 49
Blanay-Cridd/e
(for
grass)
Per/mart
13
(for short crops
Thornthwaite

14

O

N

D

120 110

100

77

58

235 220 146

no

64

82*

106" 128* 158* 146* 82* 42

17

7

56*

97*

42

21

F

M

A

M

J

J

A

48

65

78

98

107

118

76

02

154

194

21

53

17

43

S

128* «4*j 156* 103* 75

method (see ref. 19, and subsequent papers by him and his associates) are
included in the table even though the method itself is not discussed. Observe
t h a t there is close agreement between values calculated b y the Penman and
Thornthwaite methods.
Actual évapotranspiration as calculated by the Penman method has
been used to prepare annual water balance sheets. Irrigation hydrology is
based on a water balance study which leads to both a water requirement for
irrigation and drainage coefficients for surface and subsurface drainage.
The water balance study, and the project irrigation and drainage requirements will be discussed in detail in a subsequent paper. The results presented
here form an integral part of these further studies.
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SUMMARY

The results of four methods of calculating t h e évapotranspiration or
'consumptive use' are compared. I t is pointed out t h a t t h e Lowry-Johnson
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and Blaney-Criddle methods cannot be used unless correlation factors and
crop coefficients are established b y local experiments. The methods of
Penman and Thornthwaite lead to satisfactory results if appropriate
meteorological data are available. The Penman method is discussed in
some detail and an example computation is included for the year 1947.
RÉSUMÉ

Cette communication compare les résultats de quatre méthodes pour calculer l'évapotranspiration ou consomation d'eau. L'auteur souligne que
les méthodes de Lowry-Johnson et de Blaney-Criddle ne peuvent être
utilisées que si l'on dispose de facteurs de corrélation et de coefficients de
récolte, établis par des expériences locales. Les méthodes de Penman et
de Thornthwaite donnent des résultats plus satisfaisants à condition de
disposer de données météorologiques convenables. La méthode de Penman
est discutée plus en détail et à titre d'exemple des calculs pour l'année
1947 sont annexés.
ZUSAMMENFASSUNG.

Die Resultate von vier Methoden zur Berechnung der Evapotranspiration
oder 'consumptive use' werden miteinander verglichen. Es wurde festgestellt, dass die Lowry-Johnson- und die Blaney-Criddle-Methoden nicht
angewendet werden können, wenn nicht Korrelationsfaktoren und Gewächskoeffizienten durch örtliche Versuche zuvor festgestellt worden sind.
Die Methoden von Penman u n d Thornthwaite führen zu befriedigenden
Resultaten wenn die zugehörigen meteorologischen Daten verfügbar sind.
Die Penman Methode wird mehr detailliert besprochen und mit einem
Rechenbeispiel für das J a h r 1947 beschlossen.
DISCUSSION

E. F. MAAS: Has the value of Black-Bellani plate atmometer for measuring
irrigation requirements been investigated in this area? Robertson and Holmes
at Ottowa, Canada, have obtained good correlations with actual moisture
requirements between Bouyoucos blocks and Bellani plate methods on forage
crops. Factors for other crops can be established for the Bellani plate.
SADIK TOKOSZ: No, it has not been investigated. We were not familiar with
the work which is referred to. However, it will be very profitable and feasible
for us to try to obtain some crop coefficients for the plate atmometer, because
I think they are relatively cheap devices. Thank you for the comment.

216

7 T H INTERN. CONGRESS OF SOIL SCIENCE, MADISON, W I S C , U.S.A., 1 9 6 0

1.18

A NEW METHOD FOR MEASURING MOISTURE RETENTION
VALUES AND STABILITY O F S T R U C T U R E O F SODIUM-AFFECTED
SOILS *
by
C. W.

CHANG**

New Mexico State University, University Park, New Mexico, U.S.A.
Soil can have all the chemical elements necessary for crop growth and
still not produce a good crop if its physical condition is poor. I n humid
regions, the development of unfavorable physical conditions, usually
referred to as deterioration of soil structure, is largely attributed to a
decline in humus (13). The causes for structure deterioration in arid and semiarid regions, however, m a y be different from t h a t in the humid region, since
the influence of humus and microbial activities is comparatively small.
I n irrigated soils of the arid and semi-arid regions, tractors and related
heavy implements more frequently cause compaction and puddling resulting in reduced intake and movement of water and air, and restricted
root development. This breakdown of structure is invariably accelerated by
the accumulation of exchangeable sodium, especially in medium to finetextured soils. Inasmuch as the soil is nearly always closely associated with
water under natural conditions, it seems logical t h a t soil structure m a y be
described in terms of its moisture retention and movement properties.
Accordingly, the present experiment was designed to study the relation of
exchangeable sodium to crop yield, soil moisture properties, and soil
structure of an intensively cultivated Gila clay loam in Mesilla Valley,
New Mexico (2, 3, 4, & 8—11). This paper attempts to relate soil moisture
properties and soil structure in a more logical order than hitherto proposed
and to establish their natural relationship.
EXPERIMENTAL

For laboratory studies, samples of calcareous Gila clay loam adjusted to,
and stabilized at, 6 levels of exchangeable sodium were taken from greenhouse pots and field plots t h a t had been used continuously in a 4 year
investigation of these soils. The method used in preparing the sodium soils
for the greenhouse experiment has been described previously (3, 4) as have
selected chemical, physical, and mineralogical properties of the untreated
soil (4, table 1). Previous results using the same soils had shown t h a t the
yield of alfalfa or cotton bore a nearly linear inverse relation to the increase
in exchangeable sodium. A field in which the soil was relatively uniform
in texture and related properties was selected for the field experiment.
In the early spring of 1954, twenty-four plots of 18' by 10' were laid out
in this field. The level of exchangeable sodium of the treated plots was
raised from 8 percent to 15, 20, 30, 50, and 65 percent of the cation exchange
capacity. Cotton, sorghum, and alfalfa were planted the first, second, and
third year, respectively, and yields were recorded.
* Journal Series No. 149 of the N. Mex. Agr. Expt. Sta., University Park,
New Mexico, U.S.A.
** Professor of Soils.
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Permeability ('hydraulic conductivity') and volume weight of undisturbed
soil cores, and real specific gravity and moisture-retention of disturbed
samples were determined according to the methods described by the U. S.
Salinity Laboratory (12). Field moisture capacity (F.C) was taken as the
difference between 2/3-atmosphere percentage and 15-atmosphere percentage. The percentage of < 2 p clay was determined by the International
pipet method. Aggregate-size distributions were determined by Yoder's
wet-sieve method as modified by Hubbell and Chapman (6), and the
procedure of Briggs and McLane (1) was used for the moisture equivalent
(M.E.) determinations. In addition to distilled water, salt or ethanol
solutions of varying strengths were used for wetting the soils. When salt or
ethanol was used, samples were soaked individually in air-tight jars to
avoid change in concentration of solution. The tension and moisture content
of soils were also determined directly and simultaneously by means of
manometer-porouscandle assemblies, as described previously by the author
(11).
RESULTS AND CONCLUSIONS

Reductions in yield with increase in exchangeable sodium, similar to the
greenhouse results reported previously (4), were observed consistently from
1954 to 1957 in the field (8, 9, 10). Typical relationship of alfalfa yield to
exchangeable sodium percentage (ESP) is shown in table 1 and fig. 1.
Results from several physical measurements are also summarized in table 1.
It is apparent that the use of these physical measurements as a means of
predicting variations in yield or in ESP was not entirely successful. For
example, the percentages of aggregation, of the sizes reported, did not correlate with ESP, yield, moisture retention at 4 ATM, or permeability. A
decrease in aggregation at the first increase in exchangeable sodium (about
20—30 ESP) was noted on both 1955—1956 samples. Aggregation, however,
increased again as the ESP level exceeded 20—30 (fig. 1). It was noted
during the course of wet-sieve analysis, that the aggregates retained from
Na-affected soils were predominantly abnormal, smooth, and slimy aggregates, similar to that previously reported by Hubbell and Gardner (7,
fig. 3). These 'fungal-type' aggregates found in sodium-affected soils do not
lend themselves well to wet-sieve separation.
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Figure 1. Relation of alfalfa yield and water-stable aggregation in Gila clay loam.
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Other physical properties, such as permeability, porosity and available
moisture range also were plotted against ESP, yield, etc., but little correlation was demonstrated (table 1). In an attempt to search for a singlevalue physical property to correlate with ESP and yield, the moistureretention curves of both the surface and sub-soils were determined. The
data for surface soils are summarized in table 1. The spread of moistureretention values, expressed as percentages of water retained, was gradually
augmented by the increase of tension. To distinguish among the exchangeable
sodium levels of these soils, a tension of 4 ATM or greater appears useful
(table 1). Thus, as a single-value expression of soil structure in sodiumaffected soils, the moisture retained at 4 ATM deserves consideration.
TABLE 1. Effects of Exchangeable Sodium on Physical Properties of Gila Clay Loam
and Alfalfa Yield, From 1957-Sodium-Plots.
Treat-

Yield (2)
ESP(!) (Tons)
8
15
20
30
50
65

4.36
3.94
3.63
2.75
0.66
0.00

Permeability
Cm/hr
0.170
0.049
0.001
0.002
0.008
0.000

% Water Retention At
15
4
%
ATM

ATM

ATM

22.9
24.5
23.9
28.7
31.0
33.1

16.5
18.4
19.9
22.6
24.5
27.5

13.1
14.0
14.7
18.8
21.4
24.6

F.C.(3)

%
9.8

10.5
9.2
9.9
9.5
8.5

% Aggregates,
#10
2.8
2.4
1.0
2.3
1.5
1.5

% < 2 juclay
0" —8"
# 1 8 #35( 4 ) 0"-8" 8"-16"
5.5
5.4
2.7
5.6
4.5
4.6

9.3
8.4
5.3
8.7
7.5
7.4

30.7
34.5
31.3
33.9
33.3
31.1

32.2
34.1
29.0
28.2
32.4
28.6

(21) ESP, Exchangeable Sodium Percentage.
( ) Yields, tons per acre, fresh weights third cutting from the same plots where permeabilitycores were collected.
(3) Field (moisture) capacity, gms. water per 100 gms. soil.
(*) Sieve No's, # 1 0 , # 1 8 , and # 3 5 ; equivalent to 2 . 0 - 4 . 0 mm, 1.0-2.0 mm, and 0 . 5 - 1 . 0
mm, respectively.
The large differences in moisture retention between sodium-affected and
normal soils determined by using Richards' tension method (12) or Brigg's
centrifugal method (1) were not in accord with those determined by the
vapor pressure method (14). Those observations raised the question as to
whether or not all the excess moisture actually was retained or merely
entrapped by Na-soils. Accordingly, this problem was investigated simultaneously by the following three methods:

1. To circumvent the difficulties of incomplete removal of entrapped
moisture from the soil by standard methods, N/2 salt solution or 40 %
ethanol was used in addition to distilled water. As was shown previously
(10), the new procedure has facilitated removal of entrapped liquid from
the sample and thus provided reproduceable results among replicates of
Na-soils. Among other things, these graphs (10, figs. 1, 2 & 3) indicate
that the magnitude of moisture-retention percentages obtained from Nasoils by standard procedures may have been greatly exaggerated as the
result of the reaction between the Na-clay and adsorbed water molecules.
2. The change in moisture retention in the same soils, when different
percentages of quartz sands or glass beads were added to the soils, was
determined. The moisture retention (such as M.E.) attributed to the soil
fraction was calculated from observation of soil-sand mixtures by the
equation :
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ME attributed
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Figure 2. Relation of moisture retention* in normal and Na-affected Gila clay
loam to percentage of added quartz sands.
As shown in fig 2, addition of quartz sands had facilitated removal of
entrapped water in sodium-affected soils, and considerably reduced their
moisture equivalent values. By contrast, addition of sands had little effect
on moisture retention of well aggregated (non-sodium) soils.
3. The tension-moisture content relations were determined directly on
an assembly consisting of a porous candle mounted on a mercury manometer. The moisture contents at 4, 12, 30, and 45 cms. of Hg were plotted
against the exchangeable sodium percentages. The results again indicate
that the increase in moisture content with the increase in ESP, at any given
tension, is very small and gradual. In an attempt to explore the direct
tension values of non-sodium ('normal') soils at the moisture content of
moisture equivalent or 2/3 ATM, extensive measurements were made on
19 productive soils. The tension moisture content curves for all the soils were
constructed to provide a basis for extrapolating appropriate direct tension
readings at ME and at 2/3 ATM. The relation of moisture equivalent value
to tension is shown in fig. 3. Considerable variation in tension at the moisture equivalent value among the soils was noted. These deviations are much
larger than the variabilities observed among replicates from direct tension
determinations, and therefore cast further doubt on the validity of the
standard method. If the standard procedure were valid, after saturated
samples were drained under a definite pressure — say 2/3 ATM or 1,000 X
gravity — the amount of water retained by different soils should give
nearly identical tension readings. Results from this experiment indicated,
however, that tensions varied with the amount of water still held in these
soils after drainage under uniform pressure. The deviation in manometer
readings was apparently not caused by the intrinsic moisture retaining
property of the soil, but by the swelling and dispersion of it. The inability
of standard tension apparatus to remove entrapped water from certain
saturated soils may serve to explain some unexplained phenomena in soil
physics. For example, hysteresis in the moisture tension-wat er content
relation of soils commonly reported in literature (5) may be attributed
* Calculated from observation of the soil-sand mixtures.
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largely to the failure or inability of the procedure to remove entrapped moisture on drying rather than to the delay in refilling of the pore space upon
wetting. It appears logical to expect the amount of entrapped water to be
closely related to the magnitude of hysteresis observed, to the swelling
and dispersion property of soil colloids, to the 'plastic adjustment' or
grain slippage, and therefore, to the stability of soil structure.

MOISTURE

EQUIVALENT , GMS HjO/IOO GMS SOIL

Figure 3. Relation of moisture equivalent to tension on non-sodium soils.
To express the stability of soil structure through the moisture retention property of the soils, the following system is proposed:
A numerical index of the structure stability of a soil, based on a comparison
of the moisture equivalent values determined with distilled water and those
determined with ethanol solution, or dilution with quartz sands, is given
by the following equation:
SSI = 100 - (MEW - MEe)
where SSI denotes the structural stability index; MEW) the moisture equivalent determined with distilled water; and MES the ethanol solution
SOIL-SAND

MIXTURES

X
Ui

o

ETHANOL SOLUTION

ESP

( GILA CLAY LOAM )

Figure 4. Effects of exchangeable sodium on structure stability index of Gila
clay loam.
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'moisture equivalent' or t h a t calculated from soil-sand mixture. Fig. 4
shows t h a t the structure stability index (SSI) decreased with an increase in
exchangeable sodium percentage (ESP). This structure stability-ESP curve
is very similar to the yield-ESP curves shown in fig. 1 and reported previously (3).
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SUMMARY

Water-stable aggregation in irrigated soils in New Mexico cannot be
determined with sufficient accuracy t o demonstrate relationship with crop
yield or physical and chemical properties related to exchangeable sodium.
Serious difficulties have also been encountered in determining moisture
retention of these soils b y standard methods because of inconsistent results
caused by entrapped moisture. To circumvent this difficulty, three new
procedures have been developed: a direct manometric procedure, an indirect
ethanol solution 'moisture equivalent' procedure, and a soil-sand mixture
procedure. They serve (1) to reveal the intrinsic moisture retention property, (2) to explain hysteresis in the measurement of moisture tensionmoisture content, (3) to estimate changes in soil structure b y providing a
numerical expression of structure stability, (4) to determine the extent to
which the structure m a y be improved, and (5) to relate moisture retention
and soil structure in a more logical manner.
RÉSUMÉ

L'agrégation stable à l'eau des sols irrigués du Nouveau Mexique ne
peut être déterminée avec une précision suffisante pour démontrer une
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corrélation avec le rendement des récoltes ou avec les propriétés physiques
ou chimiques liées au sodium échangeable. Des sérieux ennuis furent également rencontrés dans la détermination de la rétention d'eau de ces sols
par les méthodes habituelles, les mesures étant faussées par des inclusions
d'humidité. Pour tourner ces difficultés trois nouveaux procédés ont été
mis au point: une méthode manométrique directe, une méthode pour la
détermination indirecte de l'humidité équivalente à l'aide d'une solution
d'éthanol, et une méthode utilisant un mélange de sol et de sable. Ces
méthodes ont pour but (1) de mettre en évidence les propriétés intrinsèques
de rétention d'eau, (2) d'expliquer l'hystérèse qui caractérise les mesures
de l'humidité du sol par tensiométrie, (3) d'estimer les variations structurales
du sol en fournissant une expression numérique de la stabilité de structure,
(4) de déterminer jusqu'à quel point la structure du sol peut être améliorée
et (5) de mettre en relation de façon plus logique la rétention d'humidité
et la structure du sol.
ZUSAMMENFASSUNG

Wasserbeständige Aggregatbildung in bewässerten Böden in Neu-Mexico
lässt sich nicht genügend genau bestimmen um damit Beziehungen zu
Ernteerträgen, oder zu physischen und chemischen Eigenschaften im Verhältnis zu auswechselbarem Natrium darzulegen. Bei der Bestimmung des
Wasserhaltungsvermögens jener Böden nach den Standartmethoden,
wurden grosse Schwierigkeiten empfunden, weil eingeschlossenes Wasser
einander widersprechende Resultate gab. Um diesem Übel zu entgehen,
wurden drei neue Verfahren entwickelt: ein direktes Manometern Verfahren, ein indirektes Verfahren zur Bestimmung der minimalen Wasserkapazität mittels Ethanollösung, und drittens ein Boden-Sand-Mischungsverfahren. Diese Arbeitsweisen dienen dazu, (1) um das Wesentliche
des Wasserhaltungsvermögens klar zu legen, (2) um die Hysteresis bei der
Messung von Feuchtigkeitsspannung gegen Feuchtigkeitsgehalt zu erklären,
(3) um Änderungen der Bodenstruktur zu schätzen auf Grund eines zahlenmässigen Ausdrucks der Strukturstabilität, (4) um zu bestimmen, in wie
weit die Struktur verbessert werden kann, und (5) um das Wasserhaltungsvermögen und die Bodenstruktur in einer logischeren Weise in Beziehung
zu einander zu setzen.
DISCUSSION

L. A. RICHARDS: It is my impression that, with proper technique sodium
clay can be equilibrated with the pressure membrane, even Gila clay. High
retentivity at high exchangeable sodium need not be ascribed to failure to
attain outflow equilibrium.
C. W. CHANG: Dr. Richards has defined the phrase 'with proper technique'
in his comment as meaning the attainment of true equilibrium and the allowance
of a longer period (one to three weeks) at a given tension for Na-soils to reach
equilibrium. My answer is as follows:
1. In an irreversible system such as occurs with the pressure-membrane and
especially the ceramic plate device, true equilibrium may never be attained.
(The change in moisture content with respect to time appears to be a continuous
function over the tension plate).
2. Since the water retention values obtained from the direct tension measurement method (resorption) and from the sand dilution method, etc., reported
in my paper, appear to be realistic and to be apparent as well as easy to recognize,
there is little reason to use a cumbersome and inconsistent procedure. Furthermore, if extra time is given to equilibrate the Na-soil on the ceramic plate,
it may bring a different equilibrium point.
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J. P. QUIRK: Mr. Chairman, I would like to ask Dr. Chang what was the size
of sample and what was the equilibrium time used to obtain the values for
water content at 15 atmospheres.
C. W. CHANG: For samples of intermediate textural range, your question is
answered as follows:
1. 15—30 grams of sample were used depending upon the size of the rings.
2. In general, the 'equilibrium time' was about six hours. It, however, took
about 72 hours or longer for fine-textured soils containing excess exchangeable
sodium.
3. Refer to my answer to Dr. Richards.
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T H E CYCLE O F W I N D E R O S I O N
by
W.

S.

CHEPIL*

Erosion of soil by wind is part of a series of cyclic processes t h a t m a y be
termed the cycle of wind erosion. This cycle is a p a r t of the much broader
cycle of weathering. All physical and chemical changes produced in rocks
and rock materials by the elements of the weather and which result in
disintegration, decomposition, and movement of the materials are defined
as weathering.
Distribution of the products of weathering on the earth's surface is
associated with cycles of the first, second, and third order (6). The first
cycle includes weathering of primary rocks, the second of secondary rocks
and the third of the presently clastic and mobile soil materials. Soil materials are highly heterogeneous and their constituent parts therefore
exhibit different degrees of mobility resulting in different products of erosion.
Movement is facilitated b y gravity, running water, and wind. This paper
a t t e m p t s to point out the cyclic processes and products or conditions
associated only with soil movement b y wind.
Soil movement b y wind is accelerated by soil structural disintegration
and depletion of vegetative cover on the soil surfaces. These processes tend
to produce erodible conditions resulting in erosion and formation of products of erosion. On the other hand, the movement is hindered b y stabilization processes such as soil consolidation and aggregation and development
of vegetation and vegetative residue on the surface. These processes tend
to produce nonerodible conditions and therefore to suppress erosion. The
speed or intensity of all the processes fluctuates considerably depending
on the vagaries of the weather and the inconsistencies in the way man uses
his land.
Each process associated with the cycle of wind erosion produces a specific
product and each product leads to or causes another process. All of the
processes go only in one direction and therefore form a cycle as shown in
figure 1.
Soil
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Figure 1. The cycle of wind erosion.
* Agricultural Research Service, U. S. Department of Agriculture, and Kansas
Agricultural Experiment Station, Manhattan, Kansas.
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The cycle of wind erosion is characterized by a continual transition
among the different processes and their associated products or resulting
conditions. Neither the erodible and the nonerodible soil conditions nor the
products of erosion can be defined explicitly because they vary greatly
with the intensity of the processes that produce them. Therefore, what is
an erodible condition under one set of climatic or weather processes may
not constitute an erodible or an equally erodible condition under another.
SOIL

DESTABILIZATION

Soil destabilization processes may be considered as the basic causes of
wind erosion, while the products or conditions resulting from these processes
may be termed the primary causes (figure 1).
The basic causes of accelerated wind erosion are associated with the
equilibrium between climate, soil, and vegetation. Accelerated wind
erosion in many parts of the world developed after man began to interfere
unduly with the natural equilibrium between climatic, soil, and vegetative
environment (7). Burning, overgrazing, and overcultivation have been
the chief means of disturbing this equilibrium. The problem of excessive
wind erosion, therefore, is associated principally with the way the farmer
uses his land.
Extended periods of low precipitation, high temperature, and high wind
velocity often contribute to the severity of wind erosion (10). Great variations in precipitation, temperatue, and wind velocity exist especially in
continental climates throughout the world. Due to these climatic variations,
occasionally some wind erosion occurred in severely affected regions even
under virgin conditions (5).
In some regions subject to frost, the spring season is potentially the
most hazardous from the standpoint of wind erosion. Frost action on moist
soils during the winter tends to loosen and break down nonerodible clods
(4). In the summer, an increase in cementing substances resulting from
decomposition of organic matter tends to cement the soil mass, and increases
the proportion of nonerodible clods.
Excessive and improper tillage often causes excessive soil loosening and
pulverization and increases the hazards from erosion by wind. Suitable
tillage in regions where wind erosion is a hazard is necessary especially
to kill weeds and to conserve moisture. Moisture must be conserved to
reduce the risks from wind erosion. Therefore proper tillage and cropping
practices are required if weeds are to be controlled, moisture conserved,
and erosion curtailed.
The most important basic cause of wind erosion appears to be the depletion or destruction of vegetation or vegetative residue on the land.
Drought at times reduces or stops vegetative growth, but drought alone
is seldom the cause of severe wind erosion (5, 7).
Climatic, weather, and human influences all tend to create conditions
that increase or decrease wind erosion (4). These conditions may be stated
as follows:
Dry vs. most soil fractions. Only dry soil particles are readily moved
by wind. Damp and moist particles, due to cohesion of the water films,
are virtually stable.
Light vs. heavy soil fractions. Lighter soil fractions are more erodible
than heavier ones, but only if the diameter of the fractions is greater than
about 0.1 mm. Both size and bulk density determine the weight and therefore the erodibility of the individual soil fractions. It is convenient to
express both size and bulk density together by what is known as equivalent
L'L'li
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diameter. It is equal to <xd/2.65 in which a is the bulk density and d the
diameter as determined by dry sieving. The most erodible fractions are
about 0.1 mm. equivalent diameter. Erodible fractions seldom exceed
0.84 mm.
Loose vs. cemented soil fractions. The most erodible soil condition exhibits no cohesion among the individual soil particles and aggregates.
This condition is brought about by stirring or tilling the soil in a dry condition. Wetting of a loose soil bed followed by drying produces a certain
degree of cementation among the various individual particles and aggregates
and tends to reduce erodibility by wind. All natural soil materials, even
dune sand, exhibit some degree of cementation among the individual
particles after they are wetted and dried.
Smooth vs. rough surface. A smooth surface is more erodible by wind
than a rough one. This is because it is less effective in slowing down the
velocity of wind near the ground.
Bare vs. covered soil surface. The greatest frequency and magnitude of
wind erosion occur on soils that have been partly or completely denuded
of vegetation or vegetative cover. Virtually all vegetative covers include
both elements of roughness and cover and tend to reduce wind erosion on
both counts.
Unsheltered vs. sheltered soil surface. A surface may be bare yet may
not be eroded if it is sufficiently sheltered from the force of wind. Sheltering
is afforded on the lee sides of natural wind barriers such as shrubs, trees,
hills, or mountains, or by artificial wind barriers such as walls, picket
fences, hedges, crop strips, and crop rows. The extent and degree of sheltering afforded by the barriers vary with their spacing, height, width,
shape, and air penetrability (2).
Large vs. small eroding area. The larger the unprotected field, the more
it is erodible by wind. This is because the rate of soil movement increases
with distance downwind across wind-eroded field or adjoining fields (3).
Improperly vs. properly oriented fields, crop strips, and crop rows. Since
the rate of soil flow increases with distance along the prevailing direction
of wind, it follows that fields or field strips that are oriented in such a way
that their broad sides run at right angles to and their narrow sides parallel
with the prevailing direction of wind will have the minimum overall rate
of soil flow if erosion should take place (3).
Increased vs. decreased surface wind velocity. Although atmospheric
turbulence tends to increase the surface velocity of wind and contributes
greatly to erosion by wind, it has not been possible to control it. It has
been possible, however, to slow down the surface velocity somewhat by
placing barriers in the path of the wind and by roughening the surface (8).
SOIL EROSION PROCESSES AND PRODUCTS

Soil movement is initiated when the forces of lift and drag of wind
overcome the force of gravity on the individual soil grains. Movement
begins with the most erodible grains. They are about 0.1 mm. in equivalent
diameter. They are transported in a series of jumps known as saltation (1,4).
The higher they jump, the more energy they derive from the wind. Each
time they strike the ground they transmit much of their energy to particles
on the ground and cause them to either slide along the surface, move off in
saltation or be carried in the air in true suspension. The impacts from
the most erodible grains cause the movement of the larger, denser, and
smaller particles. In the field, knolls, ridges, and other more exposed
or more erodible spots first start to erode. Once erosion has started, it
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spreads fanwise to leeward and the bombarding action of the particles
in saltation causes the movement of the larger, denser, and smaller ones.
Grains moved in saltation usually range from about 0.1 to 0.5 mm. in
equivalent diameter.
Movement in saltation causes two other types of movement — the rolling
and sliding of coarser grains along the surface of the ground, known as
surface creep, and the floating of fine dust particles through the air, known
as suspension. The presence of coarse grains and fine dust particles in the
soil hinders its movement by wind (4). Fine dust is extremely resistant
to movement by direct pressure of wind.
Over 90 per cent of movement of soil in saltation is below the height
of 1 foot, while the average height of jump is only about 2 to 4 inches.
The wind tends to move the finer and lighter soil particles faster than the
coarser and denser ones. The finer the eroded particles the greater is their
speed, height, and distance of travel. The wind tends to separate the soil
into several grades, the most common of which are residual rocks and gravel,
lag sands and gravels, dunes, and dust (loess).
On an unprotected eroding field, the rate of soil flow is zero on the
windward edge and increases with distance to leeward until, if the field
is large enough, the flow becomes the maximum that a wind of a given
velocity can sustain. The acceleration of soil flow with distance downwind
over an unprotected field is known as soil avalanching (3). Maximum rate
of flow is approximately the same for all soils and is about equal to that
of dune sand.
The rate of avalanching varies directly with erodibility of a field surface,
that is, the more erodible the surface, the greater is the rate of avalanching,
and the shorter the distance in which the maximum rate of flow is reached.
By the same token, the more erodible the soil, the narrower the erosionsusceptible field or field strips have to be to keep the rate of erosion on
their leeward sides down to some tolerable rate.
The wearing away of solid materials by impacts of particles transported
along the surface by wind, water, or gravity is known as abrasion. It is
an important phase of the wind erosion process on all soils (4). Soil structure
continues to break down under abrasion as erosion progresses. The amount
of breakdown depends on the mechanical stability, that is, the resistance of
the soil structural units to breakdown by mechanical forces such as abrasion.
The relative susceptibility of the soil to abrasion by windborne soil particles
is expressed as the coefficient of abrasion (4). It is the quantity of soil material abraded off a soil aggregate per unit weight of abrader blown against
the aggregate in a windstream of standard velocity.
Abrasion caused by wind-blown soil grains is extremely inhibitive of
plant growth. The greater the intensity of soil movement and the longer the
movement lasts, the more vegetation within and on the lee of an eroding area
is destroyed. By the same token, the lower is the rate of erosion, the more
vegetation tends to cover and stabilize the soil. The equilibrium between
climatic environment, soil conditions, and vegetative growth shifts continually with the seasons and with the way man uses his land.
SOIL STABILIZATION

Soil stabilization under natural conditions or under the influence of man
is accomplished in two basic ways. The first of these is by reduction of
wind force against the ground and the second is by increase of resistance
of the soil to movement by wind (4).
Stabilization proceeds in three major successive stages: deposition of
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eroded soil material, consolidation and aggregation of erodible soil particles,
and revegetation of t h e surface.
The initial stage of soil stabilization is the stilling or stopping of erosion.
Stilling is accomplished in two ways. One is b y sedimentation, that is, t h e
settling of soil particles through air t h a t is slowed down in its velocity or
has come to rest.
The second major way that erosion is stilled is b y trapping. I t is t h e
stopping of soil particle movement along the surface of the ground. Trapping
m a y be accomplished b y roughening the surface, b y placing barriers in t h e
p a t h of the wind, b y burying the erodible particles b y tillage, or b y watering.
Trapping is accomplished naturally b y soil crusting resulting from rain
followed b y a slow b u t inevitable process of revegetation.
Methods of stilling wind erosion are known as emergency methods (9).
Their effects are only temporary. Once erosion is stilled, plant cover must
be established or plant residues must be maintained for more permanent
control.
Vegetative cover is Nature's way of protecting the earth's surface from
wind and water erosion. Man has not been able to devise a better way.
Vegetative growth must thrive and keep pace with destructive forces of
cultivation, decomposition, and other denudation processes if wind erosion
is to be kept in check. The establishment and maintenance of living and
dead plant cover to control wind erosion are one of the so-called permanent
methods of wind erosion control (11).
The principles of effective soil stabilization are fourfold: (a) roughen the
surface to slow down wind velocity a n d t r a p drifting soil, (b) produce or
bring u p from below soil aggregates or clods large enough so they cannot be
moved b y wind, (c) establish barriers and t r a p strips a t intervals across
the farm and across the direction of prevailing winds to reduce the surface
wind velocity and degree of soil avalanching and to keep the possible erosion
from spreading to other farms, and (d) protect the soil surface with a cover,
the common example of which is vegetation or vegetative residue.
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SUMMARY

The cycle of wind erosion embodies the causes, effects, and remedies of
wind erosion. Soil destabilization processes are the basic causes of wind
erosion and the erodible conditions resulting from these basic causes may
be termed the primary causes.
The effects of the basic and primary causes are soil erosion and the
products that result therefrom.
The remedies of wind erosion are the soil stabilization processes and all
the nonerodible soil and surface conditions that result from them.
There is a continual transition between soil stabilization processes on
the one hand and soil destabilization processes on the other. But always
associated with the soil destabilization processes are the processes of soil
erosion and their resulting products.
Associated with the cycle of wind erosion are the processes of soil formation and soil removal.
RÉSUMÉ

Le cycle de l'érosion éolienne en comprend les causes, les effets et aussi
les remèdes. Des processus de déstabilisation du sol sont les causes fondamentales de l'érosion par le vent et les conditions d'érodibilité qui en résultent
peuvent être considérées comme les causes primaires.
Les effets de ces causes fondamentales et primaires sont l'érosion du sol
et les produits d'érosion qui en résultent.
Les remèdes contre l'érosion par le vent sont: les processus de stabilisation du sol et toutes les conditions de non-érodibilité des sols et de leur
surface auxquelles ces processus donnent lieu.
Il existe une transition continue des processus de stabilisation vers les
processus de déstabilisation. Mais les processus de déstabilisation s'accompagnent toujours d'érosion et de produits d'érosion.
Les processus de formation et d'ablation de sols sont associés au cycle
d'érosion éolienne.
ZUSAMMENFASSUNG

Der Umlauf der Winderosion umfasst die Ursachen, Folgen und die
Hemmungen der Winderosion. Bodendestabilisierungsprozesse sind die
erstmaligen Ursachen der Winderosion, nämlich die Erschaffung der
Erosionsfähigkeit, aus welcher in erster Linie die Bodenerosion und die
Spaltung der Bodenbestandteile in verschiedene Produkte.
Gehemmt wird die Winderosion durch Bodenstabilisierungsprozesse und
alle jene daraus hervorgehende Umstände, durch welche der Boden und
seine Oberfläche nicht-erodierbar gemacht werden.
Es findet ein fortwährender Wechsel zwischen Bodenstabilisierungsprozessen einerseits und Bodendestabilisierungsprozessen andererseits statt.
Jedoch mit der Bodendestabilisierung gehen immer Bodenerosion und
deren Folgen Hand in Hand.
Mit dem Umlauf der Winderosion sind die Prozesse der Bodenbildung
und Umlagerung, Transport und Zerstörung engstens verbunden.
DISCUSSION

B. GROHSE: I would like to point out that weathering is mainly a natural
process, while wind erosion is mainly due to human influences as removal of
vegetation cover by ploughing, etc.
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I raise the question whether it is justified to combine such different factors
into a cycle and to consider wind erosion as a part of weathering.
W. S. CHEPIL: Extensive areas of loess deposits throughout the world testify
that wind is an important geologic agent affecting distribution of the products
of weathering on earth's surface. Such deposits must have been a consequence
of wind erosion occurring in past geologic eras, even before men appeared on this
earth. Man has merely accelerated the processes of wind erosion in some instances. Perhaps, if he has not already, he may learn even to decelerate them.
It makes little difference, it seems to me, whether or not we consider man's
influence as natural or otherwise. What is important is that he is influencing
the processes and the products resulting from them.
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AN E D A P H I C E X P R E S S I O N O F SOIL S T R U C T U R E *
by
EDGAR LEMON AND JÖRGEN KRISTENSEN **

For the purposes of quantitatively defining soil structure as a physical
media for root growth and function, it is essential to consider the dynamics
of material flow to and away from root surfaces in the soil environment.
Experimentally, it has been impossible to directly measure the flux of
material at root surfaces in soil, but recent attempts have been made to
theoretically predict flux rates for oxygen (12) and water (1, 9). These
analyses have pointed up the necessity of treating the problem as an integrated plant-soil phenomenon. One needs to know both plant and soil characteristics in the solution of the theoretical flow equations. In this paper, major
consideration will be given to a soil parameter that appears in the flow
equation. It is a geometric term, in units of length, and is evidently an
'apparent liquid path-length'.
If one considers a symmetrical co-axial cylinder of solid-liquid matrix
around a cylindrical plant root which is long compared to its diameter, and
where the distribution of diffusable material, c, is a function of the radius,
r, measured from the root axis, then the diffusion equation is:
/ö 2 c

5c

1 dc\

D is the duffusion coefficient for the material in question.
For steady state conditions where ^-r = 0 (applicable to oxygen diffusion
at least), Equation [1] becomes:
(d2c

™

D

1 dc\

(s* + 7 * ) - 0

For the follwowing boundary conditions a solution to Equation [2] can be
made (2).
when r = R, then c = CR
when r = re, then c = cv
where :
R is the root radius.
CR is the concentration at the root surface.
re is the radial distance from the root axis to the outer boundary of the
liquid phase of the soil matrix surrounding the root.
cP is the concentration at the outer boundary surface (at the gas phase).
* Contribution from the Soil and Water Conservation Research Division,
Agricultural Research Service, USDA, and the Department of Agronomy,
Cornell University, Ithaca, N.Y.
** Soil Scientists.U.S.D.A., Ithaca, New York and former Kellogg Foundation
Fellow, Department of Agronomy, Cornell University, now associated with the
Hydrotechnical Laboratory, Royal Veterinary and Agricultural College, Copenhagen, Denmark, respectively.
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The solution of Equation [2] becomes:
[ó]

r

°*~
In R - In r e
where F0t is the flux across a root surface of length z in unit time.
Since the sink strength of roots is usually expressed on a volume basis,
Equation [3] can be divided by cylinder volume so t h a t :
[4]

cR = cv+

2 ^ In —

where q is the sink strength- (or source for C0 2 ) per unit volume in unit time.
The term re — R represents the liquid-path length through which diffusion
has to take place. A technique for evaluating this soil term in the diffusion
equation was developed and tested under natural field conditions (12). Surprisingly, the p a t h lengths measured were longer than anticipated. Each p a t h
was assumed to be tortuous, depending upon the geometry of the gas, liquid,
and solid phases making u p the soil environment. Because this soil parameter represents the geometric arrangement of the soil system and is
essential to defining mathematically the diffusion of material to and from
plant roots, it is suggested here as a quantitative expression of soil structure.
It has the distinct advantage of being theoretically applicable to characterizing the root environment in basic edaphic terms.
T H E EFFECTIVE DIFFUSIVITY,

D,

It is of interest to consider some of the factors t h a t influence the apparent
liquid path-length. When one makes the assumption that roots are bathed
in the liquid phase of the soil (moisture films cover the roots), several
geometric and interaction factors are involved in diffusion of materials
through the liquid phase. The diffusion coefficient value employed in
Equation [4] is usually t h a t for a material in bulk solution. It m a y be
corrected, however, to take into account: (a) tortuosity characteristics of
the porous medium, LjLe; (b) the fraction of the volume occupied by water,
6; and (c) the interactions due to surface phenomena, y, such as viscosity
changes and charge density in the case of ion diffusion (13).
W i t h these factors considered, Equation [4] now becomes
qR2
R
L5J
CR
C
n
- » + 2Dy{LILe)H
Te
where L is the macroscopic distance between points, and Le is the actual
distance between points through which diffusion has to take place. The term
D y (L/Le)2 6 can be represented by De, the effective diffusivity. The
nature of y (LjLe)2 as a function of 6 has been evaluated for chloride diffusion in soil materials (10).
The effective diffusivity, De, for oxygen in porous systems has been evaluated in a few cases using a transient diffusion technique. Let us now consider
linear diffusion of oxygen from one end of a cylinder to an oxygen cathode
acting as an absolute sink at the other. The distance from the cathode is x,
then:
öc
„ 62c
The solution of this equation has been given (3). The integration yields:
o]
¥0l=-Ac
{Del„,)Y>
where A is the cross sectional area of the cylinder.
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The current flowing, i, at the oxygen cathode is then given by:
[8]

i = - A

c

(De!nt)V* nF*

where n == 4, the number of electrons involved, and F* is the Faraday.
Experimentally, a disc platinum oxygen cathode is constructed to act as an
oxygen sink at the bottom of a small cylindrical glass cup which can be
filled with the material under study. Directions for construction and use of
such an electrode can be found elsewhere (5). By measuring i at time, t, and
knowing the value of the constants (for relatively short times), n, F*, A,
and c, the unknown De can be solved.
Figure 1 (a) presents the time course of the oxygen diffusion rate (current
flow, i, which has been corrected for residual current) for three porous
systems saturated with 0.1 M KCl solution and a system of pure 0.1 M KCl
solution. AU systems were in equilibrium with the air. The fact t h a t the
points fall on straight lines extrapolating to the zero intercept, indicates
t h a t the experimental systems were linear diffusion dependent. The value
2.2 x 10~5 cm/ s e c - 1 for D is in good agreement with values obtained by
other workers (4). The accuracy of this figure is limited by the accuracy
with which the surface area of the electrode could be determined.
De.
D
1.0

Figure 1. (A) Current -time curves for electrolysis of oxygen in 0.1 N KCl
solution and for three porous systems saturated with 0,1 N KCl solution:
1 — 0.2 micron Ca Bentonite: 5—10 micron silt; 0.005 inch glass beads. Electrode
area for pure solution, clay and glass beads was 0.05 sq. cm, for silt 0.077 sq. cm.
Temperature 26° C. (B) Effective Diffusivity Ratios for the same three porous
systems, in relation to volume fraction moisture content, 9.
Figure 1 (b) presents a plotting of the DejD values against an approximate
estimation of the volume fraction of solution in the three porous systems.
This figure serves to illustrate why the apparent liquid p a t h length figures
obtained in earlier studies (12) were longer than anticipated, since a value of
2.72 x 1 0 - 5 cm 2 s e c - 1 was used for D in Equation [4]. This was necessary
and practical because values of De are difficult to obtain, and are no doubt
highly variable in the natural soil. This deficiency is of no serious consequence, however, when one realizes that all the factors influencing De in the
flow equation are compensated for in the apparent liquid p a t h length
calculations.
T H E INFLUENCE OF MOISTURE IN UNSATURATED SOILS

As one would anticipate the volume fraction of the soil occupied b y soil
water has a very great influence on the liquid p a t h length distance between

234

1.20

the gas phase of the soil and the root surface. One of us has investigated this
relationship in soil fractions differing widely in particle size distribution
and moisture content*.
Three different soils (Sassafras sandy loam, Chenango silt loam, and
Honeoye loam) were each sieved into three particle size groups, uniformly
packed into 3-inch by 3-inch cylinders and then brought to uniform moisture
tensions upon a pressure plate apparatus (11). Over 300 samples were
prepared with soil moisture tensions ranging from 25 to 400 cm. of water.
The soil fractions ranged in clay content from 28 % to 7 %, while apparent
density ranged from 0.80 to 1.38.
Oxygen flux rates were determined in each sample with an oxygen cathode
(6, 7, 12) having a diameter of 0.051 cm. Gas phase analyses revealed that all
samples were at equilibrium with the oxygen concentration of the air
(21 % ) . From these two soil measurements the apparent liquid path length
values were determined (12). Appropriate measurements also were made to
determine the fraction of the soil volume occupied by water.
Figure 2 presents the oxygen flux rate to the platinum wire cathode for all
the pooled samples in relation to the volume fraction moisture content.
Surprisingly, there appears to be a distinct unique relationship demonstrated
here for the pooled samples. Separate plotting of each soil and each sieved
fraction did not reveal any particular trend other than that demonstrated
in the pooled data. The figure reveals two phenomena. At high moisture
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Figure 2. Oxygen flux (gm/cm /min x 10~6) versus volume fraction moisture
content 0 for several soil samples in equilibrium with air (21 % oxygen).
Electrode dimensions, 0.051 cm dia x 0.4 cm.
* Kristensen, K. J. Investigations of some soil factors influencing oxygen
diffusion in the liquid phase. M.S. Thesis, Cornell University, 1959.
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contents, the oxygen flux is low. This is caused by the long oxygen diffusion
pathways. As the moisture content decreases, flux rate increases until a
maximum at 6 = 0.30 is reached. However, further decrease in moisture
content appears to decrease the oxygen flux. This is unreasonable, and an
artifact. This apparent decrease in oxygen flux was believed to be caused
by a film rupture away from the oxygen cathode rendering part of the
platinum surface inoperative. The decreasing apparent oxygen flux below
30 % moisture may be caused however by an ever-increasing resistance to
OH ion diffusion away from the platinum surface*. Hydroxyl ions are an
end product of the oxygen reduction reaction. It appears that at moisture
contents above 30 %, oxygen diffusion rate is truly limiting the cathode
current, while at moisture contents below 30 %, hydroxyl ion diffusion
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Figure 3. Apparent liquid path length (r, — R) versus, 6, volume fraction
moisture content for several soil samples (see figure 2), R = 0.0255 cm. D =
2.72 x 10"6 cm 2 /sec.
m a y be limiting the cathode current. The quantitative aspects of the
phenomenon are more clearly demonstrated in figure 3. This figure presents
the calculated apparent liquid path length in relation to the volume fraction
of soil moisture. I t is evident t h a t two distinct phenomena are operative
at the two ends of the moisture scale, and that there are clear-cut quantitati* Suggested by W. K. Kemper in a personal communication.
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ve relationships to moisture content in these regions. The transition from
one limiting phenomenon to the other in the mid-moisture range is less
clear-cut in this presentation.
THE EDAPHIC SIGNIFICANCE OF THE APPARENT LIQUID PATH LENGTH

One might well ask the question at this point whether the apparent liquid
path length is a logical and useful quantitative expression of soil structure.
Let us now consider the edaphic aspects of the apparent path length factor
in the radial flow equation. The path length parameter is a true resistance
factor including, as mentioned earlier, the various components associated
with radial flow through a porous material, i.e., cross section area available
for flow; tortuosity of pathways (the true length of diffusion pathway);
interaction surface phenomena such as viscosity; and, in the case of charged
ions, surface charge of colloidal particles, fn considering flow phenomena
to plant roots, it is often postulated that at high moisture contents restricted
oxygen flow (or carbon dioxide flow away from root surfaces) to roots is
limiting normal plant growth and function, while at low moisture contents
restricted moisture flow and/or nutrient flow become dominant in their
influence on plant growth. The apparent path length is surely a useful soil
parameter in the flow equation as far as oxygen is concerned at the higher
moisture contents where oxygen limits plant growth. The usefulness of this
soil parameter to predicting ion flow may be feasible at the lower moisture
contents, once the other appropriate plant and soil parameters are available.
Its significance to moisture flow also will have to be tested experimentally
and theoretically before more can be said.
Figure 4 is a demonstration of predicting concentration (oxygen in this
case) at plant root surfaces as a function of apparent liquid path length for

APPARENT

LIQUID

PATH

L E N G T H , CM. ( r e -

R )

Figure 4. Relative oxygen concentration at plant root surface, Cz?/C„, as a
function of apparent liquid path length for various
root activities, q. R = 0.05
cm, D = 2.72 x 10~s cm2/sec.
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various root activities, q, (sink strength for oxygen in this case). This is
simply a solution of Equation [4], where the root radius, R, was held
constant. The graphic representation demonstrates that the higher the root
activity, the more critical the apparent path length becomes to the maintenance of high concentration at the root surface (oxygen in this case).
A testing of the validity of our reasoning here with plant data is restricted,
but possible. Figure 5 presents the relative growth rate (points) of sun1.0
O
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Figure 5. Relative growth rate of sunflowers according to data by Miller and
Mazurak (indicated by points) as a function of volume fraction moisture content.
Smooth curve represents calculated apparent oxygen concentration at root
surface, CA, on a relative basis. R and D-7as for fig.
4; ve — R vs 0 from fig. 3;
and q = 1.0 x 10 gm/cm3/sec.
flowers plotted against the voluhie fraction of water. The growth data were
reported by Miller and Mazurak (8). Dr. Mazurak has kindly supplied the
additional information to calculate the moisture contents, 0, of the soil
separates in the sunflower experiments. With the use of the path length
data taken from figure 3, the relative concentration of oxygen was calculated
and is plotted as the solid curve. Here again, it should be pointed out that
the apparent decrease in oxygen in the lower moisture range is an artifact,
possibly associated quantitatively with restricted hydroxyl ion flow.
Nonetheless, the plant growth data reasonably fit the theoretical concentration curve which was calculated from apparent path length data. Attention should be focused again on the fact that the shape of the theoretical
curve.is dependent upon soil measurements of oxygen flow to a simulated
root surface in the high moisture range and soil measurements of possible
hydroxyl flow away from a simulated root surface in the low moisture range.
There is no reason to believe that the calculated apparent liquid path length
is not a reasonable quantitative expression of the resistance term in the
radial flow equation. Therefore, it should be applicable to predicting all
diffusionlike flow phenomena to and away from plant roots growing in the
soil. Care, of course, has to be taken in its application, since the apparent
liquid path length has meaning only within the high or low moisture range
for a given material.
In summing up, a physical picture of the apparent liquid path length may
in reality be this. At high moisture contents it is a true measure of the diffusion path length taken by oxygen flowing from the gas phase through the
liquid phase to the plant root surface. These paths are somewhat tortuous,
and rather continuous, through the soil mass. As the soil dries, these pathways become shorter when the pores drain of water, until finally the mois238
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ture films surrounding t h e plant root are now relatively thin, and the pathways for oxygen (or carbon dioxide) relatively short. Coincidental to
oxygen diffusion pathways becoming shorter, ion and water transport pathways are becoming fewer, increasingly more tortuous, and smaller in crosssection as the soil pores drain. In the region about 30 % moisture by volume,
the technique for measuring p a t h length changes from oxygen diffusiondependent to hydroxyl-ion-diffusion dependent. Fortuitously, the simulated
root behavior (the platinum cathode current) reflects t h e physical environment limitations that has parallel to real roots. A testing of the plant growth
data adds strength to this belief.
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SUMMARY

The soil as a three phase system is quantitatively defined as a geometric
term in a steady state radial flow equation applicable to plant roots. The
soil structure parameter is expressed as units of length and is evidently the
apparent liquid p a t h length. T h e method of measurement relies upon
oxygen flux to a simulated plant root (oxygen cathode) within the high
moisture range (greater than 30 % soil moisture b y volume), and possibly
hydroxyl ion flux away from the simulated root surface for moisture contents less than 30 % . Fortuitously, t h e limitation of the soil environment
on the simulated root behavior parallels t h a t of real roots. The apparent
liquid p a t h length is assumed to thus represent the resistance component
of the soil environment in the radial flow equation. A testing of t h e hypothesis against a few plant growth data add support to this belief.
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RÉSUMÉ

Le sol en tant que système à trois phases est défini quantitativement
comme terme géométrique dans une équation de flux radial continu,
applicable aux racines des plantes. Le paramètre de la structure du sol est
exprimé en unités de longueur et est évidemment le chemin apparent
parcouru par le liquide. La méthode de mesure est basée sur le flux d'oxygène vers une cathode à oxygène tenant lieu de racine, pour les conditions
d'humidité élevée (plus de 30 % d'humidité exprimé en volume), et peutêtre sur le flux d'ions hydroxyles partant de la surface radiculaire factice,
pour les humidités inférieures à 30 % . Le hasard veut que les limitations
imposées par le milieu au comportement de la racine-électrode sont analogues à celles imposées aux racines véritables. Le chemin apparent parcouru par le liquide est donc considéré comme représentant le facteur de
résistance du milieu sol dans l'équation de flux radial. Quelques données,
empruntées à la croissance des plantes donnent du poids à cette hypothèse.
ZUSAMMENFASSUNG

Der Boden, aufgefasst als ein Dreiphasensystem, lässt sich quantitativ
bestimmen in der Form eines geometrischen Ausdrucks in einer Gleichung,
den beständigen Radialfluss betreffend, und anwendbar auf Pflanzenwurzeln.
Der Bodenstruktur-Parameter wird in Längeneinheiten ausgedrückt u n d
ist offenbar die scheinbare Flüssigkeits-Weglänge. Die Messmethode beruht
auf dem Sauerstoffstrom nach einer vorgewendeten Pflanzenwurzel (0 2 Katode) innerhalb der hohen Feuchtigkeitsspanne (Bodenfeuchtigkeit über
30 Vol. Proc.) und möglicherweise auch auf dem OH-Ionenstrom, fort von
der vorgewendeten Wurzeloberfläche nach Feuchtigkeitsgehalten von
weniger als 30 Vol. Proc. Glücklicherweise läuft die Beschränkung der
Bodenumgebung auf die bloss gedachte Wurzel dem Betragen wirklicher
Wurzeln ganz parallel. Die augenscheinliche Flüssigkeitsweglänge kann
demnach angenommen werden, den Wiederstandskomponenten der Bodenumgebung in der Radialstromgleichung zu representieren. Die Prüfung dieser
Hypothese an einigen Pflanzenwuchsdaten unterstützt jene Annahme.
DISCUSSION

DON KIRKHAM: IS it lack of water transport or insufficient oxygen transport
which causes the reduced yields at low moisture contents?
E. R. LEMON: The plant growth is probably a response to moisture and
nutrient transport restriction at the lower moisture contents. The simulated root
may be reacting to restricted oxygen transport at the lower moisture contents.
W. R. GARDNER: Have you considered using an apparent diffusivity rather
than an apparent path length? This might make it easier to consider different
geometries; for example, cylindrical vs. linear.
E. R. LEMON: From a practical point it is simplier to assume a 'D' value
for O a in water and include all the unknown variables in the apparent path
length. Rather difficult measurements have to be made to determine apparent
diffusivity.
R. J. MILLINGTON: Is the relationship shown by path length increase for
liquid phase transport with decrease in liquid content accompanied by a strictly
symmetrical change in path length decrease for gas phase transport as liquid
content is reduced?
E. R. LEMON: The simulated root reacts in a symmetrical apparent path
length calculation with a minimum at near 30 % moisture by volume for the
soil materials tested. One deduces that liquid flow is a factor in plant response
at moisture contents less than 30 % although the simulated root reaction may
be controlled by oxygen transport in this moisture range.
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T H E E F F E C T O F P H O S P H A T E F E R T I L I Z E R S ON SOME P H Y S I C A L
P R O P E R T I E S O F SOIL
by
J. F. LUTZ, RICARDO GARCIA-LAGOS, AND H. GILL HILTON

Department of Soils North Carolina Agricultural Experiment
Raleigh, North Carolina, U.S.A.

Station *,

INTRODUCTION

Laboratory studies of red podsolic clay soils in North Carolina showed t h a t
700 lbs. P 2 0 B per acre was sufficient to satisfy their phosphate fixing capacity
as measured by the North Carolina Soil Testing Laboratory. In 1956 field
experiments were started at two locations using 700 lbs. P 2 0 5 per acre as the
base rate with fractions, or multiples, of this rate on other plots as indicated
in the succeeding tables.
After two years, it was observed that there were considerable differences
in the physical properties of the soil. The non-phosphated plots were dry,
hard, and extremely difficult to plow. The phosphated plots, with all rates
of phosphate, were loose, mellow, moist, a n d easy to plow. At first it was
suspected that the differences were due primarily to increased micro- and
macro-biological activity resulting in increased water absorption on the
phosphated plots. Preliminary investigations of certain physical properties,
during the summer of 1958, showed that there were differences due to the
treatments. I t then remained to determine the magnitude of these differences
and to establish the exact cause and effect relations involved. To do this a
more detailed field and laboratory study was conducted in 1959. The results
of this study are summarized in this paper.
PROCEDURE

There were two fields, both in Chatham County, North Carolina approximately 35 miles west of Raleigh. Each was on Georgeville silt loam soil, a
red podsolic soil derived from Carolina Slate. Each field consisted of three
replications with eight randomized plots in each replication. Both fields were
limed uniformly in 1956 with approximately 1.5 tons of lime per acre. All
plots were seeded to wheat and were uniformly fertilized with nitrogen and
potash. The variable, therefore, was phosphate. On the Hancock Field, the
phosphate treatments were 0, 350, 700, and 1400 lbs. P 2 0 5 per acre, applied
in 1956. On these four plots no additional annual applications of phosphate
were made. The other four plots in each replication received the same initial
treatments plus 50 lbs. P 2 0 6 per acre annually at the time of seeding the
wheat.
The phosphate treatments on the O'Neal field were 0, 700, 1400, and 2800
lbs. P 2 0 5 per acre applied in 1956. Four additional plots in each replication
received the same initial phosphate treatments plus 50 lbs. P 2 O s per acre
annually at seeding time.
The method used and the results will be discussed separately for each
physical property studied.
* Journal Series paper 1190. Parts of M. Sc. Theses by the two Junior Authors.
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PHYSICAL STUDIES

Aggregation: The phosphated soils appeared to be better aggregated than
the non-phosphated ones. Hence, aggregate analyses were made using the
wet-sieve method as described by Yoder (9). While the magnitude of the
increase in percent of aggregates .10— .25 mm. was not great the linear
regression with rates for the Hancock Field Data was significant at the 10
percent, and for the O'Neal Field at the 20 percent probability level. It is,
of course, possible that the increase in aggregation was due to biological
activity. However, later laboratory experiments, in which biological activity
was practically eliminated, show rather conclusively that the differences are
primarily physical-chemical. These results would be expected in light of
other data (1, 3, 4).
Bulk Density: Bulk density determinations on core samples collected in
1958 showed no differences due to the phosphate treatments, even though
examination and observation in the field indicated that there were differences. The phosphated soils were more moist and loose and, hence easy to
pack with the core sampler and it is believed that they were compacted
during sampling. This belief is verified by the results obtained in 1959
using gamma radiation for determining the bulk density.
TABLE

1. Bulk density of soils as affected by phosphate
Bulk Density of:
Hancock Field Soils

Conditions

Initial rates, lbs. P 2 0 6 /Acre

Depth

0

No supplement
50 lbs./A supp.
Average

cm
15
15
15

With and without
supplement; adjusted for variation in
clay content

15**
25
35
45

O'Neal Field Soils

350

700

1400

All rates
All rates + 50 lbs.
without P A / A
supple- annual
ment
supplement

gms/cm 3 gms/cm 3 gms/cm 3 gms/cm 3 gms/cm 3 gms/cm 3
1.090
1.260
1.170
1.180
1.160
1.100
1.250
1.230
1.125
1.140
1.255
1.150
1.259
1.327
1.332
1.354

1.180
1.305
1.289
1.305

1.116
1.313
1.305
1.337

1.137
1.318
1.284
1.243

1.327*
1.402
1.300
1.334

1.175*
1.354
1.327
1.316

** Values at 15-cm depth on Hancock Field significant at .10
* Supplement vs. no-supplement at 15 cms. on O'Neal Field Sig. at .05
After the wheat was harvested in 1959, bulk density determinations using
gamma radiation (7), were made at four locations in each plot of two
replications on each of the fields. The data are shown in Table 1. On the
Hancock Field the initial phosphate produced differences significant at the
10 percent probability level. The 50 lbs. per acre annual supplement gave
no significant difference. On the O'Neal Field the initial treatments gave no
significant difference but the annual supplement did. The differences on the
Hancock Field extended to a depth of 17 inches, even though the phosphate
was mixed with only approximately 8 inches of surface soil. There was some
variation in the clay content of the soils and the values have been adjusted
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b y covariance analysis. The three phosphate treatments are not significantly
different from each other but all are different from the no-phosphate
treatment.
Water Content: Soil moisture determinations were made at three dates
during the summer of 1959 on each of the fields using the neutron moderation
method (6). On the O'Neal Field all rates of phosphate increased the moisture
content except the 2800 lbs. without the 50 lbs. supplement. There was,
however, considerable variation from one rate to the other. Without the
supplement the 700 and 1400 lbs. gave an increase but the 2800 lbs. gave a
significant decrease. With the supplement there was first an increase,
followed b y a decrease, and then a big increase. The values have all been
adjusted for the clay content of the soil so that clay variation is not a
factor. The phosphate has caused physical-chemical changes which affect
the moisture holding capacity. Flocculation values were greatly affected b y
the phosphate.
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Fig. 1. Water content of the Hancock Field Soils as affected by phosphate.
("Summer average" is the mean of three dates. All rates vs. O significant at .01).
A more consistent pattern was shown on the Hancock F a r m
rates of phosphate caused an increase in the moisture content.
The three rates of phosphate, with and without supplement,
significant increase as compared with the no-phosphate plot.

where all
(Fig. 1).
caused a
However,
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the three phosphate treatments are not significantly different one from the
other.
Penetration: As shown in Table 2, significant differences were found
between the check plot and the three phosphate treatments on the Hancock
TABLE 2. Force of Penetration as Affected by Phosphate
Subsequent Treatments
No annual P a 0 6
supplement
50 lbs. P 2 O s /A ann. supp.
Means

Force of penetration at varying
initial rates (lbs. P 2 0 6 /Acre)

Means

0

350

700

1400

lbs/in»
191.5
118.7

lbs/in 2
96.7
110.8

lbs/in»
138.5
97.8

lbs/in 2
111.9
114.7

lbs/in 2
134.6
110.5

155.1

103.7

118.1

113.3

122.5

Treatment L.S.D.'s (.05) = 54.4; (.01) = 75.6
Field where no supplement was used. Where the annual supplement was
used there was a decrease in the force of penetration but the values were not
statistically significant from those on the check plot. These differences can
be explained on the basis of the difference in the moisture content of the
soil.
Modulus of Rupture: The field differences in bulk density, in moisture
content, and in force of penetration could have been caused by differences
in plant growth and in microbiological activity. To eliminate this variable,
soils from the check plot were treated with different rates of phosphate in
the laboratory. Two moisture levels were used; namely, optimum and
saturated (puddled). After treating, with three sources of phosphate both
sets were allowed to stand six weeks following which briquets were molded
and modulus of rupture determinations made, using a modification of the
Richards method (5). Table 3 shows the d a t a for the soils held at optimum
moisture. There was no statistically significant difference between the
three sources of phosphate, but there was a highly significant decrease due
to rate of phosphate.
TABLE 3. Modulus of rupture of laboratory-treated soils incubated six weeks at
optimum moisture and then puddled into briquets.
Source of Phosphate *
Rate of P a 0 6
added

Acid

Mono-Ca

Di-Ca

Means

Modulus of rupture (mean of 6 observations)
lbs/A.
0
700
1400
2800
5600

bars
3.59
3.07
2.99
3.12
2.40

bars
3.59
2.60
3.01
3.13
2.82

bars
3.59
3.43
3.31
3.28
3.05

Means

3.03

3.03

3.33

bars
3.59
3.03
3.10
3.18
2.76

* No significant differences among sources but, considering all sources, there
is a highly significant difference (.01) due to rates.
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On the puddled soils (Fig. 2) there was a significant difference among
sources, and a highly significant decrease due to rate of phosphate. The
700 lbs. rate produced a large decrease as compared with the check. Additional increments of mono- and di-calcium phosphate caused moderate decreases
but the phosphoric acid continued to produce extremely large decreases.
19
O ACID
&• MONO -CA PHOS.
a DI- CA PHOS.

STATISTICSSI&-. .05
OF PHOS- ' StG-. .01

SOURCE OF PHOS-

RATE

700 /400
LBS.

2 800
FLOS/ACRE

5600

Figure 2. Modulus of rupture of laboratory-treated soils. (Puddled when phosphate was added, kept saturated for six weeks, and then puddled into briquets).
On the basis of these data it is obvious that the phosphate caused drastic
physical changes in these soils.
Viscosity: Viscosity determinations were made on the laboratorytreated puddled soil paste, and on clay suspensions. On the soil pastes all
rates of phosphate gave essentially the same values and all statistically
lower than the check. On the clay suspensions the phosphate treatments
gave values which were statistically significant at the .005 probability level.
These d a t a are in accord with those of Kingery (2) and Van Wazer (8).
Flocculation: Clay suspensions were treated with the phosphoric acid
and mono- and di-calcium phosphate at rates equivalent to as much as
5600 lbs. P 2 0 5 per acre. The suspensions were shaken and allowed to settle
a definite time. Flocculation followed an irregular series. It closely paralleled
245

1.21
the moisture content of t h e O'Neal Plots, and is further evidence of t h e
physical-chemical changes resulting from t h e phosphate treatment.
Crop Yields: Wheat yields on the O'Neal Field were as irregular as, and
closely paralleled t h e moisture and other d a t a (Table 4). Since t h e physical
properties of the laboratory-treated soils could not have been influenced by
biological activity it is concluded t h a t : (a) they were physico-chemical and,
(b) the yield differences resulted in part, at least, from physical differences
in t h e soils. The phosphate treatments caused a significant increase in both
grain and straw yield as compared to the check.
TABLE 4. Grain and straw yield of wheat as affected by phosphate
Hancock Field
Treatments *
lbs. P 2 0 6 /Acre
0
350
700
1400
0
350
700
1400

+
+
+
+

50 lbs.
50 lbs.
50 lbs.
50 lbs.

annually
annually
annually
annually

O'Neal Field

grain

straw

grain

straw

bu./A
22.4
30.7
30.0
29.5
30.1
33.8
31.7
33.2

lbs/A
3328
5036
5339
5109
5041
5231
5066
5407

bu./A
30.2
30.1
31.8
32.9
32.1
35.4
32.0
35.9

lbs/A
3996
5191
5783
5460
4940
5958
5525
6820

* On the O'Neal Field all initial rates were two times these values.
On the Hancock Field the phosphate treatments gave increases significant at the .01 level compared to the no phosphate. However, the zero
phosphate initially, plus 50 lbs. annually, gave just as high yields as t h e
high rate initially.
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SUMMARY

On the basis of the data presented, it is obvious t h a t heavy applications
of phosphate produced significant and highly significant differences in
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certain physical-chemical properties of these red podsolic soils in the
Piedmont Plateau Region of North Carolina. Since laboratory-treated
samples gave differences as great as those found in the field and, since there
was no macro-biological growth in the laboratory samples, it is concluded
t h a t the differences are due to physical-chemical changes rather t h a n to
biological activity. The significant differences in moisture content, in bulk
density, and in other physical properties verify and explain the differences
observed in the field.
RÉSUMÉ

Il ressort clairement des données présentées dans cette communication
que les applications massives de phosphates ont causé des différences significatives et hautement significatives pour certaines propriétés physicochimiques dans les sols rouges podsoliques de la région de plateau du Piedmont (Caroline du nord). Puisque les échantillons traités au laboratoire
accusaient des différences tout aussi grandes que celles constatées en champs,
et puisque les échantillons de laboratoire ne supportaient pas de croissance
macro-biologique, il est conclu que les différences sont dues à des changements physico-chimiques plutôt qu'à une activité biologique. Les différences
significatives d'humidité, de densité apparente et d'autres propriétés
physiques confirment et expliquent les différences observées en champs.
ZUSAMMENFASSUNG

Aus den vorgelegten Versuchsergebnissen geht klar hervor, dass starke
Phosphatgaben deutliche und sogar sehr wichtige Unterschiede in gewissen
physisch-chemischen Eigenschaften auf den roten podzoligen Böden der
Piedmont Plateau Region von N. Carolina hervorrufen. Da im Laboratorium
behandelte Bodenproben gleich grosse Unterschiede als solche im Felde
beobachtete aufwiesen, und da kein makrobiologisches Wachstum bei den
Laboratoriumproben wahrgenommen wurde, wurde gefolgert dass die
Unterschiede eher den physisch-chemischen Änderungen als biologischer
Aktivität zuzuschreiben sei. Die merklichen Unterschiede im Feuchtigkeitsgehalt, in der Volumdichte und in anderen physischen Eigenschaften
bestätigen und erklären die im Felde beobachteten Unterschiede.
DISCUSSION

RENATO ROSSI: DO you think that heavy applications of P 2 0 5> eventually
will change the clay type in the soil?
J. F. LUTZ: We have evidence that collophane and certain other phosphate
minerals form where large amounts of phosphate are applied. However, it is
inconceivable that the clay type will be changed.
W. R. GILL: Would not the influence of the P 2 0 5 at the deeper depths indicate
that the dilution effect suggested may not be the complete factor? The mixing
was probably not completed to the depth where the effect was noted.
J. F. LUTZ: I do not believe that the effects described were due to dilution,
as suggested by someone in the audience. My belief is based on:
1. The effects were produced by the smaller applications of P 2 0 5 ; even the
50 lbs./acre annual supplement changed some properties.
2. The effect on bulk density extended to depths below the depth of mixing.
3. The magnitude of the changes produfced were much greater than would
be expected by physical dilution.
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H. C. ASLYNG: About 10 years ago we tried in Denmark to apply large quantities of superphosphate (20 tons per acre) to a clay soil. We obtained similar
experiences as the author. The effect, however, was rapidly reduced during
the following years due to leaching. Therefore, the impression obtained was that
the effect was partly due to high salt concentration, e.g., CaS0 4 . What is your
impression concerning that?
J. F. LUTZ: Your suggestion may very likely be true for the extremely large
application which you used, particularly since it contained CaS0 4 , (it contained
48 % P 2 0 6 ). Therefore the largest rates we used in the field were about 5700
pounds per acre, much less than you used. We doubt if the effects we obtained
were salt effects.
M. A. ELASHKAR: The materials used were:
1. Calcium phosphate (Ca++) \ both are aggregate forming cations,
2. Phosphoric acid (H+)
| (flocculating agents).
Now although the soil examined was 1 : 1 clay mineral (low BEC and high
P a 0 6 fixation), how much aggregation will be due to phosphate link, and how
much will be due to cations used?
J. F. LUTZ: Both Ca++ and H+ are flocculating cations, as stated. However,
at certain rates of applied phosphate dispersion occurred. This is attributed

to the attachment of —O—P—O— to the octahedral layer of the clay, and the

I
O
I
resulting increase in negative charge. At certain concentrations linkage occurs,
resulting in flocculation. Flocculation and aggregation are not the same thing.
We believe that some change in aggregation resulted from cementation by
precipitated Fe 2 P0 4 . The amount of Fe 2 P0 4 increased with time until a large
percentage of the total phosphorus existed as Fe 2 P0 4 .
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COMPACTED BULK DENSITY AND HYDRAULIC CONDUCTIVITY
FOR INDICATING THE STRUCTURAL STATUS OF SOILS
by
S. J. RICHARDS, L. V. WEEKS, AND J. E. WARNEKE

Department of Soils and Plant Nutrition University of California, Riverside,
California.
Soil structure is a subject of wide interest. Various indices of soil structure
have been measured for indicating effects of management practices on soil
physical properties. The problems of measuring structural indices are
generally appreciated. When measuring such quantities as infiltration,
bulk density, or resistance to penetration under field conditions, the variability of replicated determinations for a given plot or treatment makes it
laborious to evaluate significant differences between treatment means.
Aggregation studies on disturbed or fragmented soil samples are extensively
used but their interpretation in terms of soil physical conditions are tenuous.
This paper proposes soil compaction measured in terms of bulk density
after a given compacting treatment and the subsequent hydraulic conductivity of the compacted sample as indices for evaluating soil structure.
Taylor and Henderson (8) had similar objectives, although a different
technique for compressing the soil was used. Fireman (3) used a 'dropping'
technique for compacting air dry soil samples and indicated that the permeability (conductivity) values obtained on the samples were helpful in
judging whether a problem soil was capable of being reclaimed. Reeve and
Brooks (7) described an improved technique of compaction. Pillsbury and
Richards (6) compared bulk density in field plots with those determined
using laboratory compaction on soils from the plots. The latter showed significant effects of weed control methods. Martin and Richards (5) showed
that hydraulic conductivity values measured on compacted soil samples
were more sensitive than aggregation in evaluating the effects of varying
ratios of exchangeable cations.
This paper shows the effect of water content of soil samples on the bulk
density of the samples obtained with a motor driven compactor. For each
soil studied, a water content was found for which a minimum bulk density
was observed. This water content for minimum compaction appears to be
related to an equivalent water film thickness calculated from specific soil
surface determinations. The method used for specific surface measurements
was described by Bower and Goertzen (2). Evidence is presented to show
that compacted bulk density and hydraulic conductivity are useful measurements for evaluating the effects of chemical amendments on soils.
METHODS

Fragmented soil samples from plots or fields were taken to include the
full depth of tillage. All samples were air-dried for storage. At some stage
in the drying period when clods were readily broken without plastic deformation, the samples were pressed by hand through a 2 mm. sieve.
For precompaction treatment, approximately 600 gms. of soil were placed
on porous ceramic wall or pressure membrane equipment. The sample
was wetted slowly until a layer of free water covered the soil. A given value
of suction or pressure was then applied and held until the soil moisture was
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in equilibrium. Four subsamples of this soil were weighed out for successive
runs in the soil compactor.
A 5 cm. diameter by 5 cm. high cylindrical sample holder was closed
at the bottom with a piece of linen cloth held in place by an elastic band.
A 5 cm. extension of the sample holder was set on the top end and the
weighed soil sample was transferred into the 10 cm. deep cylinder. The
cylinder cover had attached a helix shaped spring which extended into the
cylinder. A circular plate applied the force of the compressed spring (approximately 200 gm.) onto the top surface of the soil sample. This entire
assembly was clamped securely to a plate of metal. The plate and cylinder
assembly were raised repeatedly by an eccentric or a motordriven shaft
and 'dropped' with spring loading onto a bolt head imbedded in a block
of cpncrete. After approximately 120 'drops' over a period of 2 minutes,
the parts were disassembled and the soil not compacted within the sample
holder was cut away by running a thin spatula blade across the top of the
holder. The sample and holder were then weighed for bulk density determinations. This compaction treatment is arbitrary because it cannot be
expressed in terms of work units. It is relatively simple, however, and
replicated determinations show low variability.
The compacted samples were placed in a closed container on porous
bricks and a free water table was established at the bottom end of the samples. After standing overnight, the samples were transferred to a rack
for measuring hydraulic conductivity. The wall of the holder was extended
and a head of water 2 cm. above the soil surface was maintained constant.
The soil, retained by the linen cloth, rested on a 1 mm. plastic screen and
the outflow was delivered to a graduated cylinder through a hole in the
plate supporting the screen. Conductivity values were calculated on the
basis of unit hydraulic gradient and were based on the time required for
approximately 5 cm. of water to flow through the sample. A run was terminated at the end of 24 hours if this amount of flow had not occurred
sooner. Conductivity runs were made with domestic water having approximately 400 ppm. dissolved salts and in a constant temperature room at
28° C.
Effects of Water Content on the Bulk Density
of Compacted Soil Samples

1.2 I
0

I

1

1
6

1

_J

'
12

'

WATER CONTENT - %

'

|
18

Figure 1. Curves showing the influence of the water content of soil samples on
the compacted bulk density using methods described in the text. The vertical
lines show ± two times the standard error of the mean of replicated determinations.
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Figure 1 shows the influence of water content of the soil samples on the
bulk densities obtained with the compaction equipment described above.
These curves showing minimum bulk density values for each soil were
obtained during 1951 and 1952. The curves were not published until similar
data could be obtained for a wider range of soils and until some attempt
could be made to interpret the shape of the curves obtained. Weaver and
Jamison (9) found curves with similar minima when dealing with the
compaction of soils by tractor tires.
Another set of soil types was selected to study some of the soil physical
properties which might relate to the compacted bulk density. Table 1
TABLE

1. Soil physical properties as related to the equivalent water film thickness at minimum
compaction.

Soil type

Particle size
distribution
Sand Silt Clay
0/

0/

0/

/o

/o

/o

Yolo
clay loam

27 43 30

Panoche
clay loam

34 43 23

Yolo loam

37 46 17

1 Moreno
1 sandy loam

66 21 13

1 Ramona
1 sandy loam

57 33 10

1 Hesperia
1 sandy loam

70 21

9

1 Sorrento
1 fine sandy
1 loam

66 28

6

Soil
suction

Water
content

Water at
Bulk minimum Specific
density compact. surface

bars
1/3
2/3
5
1/3
2/3
5
1/3
2/3
5
1/3
2/3
5
1/3
2/3
5
1/3
2/3
5
1/3
2/3
5

cc./gm.
.217
.191
.137
.229
.205
.157
.193
.162
.117
.139
.109
.081
.104
.076
.055
.093
.077
.055
.105
.093
.065

gm./cc.
1.17
1.12
1.09
1.23
1.12
1.09
1.30
1.19
1.14
1.41
1.31
1.28
1.53
1.44
1.39
1.50
1.43
1.39
1.31
1.27
1.24

Equiv.
film

cc./gm.
.160

m. 2 /gm.
50

.32

.185

41

.45

.118

39

.30

.090

17

.53

cm x 10s

.060

4.5

1.33

.055

9.1

.60

.076

.42

18

gives a summary of such data including particle size distribution, water
retention for three values of soil suction, and compacted bulk densities
for the corresponding water contents. From these data and other points
not given in the table, the water content for minimum compaction was
read from plotted curves and given in column 8. Column 9 of table 1 gives
the specific surface for the same soils determined by an equilibrium ethylene
glycol method (2). The ratio of water content expressed as cc. per gram
to specific surface in sq. cm. per gram gives a value in cm. which can be
interpreted as an equivalent water film thickness over the solid soil particles.
With one unexplained exception, the values of equivalent water film thickness at minimum compaction shown
in the last column of table 1 fall in
the range of 0.30 to 0.60 x 10~6 cm. This thickness of film water is well
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within the range which comes under the influence of the diffuse double
layer of ions associated with charged surfaces as calculated b y Kemper (4)
and by Babcock and Oyerstreet (1).
The curves in figure 2 show the response to screening a soil sample with

WATER CONTENT- %

Figure 2. Curves showing the effects of removing the coarse sand fraction and
also the use of VAMA on compacted bulk density values at varying water content.
different screens in preparation for laboratory compaction studies. The
upper curve is for the soil passing a 2 mm. sieve and the middle curve is
for the same soil with the coarse sand removed b y a 0.5 mm. sieve. A
subsample of the latter soil was treated with .025 % VAMA and wetted and
dried to change its aggregation properties. The VAMA treatment did result
in lowering the bulk density values, as shown b y the lower curve of figure 2.
However, the water content for minimum compaction was not appreciably
changed by the VAMA treatment. This response to VAMA has been observed on several soil types. The water content for minimum compaction
appears to be a property of the film water rather than a function of soil
aggregation.
Compacted Bulk Density and Hydraulic
as Indices to Soil Structure

Conductivity

An opportunity to use laboratory methods for evaluating effects of
chemical amendments applied to field plots came in connection with an
experiment planned cooperatively with the Department of Vegetable Crops
and the U. S. Salinity Laboratory. Fifty-four plots were included in the
plan which included levels of irrigation and tillage along with the amendment
treatments. One third of the plots were treated with .05 % VAMA and one
third received sodium bicarbonate at the rate of 3 me./100 gm. of soil.
The remaining plots received no amendment and served as the check
treatment. The treatments were applied in September 1957. Table 2 shows
the results of determinations made on soil samples taken in August 1958
and again in August 1959. In 1958 the samples were equilibrated at 1/3-bar
soil suction and in 1959, 1/2 bar soil suction was used. In 1958 both bulk
density and conductivity showed significant effects of the treatments.
Large differences in the infiltration rates of irrigation water were observed
corresponding to the measured values of conductivity. In 1959 no mea252
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TABLE 2. Effects of chemical amendments applied as plot treatments on laboratory
measurements of compacted bulk density {Bd) and hydraulic conductivity
(A).
Check

0.05 % VAMA

3 me. /100gm.NaHCO 3

Bd

k

Bd

k

Bd

k

gm./cc.

cm./hr.

gm./cc.

cm./hr.

gm./cc.

cm./hr.

1.61

0.15**

1.50

1.51**

1958 Samples
1.60

0.92**

1.54**

1.50

1.96**

1.49

2.40**

1959 Samples
3.78**

** Indicates differences between means in any one year are significant at the
1 % level.
surable differences were found for the bulk density although highly significant differences in the conductivity were still apparent.
Table 3 shows the results of laboratory measurements of compacted
bulk density and hydraulic conductivity on soil samples from a field where
farmers' practices have shown observable response to gypsum applications.
The neighboring field and an area across a county road where gypsum h a d
TABLE 3. Laboratory measurements showing response to gypsum applied as farmer
practice and as laboratory evaluation. VAMA is also included as a
reference treatment.
Sampling sight

Gyp. treated
field*
Neighboring
field, no gyp.

Across road,
no gyp.

Laboratory
treatment

none
none
none
none
•17 % gyp• 17 % gyp.025 % VAMA
.025 % VAMA
none
none
• 17 % gyp• 17 % gyp.025 % VAMA
.025 % VAMA

Soil
suction

Water
content

Bulk
density

bars

cc./gm.
.184
.162
.200
.173
.187
.161
.181
.168
.226
.207
.210
.194
.208
.200

gm./cc.
1.24
1.16
1.29
1.18
1.23
1.16
1.17
1.18
1.24
1.15
1.16
1.12
1.13
1.11

1/3
2/3
1/3
2/3
1/3
2/3
1/3
2/3
1/3
2/3
1/3
2/3
1/3
2/3

Hydraulic conductivity
cm./hr.
0.5
0.7
0.1
0.1
2.0
2.0
6.7
3.7
0.2
0
1.8
0.8
2.0
3.7

* Three annual applications of 1 to 2 tons/acre of agricultural grade gypsum.
not been applied were also sampled. Separate portions of these latter samples were treated with gypsum and VAMA in the laboratory. The bulk
density values for the soil samples receiving no laboratory treatments
show consistent values at each of the soil suction levels. The hydraulic
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conductivity values for these same samples show a favorable increase resulting from t h e field application of gypsum.
The increase in hydraulic conductivity resulting from the laboratory
treatments with gypsum suggests t h e possibility t h a t these procedures m a y
be useful in evaluating in advance of field applications whether or not
gypsum, or other soil amendments, should be used. The VAMA treatment
shown in table 3 is included for comparison with the gypsum as a soil
amendment.
CONCLUSION

Soil structure is associated with t h e aeration and water availability
factors of the plant root environment. Resistance to compaction and water
conductivity of compacted soil samples appear to be indices worthy of
further investigations for the evaluation of the structural status of soils.
It is recognized that good tillage and irrigation management practices can
overcome some of the difficulties associated with poor soil structure, b u t
good irrigation is often more costly and sometimes impossible with soils
of poor structure. Better methods for evaluating t h e structural status of
soils are urgently needed before management practices for improving or
maintaining soil structure can be studied effectively.
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SUMMARY

A method is given for measuring compacted bulk density for soil samples
taken as fragmented samples from fields or plots. This index and t h e subsequent evaluation of the hydraulic conductivity on the compacted samples are suggested means of evaluating t h e structural status of soils.
Using the method described, compacted bulk density was measured
as a function of the soil water content. For each soil a value of water content
was found which resulted in a minimum bulk density. This water content
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at minimum compaction appeared to be related to an equivalent water
film thickness 0.3 to 0.6 X 10~ 6 cm. based on specific surface measurements.
Hydraulic conductivity of soil samples compacted at 1/3- to 2/3-bar
water retention values are proving helpful in evaluating the use of soil
amendments.
RÉSUMÉ

Les auteurs présentent une méthode pour mesurer la densité apparente
d'échantillons de sol compactés, prélevés sous forme de fragments sur
des champs ou sur des parcelles expérimentales. Il est suggéré d'utiliser cet
indice, ainsi que l'évaluation de la conductivité hydraulique des échantillons
qui en résulte, pour évaluer l'état structural des sols.
Dans la méthode décrite, la densité apparente compactée est mesurée
comme une fonction de la teneur en eau du sol. Pour chaque sol on a déterminé la teneur en eau caractéristique de la densité apparente minimale,
et il fut trouvé que cette quantité d'eau correspondait à un film d'eau de
0.3 à 0.6 X 1 0 - 6 cm d'épaisseur, ce qui fut déduit de mesures de surface
spécifique.
La conductivité hydraulique d'échantillons de sol, compactés à des valeurs
de rétention d'eau de 1/3 à 2/3 de bar, s'est avéré utile pour estimer l'effet
d'amendements apportés au sol.
ZUSAMMENFASSUNG

Es wird eine Methode angegeben die Volumdichte zusammengepresster
Bodenproben, vom Feld sowie von Versuchsparzellen genommen, zu messen.
Dieser Index und die darauf folgende Auswertung des hydraulischen
Leitvermögens der gepressten Bodenproben werden als Mittel zur Wertschätzung des Strukturzustandes von Böden empfohlen.
Mit Hilfe dieser Methode wurde die Volumdichte zusammengepresster
Bodenproben gemessen als eine Funktion des Gehaltes an Bodenwasser.
F ü r jeden Boden wurde ein Wassergehaltswert gefunden welcher auf die
Dichte eines Minimum-Volums herauskommt. Dieser Wassergehalt bei
Zusammenpressung auf ein Minimum erwies sich in direkter Beziehung zu
stehen mit einem aequivalenten Wasserfilm von 0.3 bis 0.6 x 10~ 6 cm.,
auf Grund von Messungen der spezifischen Oberflächen.
Hydraulische Leitvermogenwerte von Bodenproben, zusammengepresst
bis auf 1/3 bis 2/3 bar Wasserzurückhaltungswerte, können mithelfen beim
Feststellen der günstigsten Bodenverbesserungsmittel.
DISCUSSION

J. P. QUIRK: In a paper reported to another Commission of this Conference,
Dr. Aylmore and I have reported that the film thickness on Ca-saturated clays
was less than 30 Â at full swelling. I would therefore suggest that considerable
caution be exercised in interpreting the film thickness assumed by your method
since these film thicknesses do not have direct physical significance.
S. J. RICHARDS: The method for obtaining the numerical values of 'equivalent
film thickness' reported are clearly specified. Admittedly of this some water
appears in the interlayer spaces of crystals or as wedges among clay particles,
but 'equivalent' here is no more strange than speaking of equivalent particle
diameters of soil particles. The ethylene glycol method of measuring specific
surface includes surface layers within crystals.
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AGGREGATE STRENGTH AND SOIL CONSISTENCE
by
E.

L. GREACEN

Division of Soils. C.S.I.R.O. Adelaide, Australia.
In problems relating to soil compaction or disruption by tillage implements there is need for a method for describing the strength of soil
aggregates. We are able to measure the structural arrangement of soil
particles adequately by pore-size distribution measurements, but there
is no suitable measurement for the strength of the colloids which maintain
this structure. To this end Butler (1955) proposed a technique for describing
soil consistence. This is based in part on an estimate of the work required
to develop plasticity in soils: clays which require a lot of working to bring
them to a plastic state he has called 'subplastic', while in the other extreme
soils which are immediately plastic on wetting but which lose some of this
plasticity with working are called 'superplastic'. Croney and Coleman
(1954) considered that the Atterberg consistence limits might be useful
in measuring soil structure, and more recently Boekel (1958) has used the
ratios of the water content at the Atterberg limits to the water content of
the soil at pF 2.0 as an index of stability of soil structure. In this paper
we propose to show how the consistency limits are related to soil strength
and what assumptions are made in using them as an index of structural
stability.
THEORETICAL

In 1937 Hvorslev showed that the shear strength, S, of a saturated clay
is given by
S = aP + b exp (BE)
where P is the effective compression load and E the voids ratio at the
moment of failure. In saturated soil E is also a value for water content;
a, b, and B are soil constants. He predicted that for a clay straining at
equilibrium there would be a unique pressure and shear strength for any
particular water content, i.e. that the water content of such a clay would
determine its strength. This prediction has been confirmed and extended
recently by Roscoe, Schofield, and Wroth (1958) in their paper on the
critical voids ratio for straining clay. Thus in Fig. 1 MO is the virgin consolidation curve for an initially slurried clay, and ON is the swelling curve
when the consolidated clay is unloaded. If the clay is sheared under load
either from a state described by the normal consolidation or the unloading
curve, then either the water content or the effective pressure will change
to a condition described by the critical voids ratio (CVR) line. Greacen
(1960) has described a model consisting of springs and friction bodies which
suggests that the straining CVR condition represents a balance between
the effective compression load and the repulsive forces in clays when
structure bonds are not operating.
If we consider clay that has been compressed to point 0 and then unloaded along the line ON to pressure Pv the ratio of the water content at
pressure P1 to the water content in the 'structureless' straining condition
at the same pressure is some measure of the amount of compression energy
stored in the clay matrix. It is in effect an index of clay strength, for example
for clays which swell very little on unloading, the ratio is much less than
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unity and the strength of the structure is high. For a clay which swells to
a water content equal to the water content of the straining clay at the
same pressure, the ratio is unity and the structure of the clay is maintained
by the pressure Pv Alternatively the stability of the structure could be
expressed by the equivalent pressure on the CVR line, i.e. that pressure Pe
on the CVR line which corresponds to the actual water content, Wv of the
structured clay.

NORMAL LOAD
Fig. 1. Diagram of normal consolidation curve MO, with Swelling or unloading
curve ON, for saturated slurried clay. The CVR line is obtained by shearing
the compressed clay to equilibrium void ratio.
In 1954 Croney and Coleman working with clays both in the slurried
and in the natural state found that a relation similar to that described
by the CVR theory above, existed between the water content and the
hydraulic pressure or suction in the soil water. If such clays were strained
or continually disturbed when wet, a unique relation occurred between
the water content and the pF. This relation, which may be presented in
the form of Fig. 1 above, but with pF in place of the logarithm of the effective
load P, is closely analogous to the CVR line. It differs from the CVR line in
that the soil during straining is not confined mechanically and that no account
is taken of any applied mechanical load during straining. Since the processes of testing for the plastic and the liquid limits involve straining
the clay they found that the suction vs water content plots for soils straining
at these water contents also fell on this same line. They found that at the
liquid limit the soil water was at a pF of 0.5 and 0.8 for a medium and a
heavy clay, and at the plastic limit the values were 2.6 and 3.3, respectively.
Greacen (1960) found that when beds of clay aggregates, which had been
prewetted to about the plastic limit, were compressed and sheared in a
ring-shear machine, a suction of about 550 cm water developed at the
maximum shear strength for two very different clays. This suggests the
possibility that the Atterberg limits could be used to define the unique
suction vs water content line if the suction developed at failure under
mechanical loading for these water contents does not vary greatly for different clay types, or could be defined for different types. It was also found
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that as long as the soil was not compressed to saturation in the ring-shear
machine the suction developed was not greatly affected by the applied load
for loads between 250 and 850 g/cm2. On the basis of this observation it is
later assumed that the same suction would develop on straining at zero
applied load. This assumption equates the suction vs water content line to
the CVR line.
EXPERIMENTAL MATERIAL AND METHODS.

Aggregates, 0.7 — 1.4 mm diameter, were obtained by dry-sieving airdry samples of clay described in Table I. Four of these were soils used by
Brewer and Blackmore (1956) ; they cover Butler's (1955) various consistence,
classes. The fifth, a krasnozem with about 10 % organic matter content,
comes from a different environment from the other four, and has exceptionally strong structure. Plastic and liquid limit values were obtained
for the aggregates (see Table I) according to standard procedures with the
exception that the whole aggregate fraction was used and the samples were
kneaded by hand at the plastic limit water content for periods of more
than one hour.
For shear testing the aggregates were wetted up to the plastic limit
by spraying with a fine mist of water; they were stored for one week in a
closed bottle and allowed to equilibrate; 200 g lots were then compressed
and sheared in a strain-controlled ring-shear machine, the dimensions of
the ring of soil being 2 cm wide, about 1 cm deep and with a mean diameter
of 16 cm. These dimensions are close to those of the machine described by
Bodman and Rubin (1948). Suction in the soil water was measured by
means of a ceramic tensiometer which constituted the inside wall of the
annular shear cylinder. Suction in the tensiometer cup was balanced manually by means of a variable mercury manometer with very little exchange
of water between the cup and the soil.
The soils were allowed to compress for 30 minutes under a normal load
of 450 g/cm2 after which time there was only negligible strain. The motors
800

r

ANGULAR

STRAIN

(DEGREES)

Fig. 2. Changes in shear strength, soil water suction and voids ratio of a subplastic clay (soil 4) with increasing shear strain. Compression load 450 g/cm'
water content 23.6 %.
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TABLE 1. Soil physical properties and results.
Particle Size
Analysis
No.

*

Soil

CS

FS

S

C

Atterberg
Limits
Plastic Liquid
Limit Limit
(PL)
(LL)

0/

0/

0/

0/

/o

/o

/o

/o

11

24

13

52

17.2

61

2

2.5

Suction
developed on
straining
at P L
2.82 (cm water)

48.8

35.4

24.3

19.8

Water Content (w%)
vs p F (natural aggregates — wetting up).
1

1

Superplastic clay

2

Normal labile clay

3

12

14

71

27.6

65

42.0

32.2

28.1

23.8

3

Self-mulching clay

7

25

20

48

22.6

54

30.9

24.2

21.0

18.2

4

Subplastic clay

4

37

18

41

22.8

88

33.0

26.0

22.6

19.1

5

Very strong clay loam

3

12

51

38

41.8

83

38.1

35.8

30.6

26.2

633
676
669
699
650
611
683
723
505
464

PL

(pF
2.82)

LL

w%
(pFl)

.87

1.25

1.16

1.55

1.24

1.75

1.19

2.67

1.60

2.18

1.23

which applied the shear force were then switched on and the soil sheared
at a linear rate of 0.043 cm/min. In Fig. 2 is given a plot of the results
obtained for a test starting from the time of application of the shear stress
when the soil is in the compressed condition. It will be seen that the voids
ratio decreases rapidly when the shear force is first applied, but that it
finally reaches a steady or only slightly decreasing value. This is accompanied by an increase in the shear strength of the bed of aggregates until
a maximum value is reached after which the strength slowly decreases.
The suction in the soil water as measured by the tensiometer is also given
in Fig. 2. During the early stage of straining when rapid changes in the
voids ratio and in the contact between the soil and the tensiometer are
taking place the suction measurement is probably not accurate; it does
however become quite steady and apparently at equilibrium at or shortly
after the time at which maximum shear strength is reached. Values of
suction in the five clays at this stage are given in Table I.
An attempt was also made to measure the suction of the soil water
when slurried clay at the liquid limit water content was strained in the
ring-shear machine at zero applied load. Although the technique was not
entirely satisfactory the results agree with those of Croney and Coleman
to the extent that in no case did the suction developed at this water content
exceed pF 1.
It will be seen from the Table that for soils, 1 to 4, the suction developed
in the straining clay at the water content corresponding to the plastic
limit is reasonably constant even though the soils range in texture from
41 % to 71 % clay and cover a wide range of consistence. If we assume a
mean suction of 666 cm, of pF 2.82, this falls between the values given by
Croney and Coleman for the medium and heavy clays. Failure to reach
values as high as pF 3.3 reported by these authors for heavy clays might
be due to the fact that the clay structure is not broken down in the shear
machine to the same extent as was that of their clays. A further point for
consideration is that for pF values over 3, a pressure plate as opposed to a
suction plate type of pF meter, must be used. This might influence the
results obtained. Bolt and Miller (1958) have expressed the opinion that
hydrostatic pressures less than —850 cm of water are not likely to occur
in soils. We are not here concerned to discuss this point however, beyond
stating that if this opinion is correct, it might set an upper limit of 850 cm
to the suction at the plastic limit.
In the case of Soil 5 the suction developed on straining at the plastic
limit water content (484 cm) was lower than for the other soils. This result
could be due to the very different nature of this soil compared to the
other four; according to Croney and Coleman's results it appears to be
behaving as a coarse textured soil.
In order to obtain the unloading or swelling curve (ON, Fig. 1) for the
clay in the natural condition, the 1 mm air-dry aggregates were spread out
one layer deep on ceramic suction plates and allowed to wet up at suctions
of 10, 100, 333, and 666 cm of water, and the water content was measured
after two weeks. The results are given in the Table. It is assumed that the
use of the fine aggregates for this measurement largely avoids the effect
of such macropores as cracks, etc. Such pores would have the effect of
giving a false value for swelling higher than the true value.
THE USE OF THE ATTERBERG CONSISTENCE LIMITS IN DESCRIBING CLAY STRENGTH

As pointed out above a direct comparison of the water content of the
clay in the straining condition and that of the clay in the unloaded condition
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at the same suction is some measure of the stored compression energy or
the strength of the clay structure. Boekel (1958) has found that for heavy
clay the ratio of the plastic limit and the water content at pF 2, and for
sandy clay the ratio of the liquid limit to the water content at pF 2, are
useful as indices for comparing the effects of treatments on soil structure.
The above results suggest that in the case of the ratio involving the liquid
limit it would be more appropriate to use the water content of the natural
soil at about pF 1, while for the ratio involving the plastic limit the water
content at about pF 2.8 would be more appropriate. Values of these two
ratios for the five soils used here are given in the Table. It would be seen
that for comparisons between clays they do separate the different soils
(1 to 4) according to what might be expected from Butler's description of
their consistence. They are however not entirely satisfactory. For example
the ratio involving the liquid limit gives Soil 5 a lower strength rating than
the subplastic clay, a result which is contrary to general experience.
A more satisfactory expression, the equivalent strength, can be obtained
when the Atterberg limits are used to define the unique relation found by
Croney and Coleman. This relation can be taken as the straight line drawn
through the two points given by the plastic limit and the liquid limit on a
suction vs water content plot. It may be written
W = - A log P' + C
(1)
in the form used in soil mechanics for the normal consolidation curve and
the CVR line, where w is the water content and P' the suction in g/cm2.
A and C are soil constants, A being —dwjd log P', and C the water content
at unit P'. If the suctions at the liquid limit and the plastic limit are taken
as 10 and 666 g/cm2 respectively, then from Eqn. 1, C = A -\- LL, and
A = (LL — PL)I(1.82). Substituting these into Eqn. 1 we get
low P' = 1 + 1.82 (LL - w)l(LL - PL)
(2)
Eqn. 2 is an expression for log P', the logarithm of the equivalent hydraulic
load in the straining condition, for clay at different water contents, w.
If it is further assumed, and as shown above here is some case for it,
that P' is the suction in the straining clay at zero applied mechanical load,
then P' is the effective compression load and Eqn. 2 is an expression for the
logarithm of the equivalent clay strength, pS s (Greacen, 1959), as a function
of water content.
Values of log P' have been calculated for the five clays for water contents
w at suctions of 10 to 666 g/cm2 using the aggregates wetting up from the
air-dry condition. They are given in Fig. 3 as a function of pF. The values
agree reasonably well with the differences in strength expected for these
soils. It is thought that Butler's consistency classes might be more objectively described by such calculations of equivalent clay strength.
CONCLUSIONS.

It is concluded that the Atterberg limits can be used to obtain the
suction—water content relation of clay in the condition when the clay
structure is broken down by continuous straining. The ratio of the water
content of structured clay to the plastic or liquid limit is an approximate
index of the strength of this structure.
On the assumption that the suction^water content Une for straining
clay is identical with the critical voids ratio line for zero applied mechanical
load the equivalent strength of clay aggregates can be obtained. This is
defined as that suction on the suction—water content line for straining clay
which corresponds to the water content of the aggregates.
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Equivalent strength values were obtained for aggregates of soils which
are known from field experience to have different consistence properties.
A clay described according t o Butler's classification as superplastic shows
very low strength of structure bonds over t h e range of water content used;
the equivalent strength being approximately equal t o the suction in t h e
soil water. On t h e other hand subplastic and very strong clays have equivalent strength values of u p t o 1000 g/cm 2 even a t a relatively high water
content, (pF = 1 ) .
In such comparisons between soils t h e reliability of t h e method rests on
the assumption t h a t the suction values for t h e clays straining at t h e Atterberg limits are t h e same for t h e soils tested. This assumption is reasonable
over a wide range of textures and consistencies; there are however cases
when it does not hold, and t h e equivalent strength values will be in error.
Although these deviations might not be serious, t h e measurement of
equivalent strength would be more precise if t h e Atterberg limit tests
were replaced b y a method which gave a measure of water content of
the straining clay in equilibrium with known suctions. For separating soils
into broad consistence classes however it is considered t h a t t h e present
techniques might suffice.
3 r

10

EQUIVALENT

I0 2

STRENGTH -

9/cm 2

Fig. 3. Equivalent strength of clay for soils 1 — 5 for different degrees of wetness
obtained by wetting up air- dry aggregates to suction values given as ordinates.
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SUMMARY

The unique relation between the equilibrium water content and the
consolidation load in a saturated clay, which is continually strained by a
shear force, describes the condition when interparticle bonds, frictional or
ortherwise, are not contributing to the compressive strength of the clay.
On the assumption t h a t a suction in the soil water acts as a mechanical
load in a saturated clay, the equivalent strength of a clay aggregate is
defined as t h a t suction on the suction—water content line for the straining
clay which corresponds to the water content of the aggregate. I t is shown
how a crude value of the equivalent strength can be obtained with the
Atterberg limits. This agrees reasonably well with the field description of
the consistency of five different clays.
RÉSUMÉ

Le rapport particulier qui relie la teneur en eau d'équilibre à la charge
de consolidation dans une argile saturée et continuellement déformée
par une force cisaillante, décrit une condition dans laquelle les liens entre
particules — de friction ou autres — n'influencent pas la résistance à la
compression de l'argile.
Si l'on suppose qu'une suction de l'eau du sol agit comme une charge
mécanique dans une argile saturée, la résistance équivalente d'un aggrégat
d'argile est définie comme la suction qui, sur le diagramme suction/teneur
en eau d'une argile soumise à des forces déformantes correspond à la teneur
en eau de l'aggrégat. Il est montré comment une valeur approximative de
cette résistance équivalente peut être obtenue à partir des limites d'Atterberg. Ceci concorde assez bien avec la description en champ de la consistence
de cinq argiles différentes.
ZUSAMMENFASSUNG

Die einzige Beziehung zwischen dem Gleichgewichtswassergehalt und
der Verfestigungsbelastung in einem gesättigten Ton, welcher fortdauernd
durch eine Schiebkraft gestreckt wird, beschreibt das Verhältnis, wenn
die Bindekräfte zwischen den Teilchen, reibungsweise oder sonstwie, nicht
zur kompressiven Festigkeit des Tons beitragen.
Unter Voraussetzung dass eine Saugkraft im Bodenwasser wie eine
mechanische Belastung auf einen gesättigten Ton wirkt, wird die equivalente
Festigkeit eines Tonaggregates definiert als diejenige Saugkraft auf die
Saugkraft-Wassergehalt-Linie für den gestreckten Ton, welche korrespondiert mit dem Wassergehalt des Aggregates. Es wird gezeigt wie ein
annährender Wert der equivalenten Festigkeit mittelst der Atterbergschen
Grenzen erhalten werden kann. Dies stimmt vernünftigerweise mit der
Feldbeschreibung der Konsistenz fünf verschiedener Tonarten genügend
überein.
DISCUSSION

PAUL C. EKERN: Will the same hold for the well aggregated low humic Latosolic clays, which have extreme clay contents (85 % clay) and very high
values for the L.L. and the P.L.?
E. L. GREACEN: The concept of equivalent strength should be valid for any
compressible material. To apply it to a particular soil you must establish the
unique suction-water content line. For precise values this requires knowing
the suction and the water content values for the Atterberg limits for example
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while the clay is continually disturbed in a disaggregated state. For odd soils
it could be that the constants in Eqn. 2 are too inaccurate.
J. P. QUIRK: Dr. Greacen has developed an ingenious technique for measuring
soil strength which has great significance since it forms a bridge between soil
mechanics work and the work on soilwater energy relationships which soil-physics workers have been carrying out over the last twenty years. I doubt whether
it is necessary to invoke interparticle forces to explain the relationship between
the virgin and rebound consolidation curves. I think it can be considered in
this way. In the preparation of soil materials before obtaining the virgin consolidation curve I would expect considerable separation of domains, and break
down of the domain structure to give a more open matrix. Much of the water
is retained in the open matrix by surface tension forces. When matrix is applied
to such a system the stress in the soil water is transmitted to the pore walls
and if the strength of the pore is small (as is the case) collapse or partial collapse
takes place to reform domains or to bring adjacent domains into closer packing.
When the stress on the soil water is decreased the collapsed pores will not give
rise to water uptake but the partially collapsed pores will absorb water.
E. L. GRAECEN: This could well be. The model proposed by Dr. Quirk does,
however, require interparticle forces — structural bonds, say frictional edge
to face, to support the partially collapsed pores.
Further in order that the partially collapsed pores may absorb water on
unloading, a repulsive force must be postulated — elastic bending or physicochemical. The model satisfies the virgin consolidation and rebounds.
For the case when consolidation is occurring on the CVR line with shear not
enough is known about the state of disaggregation and orientation to say
whether Dr. Quirk's model without physico-chemical forces is sufficient.
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MATHEMATICAL T R E A T M E N T O F AGGREGATE-STABILITY
DETERMINATIONS
by
F . F . R . KOENIGS AND A . C. SCHUFFELEN.

Laboratory of Soils and Fertilizers Agricultural State University Wageningen,
The Netherlands.
INTRODUCTION.

The proposed mathematical treatment is only applicable to aggregate
stability determinations, where the amount of material dispersed by
increments of mechanical action is determined.
As the minimum stability of aggregates is of most interest, these tests
are done on aggregates which are submerged in a liquid, usually water.
Either the wet sieving technique is used, employing only one sieve, as b y
Russell and Feng (1), or the end over end shaking method, as b y Quirk (2).
W i t h the first technique the amount of material remaining on the sieve is
measured b y weight, with the second the weight of the dispersed material
is measured by the density of the liquid after a standard settling time.
If one plots the weight of the undestroyed aggregates as percent of the
initial weight on the ordinate, and the corresponding units of mechanical
action (e.g. rotations) on the abscissa one gets strongly curved Unes, as
illustrated b y figure 1, derived from Quirk's figures 1 and 2. Without any
further treatment these curves m a y furnish some valuable indications.
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Figure 1. Percentage of undestroyed aggregates against rotations,
symbol
Soil
X
Ca-bentonite, 0.01 N CaClj
-fRed loam
O
Moira loam 1
•
Wunnamurra
A
Urrbrae virgin
v
Urrbrae 16 years
265

1.24

If the curves are extrapolated to zero revolutions, it is seen that they cut
the ordinate somewhere below 100 %. The difference with 100 % is obviously the quantity which is not destroyed by mechanical action but by
the wetting alone. It is important to know this quantity as accurately as
possible as the mere wetting of a soil is a thing which cannot be prevented
in agriculture.
Furthermore, the curve can be used for an evaluation of a stability index
of the soil. If the relation between the destructive energy employed during
the experiment, and that of some natural phenomenon (heavy shower)
is established, then the percentage of undestroyed aggregates can be used
as such an index. It can be read from the graph at the equivalent number of
rotations or oscillations.
If this relation is not established, then in the reverse the number of
revolutions necessary to destroy a certain percentage of the aggregates,
can be used as parameter to classify the stability. As the stability of some
of the soils investigated by the authors cited is very low, 50 % seems to
be an appropriate value.
If one contents oneself with the determination of the quantity slaked by
wetting and the number of strokes necessary to destroy half of the weight
of the aggregates, only the first value consitutes an improvement over the
common wet sieving analysis. The aim of the analysis to get a better insight
into the process of desaggregation, is not achieved.
T H E PROPOSED METHOD

In order to arrive at a better interpretation, the following treatment of
the data has been elaborated, with as basic assumption that: 'The quantity
of aggregates destroyed per unit of mechanical action is proportional to the
quantity of undestroyed aggregates present'.
Let A be the quantity of aggregates present at the beginning of the
agitation, X the quantity of material destroyed per unit of mechanical
action R, and K being the constant of proportionality, then the following
differential may be written:

§=K.{A-X)
after integration between X = 0 and X = A we get In (A— X) = —K.R

+ In A.

This implicates that, if the soil is homogeneous, a straight line is found
if log (A— X), is plotted against R. This line cuts the log (A—X) axis at
log A. So A can be evaluated. If the soil is not slaking A is equal to A', the
quantity introduced. X is expressed as percentage of A ', and A ' is determined
as sum of X after infinite straking time.
The constant K, the parameter for the stability, is equal to
2.303 (log
!
—-

{A'-XR)-\OS

s

=

A')

_
. ' " .
, .
. . Due to errors m the determination of X,

the points will be more or less scattered about the line. The best fitting line
is taken for the calculation. The value for K varies from minus infinite,
for spontaneously dispersing soils, to zero for absolutely stable soils. If
1000 revolutions are taken as unit for R, it varies in practice from —100 to
—0.01. Constants below —100 become difficultly distinguishable from
minus infinite.
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As an example for homogeneous not slaking aggregates, the desaggregation of calcium bentonite in 0.01 N calcium chloride may serve. It is represented by symbol X in figures 1 and 2.
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Figure 2. Log. percentage undestroyed aggregates against mechanical units.
X, Ca-bentonite 0.01 N CaCl2 + Muscatine silt loam.
If we find that a line drawn through the points cuts the log (A' — X)
axis below log A', then obviously a certain quantity has been dispersed
before the mechanical action started. (Another possibility is that the
dimensions of some of the aggregates were smaller than the critical ones to
begin with). This quantity A' — A can be read from the graph at once if
semilogarithmical paper is used. Though the observations are figured as
percentage of A' instead of A, the points will lie also on a straight line and
the slope will not be changed, as A' — X has been put on a logarithmic
scale. (Dividing by a larger constant results in a parallel displacement of
the line). The constant is found by application of the same equation, only
A has to be used instead of A'.
As an example of a soil with a fraction slaking spontaneously, Muscatine
silt loam (Russell and Feng) may serve. Its desaggregation characteristic
is represented by figure 2, curve 2.
Instead of a straight line relation one often finds that the points representing the observations he on a curve. These curves are usually steep
near the log (A' — X) axis, concave towards the R axis, and flatten out
with increasing time of shaking.
The analysis of this type of curves is based on the assumption that aggregates of different stability, occurring in different quantities, are present
and that they are attacked simultaneously by the mechanical action.
As the separate desaggregation of each class of aggregates would result
in a straight line, each varying in slope and constant, the simultaneous desaggregation is represented by the sum of these lines and will have a curved
character.
At the least stable classes will be quickly destroyed, they cause the steep
part of the curve and will have little influence on the flat part, which therefore represents the desaggregation of the most stable class only. So extrapolation of the straight part to the log (A — X) axis gives the amount of
this fraction, and its slope the stability constant (e.g. line 1, figure 3,
Knox silt loam). By plotting the log of the numerical differences between
the line and the original curve against R, one usually gets a straight line
or a line only curved near the log (A — X) axis (e.g. curve II, figure 3).
In the first case the analysis is finished, the line furnishing amount and
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Figure 3.

Knox silt loam
X, original data, curve I
line 1
•
curve II
.-.-.-.line 2
line 3

lOO
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1000
OSCILLATIONS—-

23O0

stability of the less stable part. In the second case the procedure has to be
repeated b y extrapolation of the straight part of the second curve to the
log (A — X) axis (e.g. line 2, figure 3) and plotting the log of the numerical
differences between the second line and the second curve against R, which
provides the d a t a for the least stable class of aggregates (e.g. line 3, figure 3).
Usually not more t h a n four classes of stability can be differentiated by
this analysis.
The analysis has been applied to d a t a of Quirk and Russell, and Feng.
The results are reproduced in table 1, where also the analysis of calcium
bentonite in 0.01 N calciumchloride is represented.
TABLE 1. Analysis of data of Quirk, Russell and Feng, and Koenigs.
const.
Soil

U r r b r a e 16
years
Urrbrae
virgin
Wunnamura
Moira l o a m 1
Red loam
K n o x 30'
M a r s h a l 300'
Clinton 300'
Muscatine
300'
Ca-bentonite
0.01 N

const.

const.

const.

50%
mech.
un.

quant.

X

quant.

X

quant.

X

quant.

X

%

1000

%

1000

%

1000

%

1000

81

-inf.

10

-8.0

9

— 0.55

48
31
20
19
65
44
10

— nf.
— nf.
— nf.
— nf.
—inf.
—inf.

21
31
33
81
7
43
23

-0.36
-0.29
-0.23
-0.21
-0.20
-0.37
-0.20

15
80 1
230 1
1100 1

18

-inf.

82

-0.17

2900 1

-inf.

10
13
13

-30
-60
-36

21
25
34

-5.0
-3.2
-2.7

14
23
67

-15
-35
-10

14

-2.6

100

0

01
40 1
90 1

-1.4

For comparison also the number of mechanical units at which half of
the aggregates is destroyed, has been inserted in the last column. It is
seen t h a t the proposed method furnishes considerably more detail.
In order to be able to determine the spontaneously dispersing fraction
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with accuracy, data are needed after a few rotations. As these are lacking
the determination of this quantity has been rather arbitrary with some soils.
With this kind of tests the state of desaggregation is assumed to have
been reached if the aggregates have been reduced to particles with a diameter smaller than a certain critical one, corresponding with a sieve opening
or standard settling time. As the texture of a soil may be such that a fraction
can not be reduced to these dimensions, not the whole of the destroyed
aggregates is determined, but only that textural fraction which has a
diameter smaller than the critical one. Therefore not A', (ZX), is determined but f.A', CSf.X), the fraction with a diameter smaller than the
fraction measured. The coarser particles remain on the bottom of the
cylinder or on the sieve. If the measured fraction is set free in strict proportionality to the weight of the aggregates destroyed there is no objection
against measuring X by f.X and A. by f.A'. As f.X is expressed as percentage of f.A', log f.A' is the same as log A' and the treatment can be
applied without alteration.
The smaller the dimensions are of the fraction which is chosen as criterion
for desaggregation, the more energy will have to be applied to reduce the
aggregates and the larger the constant will become therefore.
A' is determined as the sum of f.X after infinite shaking time. The
objection against the use of the conventional textural analysis for determination of f.A' is, that the dispersion with the aid of chemicals may
not give identical results with the mechanical dispersion used with this
method.
LIMITATIONS OF THE

METHOD.

The method will give erroneous results if the content of fine material
of the different stability classes is not the same. The condition that the
fraction f.A' which is collected, should be set free in strict proportionality
to the weight of the aggregates destroyed, is no longer met with.
The second premise is that the aggregates of different stability classes
should be attacked simultaneously.
This will not be the case if coatings are present which have a resistance
differing from that of the enveloped part of the aggregate. If the stability
of the coating is smaller, the presence will not be detected by the analysis,
but will be treated as a class with low stability and its constant will be
evaluated to low. If the coating is more resistant than the rest, then
this will be shown by the analysis as the curve will turn away from the
.R-axis.
F O R M E R MATHEMATICAL

TREATMENTS.

Quirk tested the following equation which, in the same notation as used
here, reads A — X = C — K. log R. If one tries to evaluate the quantity
present at zero revolutions one finds + infinite. Consequently Quirk could
not assign a definite value to his constants and returned to the fraction
destroyed after standard shaking time as parameter for the stability.
Russell and Feng use log (A — X) = a — b, log R. At zero shaking
time log (A — X) = a + b. inf., so also with this equation the exact
amount of the quantity dispersed by wetting cannot be evaluated.
As log (^4 — X) is in this case plotted against log R the curvature of the
line through the observations is only visible with the most stable soil, the
Muscatine.
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CONCLUSIONS.

1. The proposed method gives satisfactory results if applied to d a t a found
in literature.
2. It furnishes more detail and the measurement of the waterstable part
is more accurate.
3. If the conditions t h a t the content of fine material in the stability classes
should be equal and t h a t the classes should be attacked simultaneously,
are not fulfilled, the treatment will give erroneous results.
LITERATURE
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SUMMARY

The treatment of wet aggregate stability determinations, where the
q u a n t i t y of aggregates destroyed in dependance of external energy applied
is measured, is based on the assumption t h a t the amount destroyed per
unit of energy, depends on the quantity of destroyable material present.
After integration of this equation a straight line relation between the
logarithm of the undestroyed material and the quantity of external energy
results. The slope gives a parameter for the stability and the intercept the
q u a n t i t y not destroyed b y wetting alone.
If this plot yields a curve, the latter is assumed to be composed by the
sum of a number of straight lines each representing quantity and stability
of a class of aggregates. The curves are resolved into lines in accordance with
this assumption.
Application to data found in literature has been successful.
RÉSUMÉ

Une méthode d'évaluation de la stabilité structurale sous l'eau est
décrite. Elle se restreint aux déterminations où le rapport entre le nombre
des oscillations (ou rotations) et la quantité des aggrégats déliés est déterminée. Cette méthode se fond sur la supposition que la quantité des
aggrégats détruits par unité d'énergie mécanique correspond à la quantité
des aggrégats stables.
l'Elaboration de cette supposition donne un rapport rectiligne entre le
logarithme du taux d'aggrégats stables et l'énergie utilisé. L'angle d'inclinaison de cette ligne est un paramètre pour la stabilité et le point d'intersection indique le taux d'aggrégats stables à la humectation.
Une courbe obtenue se laisse résoudre en lignes droite, chacune représent a n t une 'classe' d'aggrégats.
l'Application de cette méthode à quelques déterminations trouvées dans
la littérature a donné des résultats satisfaisants.
ZUSAMMENFASSUNG

Der Interpretierung von nassen Agregats-Stabilitätsbestimmungen,
wobei die Menge der vernichteten Aggregate in Abhängigkeit von der
angewandten Energie bestimmt wird, liegt die Voraussetzung zugrunde
dass die pro Energie-einheit vernichtete Menge, der Menge der noch zu
vernichtenden Aggregate proportional sei.
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Nach Integration dieser Gleichung bekommt man ein geradliniges
Verhältnis zwischen dem Logarithmus der unvernichteten Menge und
der angewandten Energie. Die Neigung dieser Linie ergibt einen Maßstab
für die Stabiütät und der Schnittpunkt ergibt die Menge der Aggregate
die durch Benetzung nicht vernichtet werden.
Es wird angenommen daß, wenn eine Kurve erhalten wird, diese die
Summe darstellt einer Anzahl gerader Linien, jede die Stabilität und Menge
der Aggregate einer bestimmten Stabilitätsklasse angebend. Dieser Annahme
entsprechend wurden die Kurven in gerade Linien auseinander gelegt.
Die Anwendung dieser Methode auf Daten aus der Litteratur war erfolgreich.
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IS IT POSSIBLE TO PREDICT SOME PHYSICAL SOIL CHARACTERISTICS, KNOWING THE SOIL COMPONENTS?
by
DE LEENHEER, L. AND VAN RUYMBEKE, M.

State Agricultural University, Ghent, Belgium
During the period 1947 — 1954, the Soil Survey Centre of Belgium worked
on the soil maps of the Belgian Sea Polder Area. The Soil Research Centre
of Ghent cooperated by" supplying detailed soil profile descriptions, soil
samplings and determinations of certain properties needed for good mapping
(texture, organic matter, CaC03, pH, etc.).
With these data it was possible to locate representative examples for
the most important soil types on a geographical basis. In 1954, it was
decided to select about 150 of these spots (actually 141 were chosen),
where careful profile description and soil sampling should again be made,
taking into account the improvement of analytical methods after 7 years
of experience. In this way a representative collection of the soil types
of this region was obtained. For the 141 soil profiles, a total of more than
800 samples, all the components were determined, together with certain
properties, such as pH in KCl and water, exchange capacity, degree of saturation, C/N ratio, mineralogy of the sand- and clay-fraction. It was impossible to determine directly the physical characteristics of these 800
soil samples, both the sampling of the undisturbed soil core samples and
analysis of the pore size distribution being too costly. Therefore, only 34
profiles, a total of 199 samples, were specially selected and analyzed directly
(pF curve and structure stability).
ABLE

1. Determination of the soil components of air dry samples Profile M. 64.

Depth in
cm
(1)

0-20
20-35
1 35—53
1 53-77
1 77-93
193-150

Fine Medium
sand Coarse
Clay Silt Coarse
Silt
sand CaC0 3 Organ.
sand
0-2 2-20
1
00Matter
>200
2 0 - 5 0 50-100
200

H„0

Water
at sampling

(2)»

(3)*

(4)*

(5)

(6)

(7)

(8)*

(9)*

(10)

(11)*

14.4
18.3
20.8
11.2
7.1
3.4

7.2
7.7
6.5
3.9
5.4
2.8

15.9
19.1
14.9
15.4
15.1
7.5

18.6
16.8
17.7
20.5
21.9
29.4

34.4
27.5
23.8
30.5
30.6
40.4

0.8
0.8
0.3
0.7
2.2
0.5

3.8
5.6
12.4
15.5
16.5
14.8

2.7
1.4
0.9
0.5
0.5
0.2

2.2
2.8
2.7
1.8
1.7
1.0

13.5
9.6
11.5
10.6
12.5
13.8

Soil components which are used as independent variables.
With the results of the determinations of the soil components, of which
table I gives an example, and with the results of the physical determinations,
as presented in table II for the same soil samples, an attempt was made
to correlate the data of tables I and II. Having available the data of 199
soil samples, the question arose if knowing the data of table I, it might be
possible to calculate directly the data of table II. If this were possible, it
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would be easy to calculate the physical soil characteristics of the other
614 reference soil samples, of which the amount of the components were
known but of which, owing to lack of time, money and personnel, no physical
determinations were made. The calculation of the formula for each of the
wanted physical properties, followed by the application of the different
formulae to the 614 soil samples, was made by the electronic computor
of the International Business Machines (IBM, ordinator ED 650) at
Brussels*.
TABLE II. Laboratory determination of physical properties. Profile M. 64.
Depth
in cm

Apparent
density

(1)
0-20
20-35
35-53
53-77
77-93
93-150

Water content %
at

Pore size distribution Vol %
AggreWater
Non
gate
Total Drainage retention useful stability
porosity
pores
pores
porosity

Field
capacity

Wilting
point

(2)

(3)

(4)

(5)

(6)

(V)

(8)

(9)

1.423
1.493
1.461
1.402
1.504
1.445

19.0
18.6
18.3
15.5
15.5
10.7

9.2
9.1
10.0
8.7
7.6
5.5

45.0
43.2
44.4
46.7
42.8
45.5

18.0
15.4
17.7
25.0
19.5
30.0

13.9
14.2
12.1
9.5
11.9
7.6

13.1
13.6
14.6
12.2
11.4
7.9

29
33
31
20
23
16

The 199 series of data were subdivided into two groups: a group of
82 samples, from soil profiles under meadow, and a group of 117 samples,
from profiles under arable land. This separation was introduced, because
it is known from experience that the aggregate stability under meadow is
always better, even for the subsoil samples, than under arable land. For
both the meadow and the arable land samples the following variables were
retained:
Dependent Variables

Independent Variables

A = Apparent Density (Ap. De.)

a == % clay ( 0 - 2 /*)
B = W a t e r % a t Field Capacity
b =: % Silt ( 2 - 2 0 fl)
(Fi. Ca.)
c =-• % coarse silt ( 2 0 - 5 0 ft)
C = W a t e r % a t Wilting Point (Wi. P t ) d = % CaC0 3 .
1) = Drainage porosity in vol %
e = % organic mater (OM)
(Dr. Po.)
t = p H (water)
E = Water retention porosity in vol % R = total exchange capacity, T t
(Wa. Po.)
h = % water a t sampling ( % H 2 0 )
F = Aggregate Stability (Ag. St.)
i. J. K £tc. = interactions.

As a starting hypothesis, it was assumed that each dependent variable
was a function of all the independent variables. All the functions of the
dependent variables were written as a multiple regression formula, such as
is given in the following example:
A = fa + fb + fc + fd + de + ff + fg + fh + fi + fj + fk . . .
(fa = function of a; fb = function of b; etc).
* We express our sincere thanks for the cooperation of Ir H. van Baren of the
IBM office, Brussels.
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The first calculations with the electronic computer were made to eliminate
those independent variables for which the mutual correlation coefficient
was too high. As a critical value of the correlation coefficient, 0.7 was taken;
this means that if two independent variables were correlated with a coefficient higher than 0.7, one of them was eliminated, as both were evidently
not 'independent'. In such a way the percentage of silt (2—20 /«)%, the
pH in water, the Tt-value, and all the interactions i, j , k, were rejected.
Of the latter only the (2—20 n)% is a soil component; the others are properties. The remaining variables, showing no or too low mutual correlations,
are: % clay ( 0 - 2 ^ ) , % coarse silt (20-50/*), % CaC03, % organ, matter
and % water (at sampling moment). A second step was the calculation
of the partial correlation coefficient for each of the independent variables
versus a given dependent variable. If the result was lower than 0.22 for
meadow soil samples and lower than 0.195 for arable land samples, the
corresponding independent variable was also eliminated. Finally, the
partial regression coefficient for each independent variable was calculated
with the remaining variables. The third step consisted in the calculation
of the constant terms for each formula, using the partial regression coefficient and the mean value for each variable.
The linear multiple regression formulas, which were found this way, are
a) for the 82 soil samples under meadow
ApDe = + 1.783360 - 0.004239 (% clay) - 0.030432 (% O.M) 0.007612 (% H 2 0)
FiCa = + 4.435411 + 0.517699 (% clay) + 0.172224 (% coarse silt)
+ 0.147961 (% CaC03) + 1.635418 (% O.M.)
WiPt = + 1.627051 + 0.440577 (% clay) + 0.116234 (% CaC03) +
1.006603 (% O.M.)
DrPo = + 28.054988 - 0.415594 (% clay) - 0.418984 (% coarse silt)
+ 0.424623 (% O.M.)
WaPo = - 1.283530 + 0.377768 (% pulver) + 0.315865 (% H 2 0)
AgSt = + 21.389058 + 0.648498 (% clay) + 0.493193 (% CaC03) +
2.412744 (% O.M.)
b) for the arable land samples (117)
ApDe = + 1.660878 - 0.001386 (% clay) - 0.007750 (% CaC03)
0.032113 (% O.M.) - 0.002443 (% H 2 0)
FiCa = + 0.290655 + 0.400696 (% clay) + 0.262886 (% coarse silt)
0.426860 (% CaC03) + 3.224689 (% O.M.)
WiPt = + 0.666156 + 0.363627 (% clay) + 0.044663 (% coarse silt)
0.199028 (% CaC03) + 0.849308 (% O.M.)
DrPo = + 35.119115 - 0.551102 (% clay) - 0.413696 (% coarse silt)
0.135164 (% H 2 0)
WaPo = - 0.671921 + 0.086279 (% clay) + 0.330749 (% coarse silt)
0.313871 (% H 2 0)
)
AgSt = + 12.444867 + 0.774079 (% clay) + 0.189538 (% CaC03)
1.955142 (% O.M.)

+
+
+
+

The results of the normal analysis, as given in table I, do not include
the water content at the sampling moment, but only the water content of the
air-dried sample (column 10). So it was first necessary to calculate the
water content at field capacity for the 614 samples, of which no undisturbed
soil samples were taken. This calculated value (% H 2 0) (given in table I,
column 11 ) was then put in the different formulas for the water content at
field capacity. This procedure is noted because theoretically the undisturbed
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soil samples should be taken at field capacity; and, in order to get exactly
comparable results, the calculated water content at field capacity was
p u t into the formulas for the 199 undisturbed soil samples. Table I I I gives
the calculated physical soil characteristics for the same soil samples as
table I I .
TABLE III. Physical properties calculated from soil components. Profile M. 64.
Water content %
Depth
in cm

Apparent
density

(1)

0-20
20-35
35-53
53-77
77-93
93-150

at

Pore size distribution Vol %
AggreNon
gate
Total
Drainage Water
stability
porosity
pores retention useful
pores
porosity

Field
capacity

Wilting
point

(2)*

(3)*

(4)*

(S)

(6)*

(7)*

(8)

(9)*

1.474
1.500
1.457
1.467
1.469
1.509

20.6
19.5
20.7
17.1
15.8
10.6

9.7
10.5
12.1
8.9
7.6
5.4

43.2
42.8
44.6
44.4
44.4
43.0

17.8
14.5
14.7
20.3
22.8
28.7

12.3
13.4
12.5
10.8
9.9
5.4

13.1
14.9
17.4
13.3
11.7
8.9

30
30
33
25
22
18

*Soil properties which are calculated with the regression formulae.
All the results obtained in the laboratory (199 samples) a n d b y calculation (614 samples) were used in a regional study of the soil types of
the Belgian Marine Alluvial Soils *. This study made possible,
1. a classification of the soil types, based on their reserve of CaC0 3 , whether
in the plow layer (0—20 cm), in the subsoil (20—50 cm) or in the total
profile (0—100 cm), completed with the determination of a 'liming
factor' for the calcium-deficient soils;
2. a classification of the soil types, based on the clay content of the arable
layer and the homogeneity of the profile (with colored map) ;
3. a classification based on the total exchange capacity;
4. a classification based on the internal soil drainage, expressed as the
volume of drainage pores (with diameter larger t h a n 9 microns);
5. a classification based on the useful water reserve, expressed in cm
rain at the beginning of spring time, and calculated for a total depth
of 100 cm, taking into account the local d a t a of rainfall and évapotranspiration, (example table IV).
JUSTIFICATION OF THE METHOD AND RELIABILITY OF THE RESULTS.

Soils scientists generally agree t h a t there is a correlation between soil
components and several physical soil properties, such as apparent density,
water content at field capacity and a t wilting point, pore size distribution,
aggregate stability, etc. The calculation of these correlations, however,
became possible only with electronic machines, which allow the calculation
* 'Monografie der Zeepolders' (Monograph of the Sea Polder Area-Repertory
of Soil Characteristics of the principal soil types) Mededelingen van de Landbouwhogeschool, Gent, 1960, p. 1 — 416.
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TABLE IV. Water reserve, expressed as cm rainfall, at the beginning of spring time.
Profile M. 64.
Depth

Laboratory determinations

Calculated water reserve

0—20 cm.
20 — 60 cm.
60—100 cm.

2.8
5.0
4.1

2.5
5.0
3.8

0—100 cm.

11.9

11.3

of dependent variables from more than 12 or even 18 independent variables,
not only with a multiple linear regression formula, but also with multiple
regression formulas of higher degree. The work done in this case would
have taken more than two years with normal calculating machines, and
was completed with the IBM-650 with three hours of calculation. The
regression formulas used here are linear, and only five independent variables
are needed.
With the laboratory data of the independent variables (the soil components) of the 82 meadow samples and the 117 arable land samples, the dependent variables were calculated and the results compared with the data
directly obtained in the laboratory. The standard deviations between the
determined and the calculated physical properties are given in table V,
column 2. Taking into account the mean value of the different physical
properties (apparent density, field capacity, wilting point, etc.) it is easy
to calculate the variation coefficient, which gives immediately an idea of the
accuracy of the results. One of the variation coefficients is very high (62 % ) ,
and two are high (40 % ) , the others being more or less satisfactory. The
best results are those for the apparent density and the wilting point,
followed by those for the field capacity. Taking into account that the variation coefficient of the properties which are directly determined in the
laboratory is also rather high, the results of the calculation may be considered as satisfactory.
A second test of the reliability of the results consists in the calculation
of the multiple correlation coefficient of the formulas of each dependent
variable. The coefficients are also given in table V and here the correlation
is very good. The lowest multiple correlation coefficient is about 0.57,
but five coefficients are higher than 0.9; three are higher than 0.8 and the
others higher than 0.74. Even for the lowest coefficient the reliability with
which the calculated regression formula is correlated with the observed data
is higher than 99.9 %.
SUMMARY

This paper reports equations, one set for meadow and one set for arable
land, for predicting values of soil physical properties of undisturbed soil
from properties measured in the laboratory on disturbed samples from the
corresponding soils. The physical properties considered are apparent density,
field moisture capacity, wilting point, drainable pore space porosity, water
retention porosity, and aggregate stability. The laboratory values are
percent clay (0—2 micron), percent silt (2—20 micron), percent coarse silt
(0—50 micron), percent CaC03, percent organic matter, pH in water,
exchange capacity, percent water at sampling. The physical properties
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TABLE V. Standard deviation, variation coefficient and multiple correlation coefficient for the
calculated soil properties.
Formulas: 1) Standard deviation == 1/

•

y (N-n)

'

,—

Va,,-

ci = standard deviation of the dependent variable
ai{ = last term of the inverted matrix
„, , . . ..
... .
standard deviation
..„
2) Variation coefficient =
X 100
mean
3) Multiple correlation coefficient R = ]/ 1 — —
Physical
property

Standard diviation of the
Meadow
difference between the calculated and the determined
values

Mean
value

Variation
coefficient

Multiple correlation coefficient

(1)

(2)

(3)

(4)

(5)

0.0677

1.373

4.9 %

5.0665

28.81

17.6 %

2.7242

18.35

14.8 %

12.5090

50.81

24.6 %

5.7605

9.28

62.1 %

5.5181

13.82

39.9 %

0.0727

1.457

5.0 %

4.5311

22.66

20.0 %

1.6805

12.55

13.4 %

7.3397

33.85

21.7 %

4.9837

12.49

39.9 %

4.2246

14.17

28.9 %

Ap. De.
Fi. Ca.
Wi. Pt.
Ag. St.
Dr. Po.
Wa. Po.

JTi
0.1884
f 78 V8.1447
^82
11.5793
f 77 Vö.5634
/82
8.4174
f 78 VlO.1266
m
18.7025
f 78 ^2.3605
/gl
8.8914
f 78 V2.5029
/82
6.6076
' 7 9 Vl.4792

0 O^fifi
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°-

°-9057

"5.5634
10.1266

0 W0117
" 137
0 7750°
U
9

2.3605
- 2.5029 -

|

°7749
0 Ö^60°
U
bJ
"

1
|

_ U0 so^q
'8J49

1
|

1.4792

Arable land
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which could best be predicted were apparent (bulk) density and wilting
point. The calculations were performed on an IBM-650 electronic computer.
RÉSUMÉ

Cette communication donne une série d'équations, une pour prairies
une autre pour terres arables, qui permettent de prédire les propriétés
physiques de sols non dérangés à partir de mesures en laboratoire effectués
sur des échantillons dérangés des sols correspondants. Les propriétés prises
en considération sont : la densité apparente, la capacité d'humidité en champ,
le point de fanaison, la porosité correspondant au volume des pores drainables,
la porosité correspondant à la rétention d'eau et la stabilité des aggrégats.
Les données de laboratoire utilisés sont: le pourcentage d'argile (0—2
microns), le pourcentage de limon (2—20 microns) le pourcentage de limon
grossier (20—50 microns), le pourcentage de CaC0 3 , le pourcentage de
matières organiques, le p H dans l'eau, la capacité d'échange et le pourcentage d'eau au moment de l'échantillonage. Les propriétés physiques
qui se laissaient prédire le mieux étaient la densité apparente et le point
de fanaison. Les calculs ont été effectués sur calculateur électronique
IBM 650.
ZUSAMMENFASSUNG

Diese Schrift berichtet über Gleichungen, ein Satz für Weideböden
und ein anderer für Ackerböden, zur Voraussage von physischen Bodeneigenschaften ungestörter Böden aus Eigenschaften im Laboratorium
an gestörten Proben von korrespondierenden Böden bestimmt. Die in
Betracht gezogenen Eigenschaften waren scheinbare Dichte, Feldwasserkapazität, Verwelkungspunkt, drainierbarer Porenraum, Wasserzurückhaltungsporosität und Aggregatbeständigkeit. Die Laboratoriumwerte waren
Ton (0—2 mikron), Feinstaub (2—20 mikron), Grobstaub (0—50 mikron),
je in Prozenten; % CaC0 3 , % organische Substanz, p H in Wasser, Auswechselungskapazität, % Wasser bei der Probenahme. Die physischen
Eigenschaften, welche am besten vorausgesagt werden konnten, waren die
scheinbare Dichte und der Verwelkungspunkt. Die Berechnungen fanden
statt mit Hilfe einer elektrischen Rechenmaschine, IBM-650.
DISCUSSION

K. VANDERMEER: For grassland the available water was calculated for a depth
of 1 meter. The shallow rooting grass will only use the water of the top 35—40
cm. Then we will have in the summer always a shortage of moisture. What is
in the calculation the influence of groundwater depth and capillarly use for
water supply to the roots.
D E LEENHEER: In this calculation the influences of groundwater depth
and capillary rise for water supply of the roots was not taken into account,
as these are already profile properties and not soil components. On the other
hand we wanted to find a way for giving a number to a soil profile, expressing
as well as possible its agricultural value for reallocation purposes. Finally a
soil type may be considered a good meadow soil, because its water content is
too high for good agricultural land.
C. H. M. VAN BAVEL: I believe that a predictive formula based upon a regression equation should be tested on a different set of samples than the one
upon which the regression was based, which is apparently the procedure used
in your work.
D E LEENHEER: Yes, this was the procedure used; for the monograph of the
Belgian loam region, which is now under preparation, your advice will be
followed. Thank you for giving it.
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CUP

by
L. A.

RICHARDS AND G E N OGATA

U.S. Department of Agriculture*
The arrangement of the psychrometer and the porous ceramic cup in the
controlled temperature b a t h is shown in figure 1. Thin-walled brass tubes
1 and 2 define a liquid filled chamber 3 to which the outside of the porous
cup is exposed. After the apparatus is assembled and secured by screws
at the top, the gasket pressure required to make the vacuum seal at the
porous cup is supplied by compression of the rubber stopper 4. The thermocouple 6 and its mount 7 are identical to those previously described (3).
W i t h this arrangement, the psychrometer was exposed to air at atmospheric pressure inside the porous cup under conditions where this
air was at equilibrium with the aqueous vapor pressure of the air-water
interface at the inside surface of the porous cup. For the measurements
here reported, the pressure of the atmosphere, P0, ranged from 0.993 to
0.997 bar. The pressure, P, of the liquid surrounding the outside of the
cup was controlled at a value less than P0. The pressure reduction across
the porous wall, P0 — P, will be referred to as matric suction, MS; thus
MS = P0 — P. The thickness of the water film on the ceramic matrix
at the air-water interface on the inside of the porous cup, along with the
corresponding state of adsorption and vapor pressure at this interface,
depend on and m a y be measured in terms of matric suction.
The bath temperature was 25° C and temperature fluctuations during
intervals of several hours while readings were being made were of the
order of 0.001° C o r less.
When the pressure difference across the cup wall is zero and when the
pores of the cup are filled with a solution of known osmotic pressure,
including a pool of this solution at the bottom of the cup, the psychrometer
could be calibrated against the vapor pressure of known osmotic solutions.
Actually, a stainless steel sample chamber of the same geometry and lined
with filter paper was used for this purpose. The d a t a for such a calibration
are given in the lower part of figure 2. The vertical scale gives the microvolts output from the psychrometer for various KCl solutions at osmotic
pressure values indicated on the horizontal scale in bars. The electrical
output is produced b y the evaporational cooling of the water droplet at
the lower junction.
The dotted, straight line drawn through the origin, when extended
beyond the 1 bar osmotic pressure value, accurately describes the psychrometer calibration above the 1 bar osmotic pressure value. Below 1 bar there
is a consistent upward departure from the proportional relation and the
solid straight line shown was drawn to represent the experimental d a t a
points that are plotted in figure 2. This line is described by the equation
E = 0.040 + 0.650 n where E is the thermal e.m.f. in microvolts and n
is the osmotic pressure in bars. T h e mean deviation of observed values of
•Contribution from the U.S. Salinity Laboratory, Soil and Water Conservation
Research Division, Agricultural Research Service, U.S. Department of Agriculture, Riverside, California, in cooperation with 17 western states and Hawaii.
This work was also conducted with the cooperation of the U.S. Department of
Defense.
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E from the line represented b y this calibration equation is 0.006 microvolt.
When the porous cup arrangement shown in figure 1 was filled with

Figure 1. Method of exposing the thermocouple psychrometer to air at atmospheric pressure and a t vapor equilibrium with the inside surface of a porous
ceramic cup while the outside surface is in contact with water or solution at
controlled pressure less than atmospheric pressure.
distilled water, the thermocouple output indicated t h a t soluble material
from the ceramic cup continued to accumulate in the liquid phase in the
pores of the cup. In spite of this disturbance, however, the d a t a at the top
in figure 2 show the kind of results obtainable if the porous cup is leached
with water and then is additionally leached with the osmotic solution on
which measurements are to be made. The solution represented by the top
curve in figure 2 was potassium chloride of 0.48 bar osmotic pressure. The
vertical scale again represents the output from the psychrometer and t h e
horizontal scale indicates pressure reduction across the porous wall of the
cup, i.e., matric suction. The straight line drawn through the points to
represent the d a t a has the equation E = 0.340 + 0.650 (MS) where E
is the output of the thermocouple in microvolts and MS is the matric
suction in bars. The mean deviation of observed values from the line
represented b y the equation is 0.008 microvolt.
The two straight lines in figure 2 representing the two sets of d a t a were
drawn to have the same slope, and the dispersion of the d a t a points from the
lines is an indication of the experimental error. The second law of thermodynamics requires t h a t the rate of change of vapor pressure with respect
to osmotic pressure be the same as the rate of change of vapor pressure
with respect to matric suction at the same temperature and pressure.
The error in the electrical method t h a t was used for measuring the output
of the thermocouple is estimated to be not greater t h a n 0.01 microvolt.
This corresponds to an error of about 0.016 bar in measuring either osmotic
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pressure or matric suction, or their sum. Relative vapor pressure depression
is related to osmotic pressure by the relation (1 — pjp0) = (vjRT)n =
(7.3 X lO - 4 )^. The symbols 0, R and T represent respectively partial molar
volume, gas constant and absolute temperature.
The intercept of the osmotic pressure calibration line in figure 2 on the
vertical line representing 1 bar is 0.69 fiv. The slope of the calibration line
m a y be referred to as the sensitivity of the psychrometer, and at one bar
is 0.69 fiv bar - 1 , From the formula given above, the relative pressure depression is 7.3 X 10 - 4 at one bar. Consequently, the error in measuring
relative pressure depression ascribable to an error of 0.01 pv in the electrical
measurement is (7.3 X 10- 4 X 0.01)/0.69 = 1.1 x lO" 5 . The data in figure 2
are consistent with this estimate of error.

Figure 2. Thermoelectric output of the psychrometer. The lower solid line was
obtained for calibration by water vapor equilibrium with known osmotic
solutions indicated on the lower scale. Data for the upper solid line were obtained
at the indicated pressure reduction values across the porous cup when the pores
in the wall contained KCl solution having 0.48 bar osmotic pressure.
The intercept value of E = 0.340 pv for MS = 0 is an indication of
the osmotic pressure of the solution in the porous ceramic wall. When this
value for E is substituted in the calibration equation representing the
lower line in figure 2, the value of n = 0.463 bar is obtained. This compares
with n = 0.480 bar for the KCl solution with which the cup was leached.
The agreement is consistent with the preceding estimate of experimental
error.
The results of this experiment provide an independent check of the
precision and accuracy of the psychrometer calibration. The thermocouple
psychrometer was developed to measure the physical status of water in
soil and plant materials, and these applications are in progress at the
Salinity Laboratory. The difficulty of bringing replicate samples of these
materials to standardized water condition greatly increases the variability
of the psychrometer readings for replicate determinations, but this variability is mainly due to variability in sample condition and not due to the
inherent accuracy of this vapor pressure measuring method.
The psychrometer shown in figure 1 has a ring for supporting a water
droplet for cooling the wet junction. Before each measurement the water
2S1
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droplet is replenished b y immersing the ring in distilled water. Spanner (4)
has described a thermocouple psychrometer t h a t uses the Peltier cooling
effect to wet one junction with dew. Although use of this method is restricted
to high humidities, it has advantages t h a t are readily apparent since it is
possible to take repeated measurements without opening the system. Korven
and Taylor (1) and Monteith and Owen (2) have recently described psychrometers that use the Peltier effect. The method here used to measure vapor
pressure at high humidities is somewhat complicated and exacting. Time
and effort will be required for simplifications, but the importance of this
measurement to agriculture is sufficient to insure t h a t instrumental improvements will be made.
LITERATURE CITED

1. KORVEN, H. C , and S. A. Taylor, 1959. The Peltier effect and its use for
determining relative activity of soil water. Canadian J. of Soil Sei. 3 9 : 76—85.
2. MONTEITH, J. L., and P. C. OWEN, 1958. A thermocouple method for measuring relative humidity in the range 95—100 %. J. of Sei. Inst. 3 5 : 443—446.
3. RICHARDS, L. A., and GEN. OGATA, 1958. A thermocouple for vapor pressure
measurement in biological and soil systems at high humidity. Science 128:
1084—1090.
4. SPANNER, D. C , 1951. The Peltier effect and its use in the measurement of
suction pressure. J. of Experimental Botany 2: 145—168.
SUMMARY

A thermocouple psychrometer previously described b y the authors was
used for determining the physical status of water at the air-water interface
of a porous cup such as t h a t used in soil moisture tensiometers. The usual
gas-liquid phase arrangement for a tensiometer was reversed since the
psychrometer was exposed to the air inside the porous cup when the outside of the cup was immersed in water or salt solution a t controlled pressure
less t h a n atmospheric pressure. The relative pressure, pjp0, of the water
vapor in the air inside the porous cup could thus be controlled either b y the
pressure reduction across the porous wall (matric suction) or b y the osmotic
pressure of the solution in the porous wall, or both. The experimental results
conform to theory which requires t h a t a unit of matric suction is equivalent
to a unit of osmotic pressure in reducing relative vapor pressure.
RÉSUMÉ

Un psychromètre à thermocouple, décrit antérieurement par les auteurs,
a été utilisé pour déterminer l'état physique de l'eau à l'interface air-eau
d'un vase poreux, analogue a ceux utilisés dans les tensiomètres pour
mesurer l'humidité du sol. L'arrangement gaz-liquide habituel des tensiomètres fut inversé: le psychromètre fut exposé à l'air à l'intérieur du
case poreux tandis que la surface extérieure du vase fut plongée dans l'eau
ou dans une solution saline à pression contrôlée inférieure à celle de l'atmosphère. On pouvait ainsi contrôler la pression relative p/p0 de la vapeur d'eau
dans l'air à l'intérieur du vase, soit en réduisant la pression à travers la
paroi poreuse (matric suction), soit en modifiant la pression osmotique de
la solution dans la paroi poreuse, soit par les deux moyens à la fois. Les
résultats expérimentaux sont conformes à la théorie qui postule qu'une
unité de 'matric suction' équivaut à une unité de pression osmotique pour
abaisser la pression de vapeur relative.
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ZUSAMMENFASSUNG

Ein von den Verfassers früher schon beschriebenes 'thermocouple psychrometer' wurde angewendet zur Bestimmung des physischen Zustandes
von Wasser an der Luft-Wasser-Grenze in einem porösen Behälter, so wie
benutzt wird in Bodenfeuchtigkeits-Spannungsmessungen. Die gebräuchliche Gas-Flüssigkeits-Phasenanordnung für ein Tensiometer wurde dazu
umgekehrt, da das Psychrometer der Luft innerhalb des porösen Behälters
ausgesetzt wurde, während die Aussenseite des Behälters in Wasser oder
eine Salzlösung bei kontrolliertem Druck, weniger als Atmospherendruck,
eingetaucht war. Der relative Druck p/p0 des Wasserdampfes innerhalb des
porösen Behälters konnte so entweder durch die Druckverminderung durch
die poröse W a n d (die Matrix-Saugkraft), oder durch den osmotischen Druck
der Lösung in der Wand, oder durch beide, bestimmt werden. Die Versuchsresultate stimmen mit der Theorie, welche verlangt dass eine Einheit
der Matrix-Saugkraft einer Einheit des osmotischen Drucks betreffs der
Verminderung des relativen Dampfdrucks gleichwertig ist.
DISCUSSION

G. H. BOLT: Although probably unnecessary, I should like to point out that
the poorer reproducibility of your pressure measurement in soils as compared
to solution may not be interpreted as to effect the merits of the instrument as
a tool. It only shows that a t a given moisture content the energy level of the
water is very sensitive to handling of the sample.
S. A. TAYLOR: The precision reported here is about the same as we are finding
with both the same apparatus and the methods based on the Peltier effect.
These measurements are made under ideal conditions where temperature,
salt concentrations and pressures are carefully controled. With soils it is very
difficult to get two samples that are exactly alike due to changes in the soil
matrix and other variability. We may thus have a method to estimate the
variability that might be inherent in the status of water in apparently identical
soils. I would like-to know the degree of variability that is found in soils. We
feel that our precision with soils is about 0.15 bars with either method.
L. A. RICHARDS: On soils that we have studied the precision was 0.2 to 0.3 bar.
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MEASUREMENT

WITH

GAMMA

l«27

RADIATION*

by
C. H.

M. VAN BAVEL **
INTRODUCTION

As a practical means of measuring the density of soil without destruction or disturbance of the sample, the use of gamma radiation is unique.
I t is desirable t h a t the method be more widely studied and t h a t dependable
field equipment be devised for its more frequent use in research and practice. In this paper, some basic facts will be reviewed which must be considered in any instrumental design. I n published reports on the gamma
radiation method the underlying physical principles have not always been
taken fully into account.
PRINCIPLE

In an ideal method for measuring soil density with gamma radiation,
the instrument should respond exclusively to changes in mass per unit
volume. Only thus can a universal calibration be had and maintained by
reference to a single standard. Specifically, no response is to be caused by
differences in chemical composition or atomic number.
Gamma attenuation below energies of 5 Mev may be caused by Compton
scattering or by photoelectric absorption. Compton scattering is nearly
independent of atomic number but photoelectric absorption is not. The
total attenuation coefficient depends, therefore, on both gamma energy
and atomic species. This relationship is illustrated for five common soil
elements in figure 1. I t m a y be seen t h a t the attenuation coefficient is
independent of the atomic number above 0.3 Mev with the exception of the
coefficient for hydrogen. Above 0.3 Mev the contribution of photoelectric
absorption is negligible.
I t can be concluded t h a t a sound method for measuring density by
gamma radiation must involve the attenuation of gamma energies of more
than 0.3 Mev and less than 5 Mev. When a gamma source emitting such
radiation is placed in soil, the attenuation b y scattering produces an
abundance of lower energy photons. These can be eliminated b y shielding
but this course is impractical in field studies. It is better to exclude lower
energies from measurement b y making the detector insensitive electronically.
By cutting off all gamma energies below the primary emission the radiation
intensity will closely follow the inverse square-exponential law and the
relation between radiation intensity and density is simple and predictable.
Proof of this statement is given in figure 2, showing d a t a obtained with a
number of differing materials (3, 4).
* Contribution from Soil and Water Conservation Research Division,
Agricultural Research Service, U. S. Department of Agriculture.
** Principal Soil Scientist, Southwest Water Conservation Laboratory,
Western Soil and Water Management Research Branch, Soil and Water Conservation Research Division, Agricultural Research Service, U. S. Department
of Agriculture, Tempe, Arizona.
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Figure 2. Relation between primary Cs 137 gamma intensity and density of
soil. Distance 30 cm; source strength 5 mc.
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CHOICE OF GAMMA SOURCE

In view of the preceding section, the choice of a practical gamma source
is limited. The isotope must have a reasonable half-life and should preferably be monochromatic. Sealed Ra 226 is, therefore, not preferred,
also since there is chance for leakage and contamination. This narrows the
choice to Co 60 and Cs 137, which can be compared as follows:
Isotope
Co 60
Cs 137
Gamma energy
1.17, 1.18 Mev
0.032, 0.662 Mev
Half-life
5.3 y
30 y
Attenuation coefficient
for concrete (4) or dry soil 0.0594 c m V 1
0.0772 cn^g- 1
Decimal design distance
39 cm
30 cm
By 'decimal design distance' is meant a thickness of material in which
a change in density of 1 g cm - 3 would give a tenfold change in radiation
intensity. It may be seen that there is little essential difference between
Co 60 and Cs 137. The latter has the longest half-life and, being monochromatic, lends itself to easier adjustment of electronic circuits. In the
following, all calculations are based upon the use of a Cs 137 source.
OPTIMUM DISTANCE AND SOURCE STRENGTH

The selection of the most suitable distance and source strength is in some
respects a matter of arbitrary choice and the calculations given here are
meant to be illustrative. It is assumed that the measurements are made with
a Nal, thallium activated, crystal, 1.27 cm thick and 2.54 cm in diameter.
The efficiency of the crystal is assumed to be 0.1 and the equipment is
operated so as to count primary gamma's (0.662 Mev) only. The following
formula relates source strength, S; distance between source and crystal,
r; density of the material, d; and count rate N:
S = 1.75 x 10- 8 x N X r2 x gO.oeosdr
[2j
in which S is in millicuries, N in counts per minute, r in cm and d2 in_1 g cm - 3
The value of the attenuation coefficient is taken as 0.0608 cm g and is
based upon figure 2.
For design purposes we may take d as 1.5 g cm - 3 as an average wet
density of soil. This leaves two additional factors to be selected. One,
the distance r, determines also the sensitivity of the method. A change
in density of 1 g cm - 3 results in a change in counting rate by a factor of
eo.o608r_ At r = 38 cm this increase is about tenfold; at r = 76 cm this
increase is about a hundredfold. To form an idea, calculations are made
for r = 30 cm and r = 100 cm.
The second factor, N, depends upon how many counts it will take to
establish a significant difference in density of a certain magnitude. This
figure is given by (3) the reciprocal of:
( e 0,0608<rr_l)2

j

n

w h i c h

-3

a is the desired standard error in density in g cm .
The following is now found for the required total count:
a in g cm" 3
0.01 .
0.001
r = 30 cm
2950
299,000
r = 100 cm
254
26,900
If it be further required that the above count be obtained in one minute,
the values for N are thus established and can be put in equation [1] with
the following result for the required source strength, S:
286

1.27

o in g cm- 3
0.01
0.001
• r = 30 cm
0.7 me
72 me
r = 100 cm
406 me
43,000 me
It appears that increasing source-detector distance to 100 cm calls
for an excessively large source. Also, it will probably be difficult to obtain
a calibration as accurate as 0.001 g cm3. This is so because standards are
difficult to make with such precision and the reproduction of the distance r
becomes a real problem. One must make his own choice with the guidelines
as given. The author has used a distance of 30 cm and a source of 5 mc
resulting in instrument accuracy of about 0.005 g cm - 3 with one-minute
counts.
EFFECT OF WATER CONTENT OF SOIL

It was shown in the second section that hydrogen has a higher gamma
attenuation coefficient than all other common soil elements. Hydrogen
may constitute an appreciable part of the soil solids and it is part of the
soil water. The effect is lessened by the fact that, on a mass per volume
basis, hydrogen always constitutes a small part of the soil. For example,
40 percent moisture by volume is only 3 percent by weight of hydrogen,
but the effect may not be neglected. Consider, for an extreme example,
concrete 0.56 % H by weight) and water (11.1 % H by weight). At 0.661
Mev the theoretical attenuation coefficients (2) are:
0.0772 cm2g-x (concrete)
0.0862 c m V (water)
If a calibration curve were made with oven-dry soil standards, the
presence of the soil water results in too high measured values for the density.
The deviation is approximately equal to:
0.12 d m, g cm - 3
in which mv is the volume fraction of moisture and d the true density. On
this basis, errors as large as 0.05 g cm - 3 could be incurred. In reality,
calibration lines will usually be based upon samples of different moisture
content. Also, the empirical attenuation coefficients describing the data
with the present techniques do not seem to differ nearly as much as the
theoretical ones quoted above. Experience shows that the uncertainty in
the calibration line is more of the order of 0.01 g cm -3 . It appears, nevertheless, that the varying hydrogen content of soil will limit the gamma
transmission method to this figure of precision unless special corrections
or calibrations are made. Particular caution is needed when one deals
with organic soils or soils of unusually high moisture content such as some
volcanic ash soils.
CONSTRUCTION DETAILS

As long as instrumental details permit operation of the equipment along
the rules given above, they are immaterial. The main requirements are:
1. Exact reproduction of distance from source to detector.
2. A detector that can separate primary gammas from those with lower
energies.
3. Counting equipment of sufficient speed to handle the highest anticipated
counting rates.
Scintillation counting techniques are adaptable to the problem as has
been shown by the author (4) and others (1).
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It should be pointed out that t h e actual attenuation coefficient, as
found experimentally, will be slightly different from theoretical values
as quoted in this paper. This is so because t h e theoretical values pertain
to ideal geometry (2) a n d t h e actual situation of measurement is very
different. Nevertheless, t h e inverse square-exponential law will be found
to apply as well as the other considerations given here.
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SUMMARY

The physical principles of soil densitometry b y gamma transmission
are discussed. I t is shown how they can be applied to instrumental design
problems such as gamma source selection, strength of source, distance t o
detector, anticipated precision and time of measurement. The disturbing
effect of hydrogen in the soil is explained and analyzed.
RÉSUMÉ

Cette communication discute les principes physiques de la densitométrie
du sol par transmission de rayons gamma et montre comment ces principes
peuvent être appliqués à des problèmes d'instrumentation tels que sélection
de la source de rayons gamma, puissance de cette source, distance du
détecteur, précision attendue et temps de mesure. L'effet gênant de l'hydrogène du sol est expliqué et analysé.
ZUSAMMENFASSUNG

Es werden die physischen Prinzipien der Bodendichtigkeitsbestimmung
mittels Gammastrahlung besprochen. Es wird gezeigt wie diese angewendet
werden können auf die instrumentalen Probleme, wie die Auswahl der
Gammastrahlenquelle, die Stärke der Quelle, die Entfernung des Detektors,
die vorgefasste Praezision u n d die Messzeit. Der störende Einfluss von
Wasserstoff im Boden wird erklärt u n d analysiert.
DISCUSSION

D. HILLEL: Could Dr. van Bavel comment on the relative merits of double
versis single-probe devices? Can the depth resolution of single-probe devices
(i.e. in which gamma ray scattering rather than attenuation is measured) be
improved? Is the double-probe device available commercially? In what way
can a moisture-content correction be made for the double-probe device without
disturbing the soil in situ?
C. H. M. VAN BAVEL: Single probe devices have inherently poor resolution.
Also, they are not independent from the chemical nature of the soil. In some
cases, these objections are not important. The double-probe method may be
supplemented by the neutronscattering method.
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G. H. BLAKE: There is evidence in your calibration curve of slight divergence
from the Beer-Lambert law. Can you rule out curvilinearity resulting perhaps
from a slight amount of scattering in your system.
C. H. M. VAN BAVEL: The hypothesis that a significant deviation from linearity
exists must be rejected on the basis of the usual statistical test for such purpose
when applied to the data at hand.
W. R. GARDNER: In connection with Dr. Hillel's question, would it be feasible
to attach the gamma ray source to the detector in your apparatus and thus use
the equipment with either one or two holes in the soil?
C. H. M. VAN BAVEL: This is perfectly possible.
L. LEYTON: In field measurements what would be the effect of gamma
rays on microbiological and root activity which themselves influence soil
structure ?
C. H. M. VAN BAVEL: Since the actual measurement entails about one rninute
and a relatively weak source is used it would appear that this effect may be
neglected.
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MEASUREMENTS.
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A.

INTRODUCTION.

This report is an introduction for discussing the actual needs in soil
structure evaluation. We cannot say there is an insufficient variety of
methods to characterize one or another aspect of soil structure, but wish
to emphasize immature character of the methodology at present. This means
that without knowing what should be measured exactly to characterize the
soil structure completely, each research worker uses his own procedure.
The activity which so many soil scientists display in elaborating new or
refining existing methods is encouraging although the modus-operandi of
each method often differs so strongly from one laboratory to another that
it is impossible for a research worker to understand the figures obtained by
his colleagues. What is worse, however, is that when the same series of soil
structures is examined for the same purpose by different research workers,
the ranking of them sometimes differs strongly.
Consequently, there appears to be an urgent need to improve this situation.
Our aim is not to reach an extremely detailed standardization of methods
in soil structure measurements but rather to find a few basic methods for
regular use and to standardize them so that the results of a given soil
examined in one laboratory can be understood and the results reproduced
in another.
Besides this, we want to stipulate another important aspect in soil
structure measurement, namely, that too many soil physicists think good
work in soil structure investigation can only be done in the laboratory.
Considering the high cost of laboratory determinations and the time
necessarily involved, and the actual need of efficient and quick answers
concerning possible soil structure changes by different treatments in
mechanical, chemical or physical way, we ought to develop quick field
methods contrôlable in the laboratory.
B. THE EFFORTS MADE UP TO NOW.

This is the first time at an ISSS congress that a discussion on the needs
in soil structure evaluation has been listed on the program. Previous
congresses have recognized the necessity of obtaining more uniform methods,
but due to scheduling and a lack of time, this point has not always been
adequately discussed.
During the ISSS congress in Paris it was decided to have a special meeting
on problems of soil structure evaluation. For the report, see De Boodt (1956)
and for the conclusions, see the bulletin of- the ISSS no 11 — 1957. The
approximately 40 participants were asked to communicate their methods
of measuring aggregate stability and of macroscopical evaluation of soil
structure in the field. Four answers were sent in, comprising an insufficient
basis on which to continue the discussion. However, the interest in the matter
was stimulated.
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In Europe a first international meeting was organized in Berlin in 1957
to discuss the problems on aggregate stability measurements and the genesis
of aggregate building (Tagungsbericht nr. 13. 1958).The lack of uniformity
in methods was deplored and it was decided that a small group of German
soil physicists would work on standardization of aggregate stability measurements.
Shortly after, in May, 1958, the initiative was taken in Ghent to organize
an International Symposium on Soil Structure. The program of that meeting
was published in the bulletin of the ISSS no 12 — 1958. The report and the
discussions of the 53 papers, together with the generally approved conclusions, can be read in the Proceedings of the International Symposium on
Soil Structure (1959).
The work group established in Berlin, 1957 and the one established in
Ghent, 1958 are linked through Prof. H. Frese (Volkenrode — W. Germany),
who belongs to both.
Besides the activities in Europe, committees in the United States have
discussed soil structure measurements. The committee on physical analyses
of the Soil Science Society of America reported in 1953 on the wet-sieve
method (Van Bavel, 1953) without the intention of standardization. The
demands of setting up a procedure were too great for this committe's
purpose, so that more detailed work was needed.
Since 1953, the so-called North Central Committee (NC-17), grouping
soil physicists from the North Central States in the United States, has also
been working on the methodologie problems of soil structure and the results
obtained are published regularly by the members in specialized periodicals.
Still other groups unknown to us might be working on this matter.
In addition to the work done by the committees, we must mention the
individual efforts published in textbooks or in specialized periodicals.
As space is limited, it is not possible to discuss the bibliography on soil
structure methods, but we refer to a few textbooks in which the matter is
treated at length: see Russell (1938), Russell (1949), Baver (1956), De
Leenheer (1961). The point that emerges from this extensive, but uncoordinated, work is the complexity of soil structure and the uncertainty of what
exactly is to be measured in order to characterize completely this structure.
C.

D I S C U S S I O N O F T H E LABORATORY

METHODS.

The first thing to be agreed on is the meaning of soil structure as such.
Taking the easiest definition (literal meaning of the word):
'Soil structure is the spacial arrangement of the individual as well as of the
compound particles of the soil, and is measured by the physical properties
resulting from it'. It seems clear that from this concept a large number of
methods would be — and have been — developed, depending on the different
kinds of soil, the scope of investigation, and the variety of circumstances.
A second point of agreement is that a single kind of measurement cannot
completely characterize soil structure.
Analyzing the existing reports and bibliography already mentioned,
we find two kinds of measurements appearing regularly, namely, the
aggregate stability and the pore size distribution determination. Both
can be considered as the basic measurements for regular soil structure
evaluation.
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To have an idea of the variability among the results, we can consult
the existing literature where comparative work has been done. A similarity
in results would be expected, even with small differences because sampling
errors are unavoidable, but the important differences in results are astonishing (see table IV in Henin, Robichet et Jongerius (1955), table I in van
Bavel (1953), and fig. 2 in Sillanpää (1959).
Practically, this means that we need to standardize the basic soil structure
measurements. This standardization should start from the very beginning:
the way of sampling, the transportation and the storage of the samples.
Otherwise we cannot hope to see the same results from different laboratories
of such well-defined physical properties as the moisture retention values of
samples from the same spot.
The proposed program for standardization ought to include:
1. the sampling, transportation and storage of the samples for the
determination of aggregate stability and pore size distribution.
2. the aggregate stability determination itself.
3. the pore size distribution measurement itself.
1. Sampling, transportation and storage.
In the case of aggregate stability measurement, Low (1955) stressed the
influence of the moisture content at the time of sampling on the final results;
this influence was a confusing factor in the method. See fig. 1 taken from
Low's work (1955).
Therefore De Leenheer and De Boodt (1959a) developed a way of sampling and storage, together with an aggregate stability determination method
(De Leenheer and De Boodt 1959b), which does not have the abovementioned inconvenience (see fig. 2).
Another important point in sampling for aggregate analyses is the
question of whether each sample should be analyzed individually, suggested
by De Leenheer and De Boodt 1959b, or if it is possible to make an average
sample as in chemical soil analyses, proposed by Novak and Zvanovets
(1959).
The latter solution certainly will not be possible for pore size distribution
determination, so it is necessary to find two ways of sampling, each demanding different care in transportation and storage.
For taking undisturbed soil samples in a rockless soil, Luthin (1957)
has described a convenient method, using samples of 5.5 cm diameter by
a height of 3,5 cm. According to De Leenheer and De Boodt (1959a), the
dimensions are preferably 8 and 2 cm respectively. These authors also
describe the way of transportation and of storage for the samples. Spratainer
cans (Tanner 1957) are useful for collecting structure samples for a number
of physical measurements. (Kirkham et al (1959a, 1959b).
When obstructions of different kinds, such as stones, gravel, roots etc.
are present, sampling with rings or cylinders is impossible. In such cases
a lump of soil can be carefully removed from the field and be coated. Sideri
(1936) has pointed out the influence of type of sampling on the total pore
space, and hence on the pore size distribution.
2. Aggregate stability determination.
A whole range of methods is used to carry out an aggregate stability
determination. See De Leenheer (1961). A first choice to make is the kind
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of aggregate stability determination. From the literature (Russell (1938),
Russell (1949), Baver (1956), De Leenheer (1961)) it is evident that the
wet-sieve method as initially described by Tiulin (1933), and Yoder (1936)
is most universally known. The equipment to carry out a sieving under water
is simple. The existing variations, as mentioned in the Tagungsberichte
nr 13 (1958), and in Proceedings of the International Symposium on Soil
Structure (1959), lead each time to different results, as shown by Henin,
Robichet et Jongerius (1955), De Boodt, De Leenheer, Kirkham (1960)
and Sillanpää (1959a-L959b).
The method to be chosen should be checked for precision and accuracy.
By precision, we mean the degree of reproducibility of the results as measured by the degree of variation. By accuracy, we mean the closeness of the
measurement to the true value. To get an idea of this value, the different
stability indexes were compared in the work by De Boodt, De Leenheer,
Kirkham (1960) with crop yields on soils where the structure was of
critical concern since chemical fertility was maintained at a high level. On
such soils a condition such as poor aeration rather than soil nutrient content
often limits crop yields. Therefore the choice of the most accurate stability
index should be made, using as criteria the best correlation (and this at a
0.01—0.001 significance level) between aggregate stability indexes and crop
yields over a number of years.
The details of taking soil samples, preparing them for drysieving, subjecting them to an intermediate treatment, and then wet-sieving them are
reported by De Leenheer and De Boodt (1959a-1959b).
When looking critically at this method, one wonders if a less elaborate
way of measuring could not give accurate results. In particular, one can
observe with De Boodt, Kirkham and De Leenheer (1960) that the calculated change in mean weight diameter correlates well with the wet stable
aggregate fraction larger than 2 mm. The reason why the latter is not chosen
although it is much simpler to get its data, rests in the fact that its results
are confused by the moisture content at the time of sampling, as shown in
fig. 1. This is not the case with the De Leenheer and De Boodt (1959b)
method, as shown in fig. 2. Also, the De Leenheer and De Boodt method has
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Fig. 1. Relationship between water-stable aggregation and water content of
soil at sampling (spring and autumn).
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given better correlations with yields than the method based on the fraction larger than 2 mm. (See De Boodt, De Leenheer and Kirkham (1960).

SAMPLING DEPTH: 3-Scm

22m
3/12 26/2 1/1,
a/5 27/5
Dato of sampling (months of thoyar 1959)

Fig. 2. Moisture content at the moment of sampling is not influencing aggregate
stability index.
3. Pore size distribution measurement.
Curves relating water content to suction can be used to define the size
of the pores making up the pore space of a given soil, as first described by
Childs (1940). A critical study on the limitations of this method was written
by Marshall (1959).
The first step is to take undisturbed soil samples which should not
change during storage. The requirements in this case are that the soil
moisture content should not change, and that the microbiological activity
should be blocked. De Leenheer and De Boodt (1959a) proposed therefore
that formaline vapor should be diffused into the samples, which should be
packed in boxes nearly hermetically closed. When soil moisture tension,
together with the moisture content, is measured as described by Richards
(1949), the calculation of pore-size distribution becomes very difficult when
the soil shrinks or swells because of the changing moisture content. The
amount and types of clay and the amount and type of organic matter in the
soil make the calculation very complex.
We wonder if a solution to this problem has been found. If not, we could
suggest the use of the drying moisture tension curve. The differences in
water content can then be considered as deriving from the pores which are
emptying, regardless of the swelling and shrinking. This procedure is possible
only if there exists a method of knowing the total pore space at zero tension.
Another solution for finding the pore size distribution is to avoid changes
in the geometry of swellable soils, by using liquids others than water. Little
work of this sort has been done, so far as is known, but the study of Scheidegger (1957) may be helpful in this respect.
Methods using direct microscopical measurements of size distribution
offer other possibilities. This determination is so elaborate for regular use
that it can serve only as comparative material in checking the accuracy of
other methods.
i
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D. DISCUSSION OF THE FIELD METHODS.

The scope of this discussion is to point out the unexpected possibilities
offered by quick a n d efficient field methods, to serve agriculture in a better
way.
The visual evaluation of soil structure is a common practice to soil
surveyors, b u t is mostly limited to aggregate morphology and size: Soil
Survey Manual (1951). This is only part of the knowledge a physicist needs
for his diagnosis.
The soil physicist takes a different attitude in t h e laboratory than in
the field. Field work calls for t h e integration of all t h e observed phenomena,
so t h a t a more complete rating can be given than just: bad, medium or
good. This realistic diagnosis helps the soil physicist to look for adequate
remedies.
In Central Europe a school was formed many years ago, where agronomists
use t h e so-called 'Spatenstich Diagnosis' (spade cut test), as developed
by Görbing and discussed among others b y Roemer and Frese (1952),
but this method is quite subjective. Therefore De Boodt and De
Leenheer (1959a) and (1959b) developed a macroscopical method for bulk
density evaluation and an aggregate stability evaluation, both contrôlable
in t h e laboratory. Peerlkamp (1959) describes a method in between t h e spade
test and macroscopic test. Kuipers (1959) shows how useful the field diagnosis of soil structure can be when a whole region has to be examined and
the inter-relationship has to be found between soil structure and nitrogen
requirement. Another study with field methods is being carried out in
Belgium to solve t h e problem of soil deterioration through excessive mechanization. Positive results are obtained from this method by comparing
structural states of different fields, using different degrees of mechanization
and different treatments with organic m a t t e r and calcareous products.
(De Leenheer, De Boodt, Vandamme 1960).
CONCLUSIONS

It is impossible to give a solution now to t h e problems already mentioned.
But we hope that in the following discussion group and in other groups
throughout the world work m a y be started or continued on these problems,
so that suggestions m a y be made and eventually accepted in future ISSS
congresses.
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SUMMARY

Surveying the actual methods of soil structure measurements, we find
t h a t t h e structure evaluation on one and t h e same soil gives different
results in the various laboratories. Standardisation of the basic soil structure
measurements is proposed, including sampling, transportation and storage
of t h e samples for aggregate stability and pore-size distribution determination as well as t h e standardisation of those two methods themselves.
Besides this, field methods to give a quick and efficient answer on specific
questions in respect to soil structure improvements are more than ever
necessary. Based on an extensive bibliography study together with our
own experience, practical suggestions are made as to how the standardisation
could be tried out and as to which method could be used in the field.
RÉSUMÉ

Lorsqu'on examine les méthodes pour mesurer la structure du sol, on
arrive à la conclusion qu'on obtient des résultats bien différents pour un
même sol analysé dans des laboratoires différents.
Ceci nous amène à la nécessité d'une standardisation des méthodes de base
pour mesurer la structure. Celles-ci comprendront l'échantillonage, le
transport et la conservation des échantillons en vue de l'analyse de la
stabilité des agrégats et la détermination de la distribution des pores dans
le sol, ainsi que la standardisation de ces deux dernières méthodes.
En plus, on constate que le besoin est plus que jamais pressant pour disposer de méthodes exactes et rapides d'application a u x champs afin de
résoudre des questions pratiques en vue de l'amélioration de la structure du
sol.
Se basant sur une étude de la literature ainsi que sur notre propre expérience, des suggestions sont formulées en ce qui concerne la standardisation
de la mensuration et les méthodes d'application au champ.
ZUSAMMENFASSUNG

Wenn m a n die bis jetzt gebräuchlichen Methoden zur Messung der Bodenstruktur kritisch durchnimmt, kommt m a n zum Schluss, dass m a n in
verschiedenen Laboratorien an einem u n d demselben Boden zu sehr verschiedenen Resultaten kommt. Dies führt zu der Notwendigkeit, Standardisierung der fundamenteilen Methoden u m die Struktur zu messen,
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anzustreben, die dann umfassen mögen die Probeentnahme, den Transport
und die Aufbewahrung der Proben mit Hinsicht auf die Analyse der Stabilit ä t der Aggregate und der Porengrösseverteilung im Boden, sowie die
Standardisierung der beiden letztgenannten Methoden.
Ferner sind Methoden, schnell und richtig Antwort geben zu können
auf Fragen, die Verbesserung der Bodenstruktur betreffend, welche speziell
im Freien Feld hervortreten, notwendiger denn je.
Auf Grund eines Litteraturstudiums, ergänzt durch eigene Erfahrung,
werden praktische Anregungen formuliert, wie die Standardisierung ausgearbeitet werden könnte und welche Methoden im Felde anzuwenden wären.
DISCUSSION

G. H. BOLT: Referring to your 'simplest' definition of soil structure, i.e.
spatial arrangement of solid phase, I wonder whether it has been proven to a
sufficient extent that the plant reacts on this spatial arrangement per se. In
fact, it would seem that any reaction is only an indirect one, i.e. via certain
physical properties related in a complicated manner with spatial arrangement.
Since we would want to see soil physical analysis at least partly as a supplement
to fertility analysis, would it not be wise to advise to devote more time to a
study of the physical factors and processes that influence crop yield in a direct
way, before investing much time in the standardization and application of
methods designed to give an impression of the pore size distribution and its
ability to stand up against certain types of destructive forces.
M. DE BOODT: It is necessary to make the distinction between soil structure
measurement for 1) structure genesis studies; 2) practical agricultural work;
3) basic soil-plant relationships. Of course, plants do not need soil per se (see
water cultures) but for plant growing a good physical status of the soil itself is
necessary. Stability measurements against rain impact and soil pore size distribution are in this respect of primary concern.
J. P. QUIRK: The pragmatic outlook has resulted in considerable difficulty
in soil structure work. Soil structure should be defined as sound physical
bases and then those aspects of soil particle arrangement and its compliment
pore space arrangement can be considered. The preponderance of the pragmatic
outlook is retarding research in this field.
M. DE BOODT: The answer is given to Dr. Bolt. Besides fundamental research
there is a practical problem in the field to take care of.
DAN ZASLAVSKY: Can the correlations shown by the speaker be considered
as of good accuracy?
M. DE BOODT: The curves showing the relation between stability index and
yields give an indication for better understanding the influence of soil structure.
CRAIG L. WIEGAND: In practice, determination of pore size distribution
relies heavily upon the moisture retention curve. In this light the moisture
retention curve contains the information on pure size distribution implicitly.
Would it not be better to use it directly?
M. DE BOODT: Using the pore size distribution curve has some advantages
as it becomes possible now to calculate from it (see Marshall 1958, Journal of
Soil Science) the permeability and other interesting physical data. Of course,
when one is only interested in water contents then the moisture retention curve
is most appropriate.
D. HILLEL: I wish to comment on the general problem of soil structure measurement. The term 'soil structure' does not pertain to a simple quantitiative
property capable of being characterized exactly by any single measurement.
Rather, it is a descriptive term for a host of interrelated properties affecting
physical processes within the soil. As such, it is analogous to the term 'soil
fertility', which serves descriptively to relate the various properties affecting
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the nutrient status of the soil. Numerous possible measurements fall within
the realm of soil structure, including static tests of density, pore sizes, particle
orientation and aggregation, as well as dynamic tests of permeability, stressstrain relations and water stability. For any test to be basically meaningful,
it must pertain to intrinsic physical properties of the system which are independent of the testing methods. If the soil attribute in question does not appear
to relate simple to measurable intrinsic properties, then we must devise purely
arbitrary tests; but then we must take care to make the test pertinent to the
problem at hand by simulating, as closely as possible, the actual processes in
operation. The wet sieving method is an arbitrary test which often (except in
problems relating to wave action, etc.) is not pertinent to the field situation
because it fails to stimulate natural processes. Other, and perhaps better,
tests for structural stability are possible, including the ratio of permeabilities
to water and to air, (or a non-polar liquid), or even the simple ratio of final to
initial porosities for defined wetting — drying cycles.
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M E A S U R E M E N T O F CAPILLARY CONDUCTIVITY AND
DIFFUSIVITY WITH A TENSIOMETER
by
W.

R.

GARDNER

U. S. Department of Agriculture*
Studies of water movement in unsaturated soils indicate t h a t the rate
of water movement is proportional to the potential gradient. In one dimension :
q = k dyjdx
(1)
where q is the volume flux of water, <p is the potential, x is the space variable,
and k is the capillary conductivity. In homogeneous systems under isothermal
conditions, it is often convenient to assume a unique relationship between
the potential and the water content, 6. Equation (1) can then be rewritten
in terms of the water content gradient:
q = k (dy/dd) dQjdx = D ddjdx

(2)

where the product k d<p/dd is defined as the diffusivity D, in analogy with
the heat flow equation. The reciprocal of (dep/dd) is sometimes called the
(specific) water capacity and will be designated here by C. Thus D = k/C.
Combining equation (1) with the equation of continuity gives the flow
equation, again in one dimension:
<>0
d 7>a>
T7 =

T

* V

(3)

v
W
ix
?>x
'
Equation (3), solved for the appropriate boundary and initial conditions,
describes the movement of water in a soil. The parameters k and D are
useful in characterizing the water transmitting properties of a soil. In
order to completely solve any flow problem, they must be known as a
function of water content or soil suction. It is the purpose of this paper
t o describe methods for their measurement b y means of a tensiometer.
The possibility of using tensiometers for such measurements was suggested
b y Richards, Russell and Neal in 1937 (9).
A tensiometer consists essentially of a porous cup connected b y a waterfilled system to a vacuum gauge, which is often a mercury manometer.
The manometer measures the pressure in the water in the cup which is in
contact with the water in the soil surrounding the cup. At equilibrium,
this pressure is a measure of the soil suction. It is proposed to measure
k and D by removing water from the soil through the cup and measuring
the rate of water transfer and the suction as recorded on the manometer.
Water can also be introduced from the cup into the soil. Capillary conductivity values can thus be obtained for soil wetting and drying processes
with a t t e n d a n t hysteresis effects. If the water content of the surrounding
soil is changed only a small amount, k and D may be assumed to be constant.

* Contribution from the U . S . Salinity Laboratory, Soil and Water Conservation Research Division, Agricultural Research Service, U. S. Department of
Agriculture, Riverside, California, in cooperation with 17 western states and
Hawaii. The author wishes to express his appreciation to the School of Agriculture, Cambridge University, England, for use of facilities and equipment during
part of this investigation.
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Available solutions for the flow equation for cylindrical geometry may
then be used to calculate k and D. The proposed methods are analogous
to those for the measurement of thermal properties of materials by means
of cylindrical probes. Three methods are proposed, each having advantages
under certain conditions.
Method 1: Constant Flux
When the rate of movement of water into or out of the cup is held constant, the soil suction, as recorded by the manometer, is given by (ref. .2,
p. 283):

for large values of the time t. Q is the flux per unit length of cup, H is the
cup conductance per unit length, T is the suction indicated by the manometer at time t, r0 is the suction at time t = 0, and B is a constant. If the cup
conductance is too low, i.e., if Hjk is less than about one, the second term
on the right side of equation (4) will be much larger than the first and it
will be difficult to obtain satisfactory results. To calculate k, it is best to
plot T — T0 against In t, and determine the slope of the straight line which
should result. The diffusivity can be calculated from the constant B (see
ref. 1), however it will usually be preferable to otbain D by measuring the
water capacity of the soil independently and using the relation D = k/C.
Method 2: Constant Suction
If the suction in the tensiometer cup is maintained at a value differing
by AT from the equilibrium value, the flux will decrease with time according
to (ref. 2, p. 282):

0 = 4nkAT [in-r+Ä - (lnt + A)* + • • •]

<5)

where A is a constant and y = .57722 . . . is Euler's constant. Equation (5)
is valid only for large times and for high cup conductance. If t is large
enough equation (5) can be rewritten:

where £ is a constant. The conductivity can be obtained from the slope
of a plot of l/Q against In t. In order to obtain D it is again preferable to
measure C independently.
Method 3: Instantaneous Transfer of Water
In this method a given small quantity of water is introduced into the
tensiometer or removed from it instantaneously at time t = 0. The solution
for the case is given by Blackwell (1). For large times, the solution becomes
approximately:
W I
F\
where W is the quantity of water introduced or removed per unit length
of cup and F is a constant. A plot of (T — T0) t against Ijt should give a
straight line from which k can be calculated. If the cup conductance is
low, equation (7) will only hold for extremely large t.
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When the cup conductance is high, the solution of the equation for small
times becomes:
4aw
z±rs—
y/nDt
(8)
c
where TX is the suction at t = 0 after displacement of tensiometer from
equilibrium. In order to calculate D from equation (8), C must be known.
The conductivity can be calculated from k = DC. Equation (8) will be
most useful at high suctions where the cup conductance will be high with
respect to the capillary conductivity and where extremely long times may
be required for (7) to become valid.
CONCLUSIONS

Method 1 is expected to give the best results of the three methods when
the cup conductance is low enough that it must be taken into account.
However, it is the most difficult experimentally since the constant flux
which must be maintained will seldom exceed a few cm.3 per hour. Development of special apparatus for this purpose has been undertaken.
Method 2 is relatively simple since water can be withdrawn from the
tensiometer into a microburet by means of a hanging water column. The
suction difference can be readily adjusted so that the flux is not excessive.
In both methods it is important that the sample be effectively infinite.
A ratio of sample radius to cup radius of at least 10 is required and a larger
value is highly desirable. Laboratory measurements need not be limited
to the usual tensiometer range since they may be made in a pressure chamber
such as the pressure plate apparatus (6). Ceramic materials are available
which allow one to go to 15 bars. The use of the pressure plate apparatus
makes it possible to evaluate C on the same sample at the same suction by
measuring the water removed from the sample by a small change in pressure.
Method 3 is the simplest for field measurements, particularly where
great precision is not required. In the first two methods hysteresis is not a
problem since the direction of the water content change is always the same.
In the third method, the water content of the soil near the cup changes in
one direction and then the other. If the hysteresis effect is large, the
results will not be so precise as in the other methods. In order to ensure
cylindrical geometry the length/diameter ratio of the cup should be at least
10. Field measurements at this laboratory are underway with a cup 30 cm.
long and 1 cm. in diameter. For measurements at suctions less than about
0.2 bars, cups with conductances much higher than that of those now commonly used are necessary. For this range it may be necessary to find other
materials for the cups. It is doubtful that any single cup will be satisfactory
for the entire tensiometer range.
Measurements have been made in the laboratory using all three methods.
In method 1 the constant flux was achieved by removing small increments
of water at two minute intervals. In figure 1, data for Pachappa sandy
loam obtained by methods 2 and 3 are compared with measurements made
by several other methods. The steady-state method was similar to that
used by Moore (5). Richards and Moore (8) also used a steady-state method.
The outflow method (3, 4) is a transient-flow laboratory method. The
value by Richards, Gardner, and Ogata (7) was obtained from field measurements. All points are for the drying portion of the hysteresis loop.
The tensiometer data are preliminary and the design of the apparatus is
not yet sufficiently stable to justify description. The agreement is very good.
A chief advantage of the tensiometer method is that much less time
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SUCTION —- BARS

Figure 1. Capillary conductivity of Pachappa sandy loam by several methods
of measurement.
is required, particularly a t higher suctions. I t is also possible to repeat t h e
measurement several times at a n y given water content. I n the outflow
method, D is measured directly and multiplied b y C to get k, whereas in
the tensiometer method, k is measured directly. Furthermore, the outflow
method is limited to laboratory use.
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SUMMARY

Three methods for the measurement of capillary conductivity and soilwater diffusivity with a tensiometer are described. In the first method
water is removed from the soil through the tensiometer cup at a constant
rate and the time dependence of the suction in the cup is measured. In
the second method, water is removed at a constant suction and the time
dependence of the flux is measured. In the third method a limited quantity
of water is withdrawn at time t = 0 and the rate of return of the tensiometer
manometer to equilibrium is recorded. The water content change of the soil is
kept small so t h a t solutions of the flow equation for constant conductivity
can be used to calculate the conductivity. The diffusivity is calculated from
the conductivity and the specific water capacity of the soil. Preliminary
results agree well with those obtained by other methods.
RÉSUMÉ

Cette communication décrit trois méthodes' pour mesurer la conductivité
capillaire et la diffusivité de l'eau du sol au moyen de tensiomètres. Dans la
première méthode on enlève de l'eau au sol à une vitesse constante à travers
la paroi poreuse du tensiomètre et la suction à l'intérieur du vase poreux
est mesurée en fonction du temps. Dans la seconde méthode l'eau est enlevée
à une suction constante et le début est mesuré en fonction du temps. Dans
la troisième méthode on enlève une quantité limitée d'eau au temps t = 0
et on note la vitesse avec laquelle le manomètre du tensiomètre se remet
en équilibre. Les modifications de la teneur en eau du sol sont maintenues
très petites afin de pouvoir utiliser des solutions de l'équation de débit à
conductivité constante pour calculer la conductivité. La diffusivité est
calculée à partir de la conductivité et de la capacité d'eau spécifique du sol.
Les premiers résultats concordent bien avec ceux obtenus par d'autres
méthodes.
ZUSAMMENFASSUNG

Es werden drei Methoden zur Messung der kapillaren Leitfähigkeit und
der Boden-Wasser-Diffusivität mit einem Tensiometer beschrieben. In der
ersten Methode wird Wasser in gleichbleibendem Masse dem Boden durch
das Tensiometergefäss entzogen und die Abhängigkeit der Saugkraft in
jenem Gefäss von der Zeit gemessen. In der zweiten Methode wurde Wasser
entzogen bei konstanter Saugkraft und die Abhängigkeit der Abflussmenge
von der Zeit gemessen. In der dritten Methode wurde eine limitierte Wassermenge bei der Zeit t = 0 entzogen und dann die Rückkehr des TensiometerManometers zum Gleichgewichtsstand festgelegt. Die Änderung des Wassergehalts des Bodens ist klein zu halten, damit Lösungen der Strömungsgleichung für konstante Leitfähigkeit zur Berechnung der Leitfähigkeit
benutzt werden können. Die Diffusivität wird aus der Leitfähigkeit
und der spezifischen Wasserkapazität des Bodens berechnet. Vorläufige
Resultate stimmen mit solchen, nach anderen Methoden erreicht, befriedigend überein.
DISCUSSION

G. H. BOLT: Would you care to estimate whether the relationship between
suction and In t in your first method could still appear to be linear even if the
diffusivity would vary rather considerably in the range studied, and thus
suggest a certain value of D which was in effect a mean value, probably weighted
in an unknown manner.
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W. R. GARDNER: I would expect the relationship to have roughly the same
time dependence even if the diffusivity varies somewhat. However if there is,
say, as much as a ten fold variation during the time I would expect to show
up in the results.
DAN ZASLAVSKY: Using such small amounts of water to impose disturbance
may cause changes in the soil which are not related to unsaturated flow but or
elastic or plastic in nature. In any rate, can you make sure that what you are
measuring is really what you are looking for?
W. R. GARDNER: It is important that the system be rigid so that the change
of volume with suction be small. In the constant head and constant flux methods
sufficient water (several milliliters) is removed to ensure that water coming
from the soil certainly predominates.
In the third method one can estimate plastic effects by proper procedures
and they can be avoided. It is simply a matter of good experimental technique.
JOHN F. STONE: Flow to the cylindrical cup is highly convergent and the
effect of k in this region could predominate. Does the process of cup insertion
in the field seem to present any obstacle in practical use of this method ?
W. R. GARDNER: The soil near the cup will have a greater influence than that
at a distance, particularly at small times. However, at large times a region of
different proporties near the cup should have relatively little effect unless the
permeability of this region is much less than that of the soil.
BOZORG BAHRANI: Would you get the same value for k (capillary conductivity)
in two cases when water is going out of or in the tensiometer cup? If not, which
case represents the measurement of actual k in unsaturated soil?
W. R. GARDNER: Because of hysteresis one may not get the same result
when introducing water as when removing it. If the amount of water is small
this difference may not be measurable. If one is using the drying portion of
the hysteresis cycle then one should remove water and vice-versa.,
S. A. TAYLOR: The large ratio of 25 : or 30 : 1 (length to diameter) indicates
the need for a long thin cup. When applied to field soil this long cup might
traverse a changing moisture content. Would you measure the most conductive
region or some unknown average of a number of conductivities?
W. R. GARDNER: You would measure an average value weighted most heavily
toward the region of highest conductivity.
L. A. RICHARDS: Has consideration been given to the possible use of an artificial cloud for changing radiation in relation to your calculation?
W. R. GARDNER: Yes. However, it is uncertain how large a 'cloud' might be
required and at what altitude so that the process would approximate the real
case.
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UNSATURATED PERMEABILITY - ITS MEASUREMENT AND ITS
ESTIMATION FROM OTHER PROPERTIES OF THE MATERIAL
by
C. G. GURR' AND T. J. MARSHALL

Division of Soils, Commonwealth Scientific and Industrial Research Organization, Adelaide, South Australia
Permeability of a porous material can be calculated if the size distribution
of the water-filled pores can be obtained satisfactorily from a curve relating
water content to suction. An equation by which this calculation can be
made is given by Marshall (1) who used a method originated by Childs and
Collis-George (2) that allowed for the effect of various sequences of pores of
different size upon permeability. This equation was found to fit approximately to experimental data previously published for a wide range of sands
and porous stones without needing to employ an arbitrary term in the
equation. Further data are now being sought on unsaturated materials using
a method described here in which the water content of a column of porous
material is measured by transmission of gamma rays and the suction is
measured using tensiometers. In this method both sets of measurements
can be made while water is actually passing through the column. At the
same time some approximations used in the derivation that may affect the
accuracy of the equation when applied at low water contents are being
further examined.
The water content was measured using a collimated beam of gamma rays
from a 25 milli-curie Cs137 source, the intensity of which was measured by a
scintillation counter after the beam had traversed the soil column horizontally. The source and counter were arranged to be moved vertically along the
length of the soil column so that a series of readings at different heights along
the column determined the vertical water content gradient. The maximum
diameter of the gamma ray beam was 1 cm. and the dimensions of the soil
column 16 cm. high x 15 cm. x 15 cm. Above the soil column was a
fixed bar of aluminium ; a measure of the intensity of the gamma ray beam
through this, before and after a series of counts on the soil column, provided
a reference so that all counts were corrected to a standard value of the
counting rate obtained through the aluminium bar. In this way small day
to day variations in the operation of the counting equipment were corrected.
The measured gamma ray intensity, after correction of the counts recorded for dead time and variations in the counting equipment, may be
expressed by
I = I0 e -*(/•»?« + /»«, O
where 70 = gamma ray intensity with no absorption
x = length of soil column traversed (cm)
Ps = mass absorption coefficient of soil particles
(cm2/g)
2
/*„= mass absorption coefficient3 of water (cm /g)
Pa = bulk density of soil (g/cm )
C = water content (g/cm3 of soil)
The scintillation counter registers the number of gamma ray quanta
affecting it in the form of pulses whose amplitude is proportional to their
energy, and the process of absorption within the soil column gives rise to
quanta of lower energy than those of the primary beam, rather than complete
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absorption. Therefore to relate the counting rate recorded to the intensity /
in the above equation, the counting equipment was set to count only the
pulses due to quanta of the same energy as the primary gamma ray beam,
that is, only that part of the gamma ray beam which had not been scattered
or absorbed within the soil column was measured. Then N and N0, the counting rate recorded, may be substituted in the above equation for the intensities 7 and I0.
Since the soil density must be known to the same degree of accuracy as
required for water content measurement, and variations of density inevitably
occur within the column, the value of />„ must be established at each of the
positions in the soil column where readings are taken. This was done by
packing the column with the soil at a known uniform water content, in the
case of the sand used, the air-dry water content. Then, knowing the mean
bulk density pa of the whole column, and taking a series of counts along
the length of the column, both /ts, the mass absorption coefficient of the
soil, and pa at any level of the soil column, may be determined.
The value of N0 was found with the sample box in place but empty, so
that absorption of gamma rays by the walls of the box did not influence the
calculations, then the mass absorption coefficient of water determined by
counting with the sample box filled with water. With these values known,
any subsequent
water content of the soil may then be calculated, either as
g/cm3 or g/g of soil without further calibration.
In order to measure permeability, the soil in the column was first wet
to saturation by passing water through a porous ceramic plate at the bottom.
A steady state flow was then set up by applying suction to the bottom porous
plate and allowing the upper surface to evaporate into a constant humidity
chamber, in which air was circulated by a small fan over the surface of the
soil column and over trays of fused calcium chloride. The rate of entry of
water into the base was measured by a burette arranged to give constant
suction on the base, of any desired value, and the rate of loss by evaporation
at the top measured by weighings of the calcium chloride. The suction
gradient along the column was measured using 5 tensiometers, at intervals
of 2.5 cm along the height of the column. The gamma ray method gave
simultaneous water content measurements.
Since the time taken to set up steady state flow, for successively higher
suction values at the bottom plate, was excessively long, a change to a
non-steady state flow system was made. The water supply to the base of the
column was cut off, and the evaporating system at the top maintained. The
flux of water at any height in the column was then determined by numerical
integration of the rate of change of the water content profile as determined
by the gamma ray method, and instantaneous suction measurements obtained by using a nullpoint balancing system on the manometers connected
to the tensiometers.
By either method, permeability was determined as a function of both
water content and suction, using data obtained on the one sample at the
same time. A weakness of the present system was that for high permeabilities
the maximum flow rate possible using evaporation at the surface was too
low to give measurable suction gradients, the upper
limit of intrinsic
permeability that could be measured being about 10~10cm2. For soil water
contents too low for tensiometers to operate, suction values were inferred
from a suction-water content curve established separately.
The one material used so far in this apparatus was a sand with rather
uniform pore size. From the water content and suction measurements (by
gamma ray transmission and tensiometers respectively) the curve shown as
Fig. 1 was obtained for this material. The degree of scatter of the points
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gives an indication of the suitability of the gamma ray method for this
purpose. Since the scatter includes errors due to the tensiometers and to
non-uniformity of density, the results obtained are considered to be encouraging.
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Fig. 1. Relation between water content as determined by gamma ray transmission
and suction as measured by tensiometers on a column of Naranga sand.
Intrinsic permeability, k', was calculated from this curve using the
equation referred to above which in the case of water moving through sand
may be written as
. + (2n-l) A;»]
[A^ + 3AjM
k' = 2.8 X 10where c is the water content (cc/cc) which is divided into n equal classes
and A«, h2, • • • and hn represent the suction in cm of water for each of the
classes' — hx being the lowest suction and A„ the highest. Values
for intrinsic
-8
2
permeability 10calculated
in
this
way
range
from
5.4
X
10
cm
at
c = 0.36
to 7.5 X 10- cm2 at c = 0.10. The values at the high water contents are
of the order of those found in other comparable sands. The measured
permeability required for direct comparison with calculated values were in
the present case obtainable only at low water12 content.
At c = 0.10 the
measured intrinsic permeability was 1.3 X 10~ cm2.
This large discrepancy may be due to an over estimate of permeability
when the equation is applied to material of low water content; and this
possibility will be examined further. However this first experimental column
did not allow a very satisfactory measurement of permeability to be made
because the tensiometers were required to measure very small potential
gradients when flow was controlled at a low rate by the rate of evaporation.
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Since the gamma r a y method proved itself satisfactory for t h e purpose,
it will be further used in t h e same way b u t under conditions in which t h e
potential gradient can be measured more accurately.
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SUMMARY

A method is described of measuring in a soil column the water content
profile, t h e rate of water movement a n d t h e suction gradient for both steady
and non-steady state water movements caused by evaporation a t t h e
surface of the column. Water contents are measured b y the absorption of a
narrow gamma r a y beam passing through t h e column, and soil water suction
b y tensiometers.
From t h e d a t a obtained, t h e permeability of t h e soil to water as a function
of water content or suction is obtained, and the relation between soil
water content and suction established from which permeability values m a y
be calculated and compared with the measured permeability values.
RÉSUMÉ

Cette communication décrit une méthode pour mesurer, dans une colonne
de sol, le profil hydrique, la vitesse du mouvement de l'eau ainsi que les
gradients de suction pour les mouvements d'eau continus et discontinus,
causés par l'évaporation à la surface de la colonne. Les teneurs en eau sont
mesurées par l'absorption d'un étroit faisceau de rayons gamma qui traverse
la colonne, la suction est mesurée par des tensiomètres.
A partir de ces données on obtient la perméabilité du sol en fonction de
teneur en eau du sol et la suction, et on peut établir la relation entre la
teneur en eau du sol et la suction. Ceci permet de calculer des valeurs de
perméabilité qui peuvent ensuite être comparées avec les valeurs de perméabilité mesurées.
ZUSAMMENFASSUNG

Es wird eine Methode beschrieben zur Messung in einer Bodensäule des
Wassergehaltprofils, der Wasserbewegung u n d des Saugkraftgradients,
sowohl für regelmässige als für unregelmässige Wasserbewegungen, verursacht durch Verdunstung an der Säulenoberfläche. Wassergehaltswerte
werden an der Absorption eines engen Gammastrahlenbündels beim Durchlaufen der Bodensäule gemessen; die Wassersaugkraft mit Tensiometern.
Aus den erhaltenen Ergebnissen wurde die Durchlässigkeit des Bodens
für Wasser als eine Funktion des Wassergehaltes oder der Saugkraft
gefunden u n d die Beziehung zwischen Bodenwassergehalt u n d Saugkraft
abgeleitet, aus welcher sich Durchlässigkeitswerte berechnen lassen, die
m a n mit den gemessenen Durchlässigkeitswerten vergleichen kann.
t

DISCUSSION

H. BOUWER: What was the type material for which the curve shown was
determined and do you have curves for other materials?
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T. J. MARSHALL: The material used was a sample of a sandy soil of rather
uniform pore size. We propose to extend the work to other materials but have
no data for them yet.
J. P. QUIRK: In view of the fact that the permeability measurement was
carried out on an inert porous material how do you explain the large divergence
from the theoretical value?
T. J. MARSHALL: The only measured permeability results that we could use
with confidence in this first run were for a water content, the lengthened path
of flow due to tortuosity cannot be neglected as has been done in deriving this
equation. This will be looked into when we have more data to work with.
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UTILISATION D'UN INDICE DE STRUCTURE POUR LA DÉTERMINATION DE LA QUALITÉ PHYSIQUE DES SOLS TROPICAUX
par
B. DABIN

Directeur de Recherches O.R.S.T.O.M. Abidjan (Côte d'Ivoire)
En pays tropicaux la vocation culturale des sols et leur fertilité est
déterminée essentiellement par leurs propriétés physiques. Les grandeurs
principales mesurées sont les suivantes: stabilité structurale et perméabilité,
porosité et rétention d'eau. Les mesures sont effectuées par des techniques
rapides de laboratoire, sur échantillons tamisés au tamis 2 mm sans écraser
les agrégats.
La technique de mesure de la Stabilité structurale est celle décrite par
Hénin et Monnier (6e Congrès Int. Science du Sol — 1956 — I — 7); elle
comprend une mesure de stabilité proprement dite par tamisage dans l'eau
après divers prétraitements (Alcool, Benzène) et une mesure de vitesse de
filtration dans un tube de verre au laboratoire, avec remplissage dans l'eau.
Cette méthode a été légèrement modifiée en incorporant au sol tamisé les
différents gravillons et pisolithes latéritiques en proportion convenable, on
obtient ainsi une densité apparente assez voisine de celle du sol en place
humide.
Les autres mesures sont celles du pF = 3 par centrifugation, et du pF =
4,2 avec la presse à membrane sous 16 atm.
La méthode Hénin permet de calculer un indice d'Instabilité I.S. et un
coefficient de perméabilité K; Log 10 IS et Log 10 K sont liés par une
relation linéaire, à partir de ces deux grandeurs nous avons calculé un
indice unique de Stabilité structurale S = 20 (2,5 + Log 10 K — 0,837
Log 10 IS). En nous inspirant de la méthode de De Boodt et De Leenheer
(6e Congrès Int. Science du Sol — I — 15) nous avons évalué également les
grandeurs suivantes:
Porosité utile = Pu = porosité totale à saturation — pF 4,2
Eau utilisable = Eu = pF 3 — pF 4,2
Porosité de drainage = Pd
ou capacité pour l'air = A = porosité totale à saturation — pF 3
Toutes ces grandeurs sont exprimées en % du volume de sol.
1. Indice de structure — L'indice de structure est donné par la formule
suivante:
F 1 = S x VPu X Eu
Fj est en relation étroite avec la fertilité du sol lorsque la nappe phréatique
est suffisamment profonde.
2. Résistance à l'engorgement ou indice de ressuyage ou indice de drainage *
F 2 = A x Log 10 K (K = perméabilité)
est en relation avec la fertilité dans le cas des sols engorgés.
* Nous ne conserverons pas le terme Indice de Drainage qui pourrait être
confondu avec le Drainage calculé de S. Hénin.
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3. Humidité édaphique
He =

VPu x Eu

est en relation étroite avec l'humidité réelle du sol, et sa résistance à la
sécheresse.
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APPLICATIONS

Ces techniques ont été appliquées à près de 1.000 échantillons provenant
de divers types de sols de régions climatiques différentes, et prélevés à des
profondeurs variables.
Pour chaque horizon d'un type de sol donné, lorsque la fertilité est peu
variable, la valeur de l'Indice de Structure F1 est constante, on peut noter
par contre une légère variation de l'humidité édaphique, les valeurs
(\/Pu X Eu) d'une part et S d'autre part varient en sens inverse, leur
produit restant constant, la représentation graphique de (VPu X Eu) en
fonction de S est une branche d'hyperbole.
Dans la plupart des sols tropicaux, la valeur de F1 diminue de la surface
vers la profondeur, en même temps que la matière organique.
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Dans de nombreux cas il existe une assez bonne corrélation entre la valeur
de Fj et la teneur en matière organique des sols; le taux de saturation en
bases du complexe peut intervenir également. Les meilleurs indices de
structure sont obtenus dans le cas de sols humifères, riches en bases, et
également bien pourvus en argile (ex. ferrisols sur roches basiques ou
terres noires hydromorphes, de fertilité élevée); lorsque la teneur en matière
organique et en bases diminue, amenant un abaissement de fertilité, F1
diminue également. Les plus mauvais indices de structure sont obtenus
dans le cas de sols très sableux ou graveleux non humifères, ou dans le
cas de terres sodiques hydromorphes. Dans le premier cas l'humidité
édaphique est très basse, dans le second cas elle est très élevée. L'humidité
édaphique fournit une bonne indication sur la résistance du sol à la sécheresse. La résistance à l'engorgement ou indice de ressuyage est élevée
dans le cas de sols à bonne structure bien drainés, elle diminue généralement
de la surface vers la profondeur, elle est faible dans le cas des sols hydromorphes à engorgement prolongé, elle devient quasiment nulle dans les
terres sodiques.
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QUELQUES EXEMPLES CHIFFRÉS

I — Indice de structure
A titre d'exemple nous donnons quelques résultats provenant de sols du
Niger.
Nous avons 7 types de sols bien distincts par leurs propriétés physiques
et leur fertilité, l'aspect morphologique de chacun d'eux montre peu de
variations sur le terrain; quelques unes de leurs propriétés structurales
varient, mais l'indice de structure reste constant pour chaque type de sol.
Ces sols sont les suivants,:
1. Terres noires hydromorphes, très humifères à structure grumeleuse,
très fertiles, comprenant 2 sous-types:
un sol de fond plus fertile
un sol de bordure moins fertile
2. Sols hydromorphes gris et bruns, encore riches en humus et à structure
assez bonne.
3. Sols hydromorphes moins humifères à structure déjà assez compacte
(sols à hydromorphie temporaire des vallées sèches).
4. Sols subarides peu humifères, à structure compacte de plus en plus
médiocre.
Ces 5 types de sols sont argileux, leur teneur en argile variant de 30 à
50 %, leurs propriétés structurales dépendent essentiellement de leur teneur
en matière organique.
5. Sols ferrugineux tropicaux:
Sols ocres de fertilité médiocre
Sols beiges sableux de fertilité très médiocre à mauvaise.
Les deux derniers types de sols sont plus sableux, leur teneur en matière
organique diminue avec leur teneur en argile.
Branche
d'hyperbole
no 1
2
3
4
5
6
7

Type de sol
Terres noires de fond
Terres noires de bordure
Sols gris et bruns
hydromorphes
Sols hydromorphes des
vallées sèches
Sols bruns subarides
Sols ocres limoneux
Sols beiges sableux

Teneur en matière
organique %

Qualité de
la structure

4 à 8
3 à 4

très bonne
bonne

2,5 à 3,5

assez bonne

1,6 à 2,5
0,65 à 1,2
0,4 à 0,6
0,25

moyenne
médiocre
très médiocre
mauvaise

Nous remarquerons que pour chaque type de sol le facteur V P u X Eu
et la Stabilité structurale: S, varient en sens inverse, leur produit restant
constant.
Le produit F1 = S X VPu x Eu est d'autant plus élevé que la Fertilité
est plus élevée.
Graphiquement nous avons une série de branches d'hyperboles qui
s'éloignent de plus en plus de l'origine.
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Quelques exemples chiffrés correspondant au graphique no 1 (sols du Niger)
T y p e d e sol
n o d e l'échantillon

Terres noires
de b o r d u r e

Terres noires d e fond

Sols b r u n s e t gris h y d r o m o r p h e s

311

101

81

111

331

131

871

151

171

661

591

361

2,6
38,71
21,01
22,01
27,2
30

7.85
31,18
37,5
32,3
34
22

3,8
48,5
17,36
30,86
32
24,5

10,4
47,19
54,26
47,61
49,8
8,5

0,6
67,9
31,95
54,09
51,1
30

7,8
51,23
20,78
45,07
39
31,15

1,15
63,2
22,08
57,7
48
25,5

1,65
22,87
6,99
9,27
13,05
42,5

1,25
52,83
14,76
30,8
33
54,5

0,15
56,02
4,35
27,63
29,5
61,5

1
66,88
5,11
39,82
37,5
53,5

0,1
55,92
13,7
44,51
38
41,5

1,24
2,29
1,09
1,46

0,85
3,25
0,92
1,51

0,86
7,7
0,93
1,88

0,216
5,45
0,33
1,73

0,59
25,2
0,77
2,4

0,91
2,55
0,95
1.4

0,54
7,6
0,73
1,88

3,7
1,85
1,56
1,26

1,72
1,66
1,23
1,22

2,11
2,1
1,32
1,32

1,46
4,05
1,16
1,6

1,09
3,6
1,03
1,55

Sable grossier %
Agrégats alcool %
Agrégats benzène %
Agrégats eau %
Moyenne %
Dispersion A + L %
Indice d ' I n s t a b i l i t é d e
S. H é n i n I. S. (1)
Perméabilité K cm/heure
Log 10 I S
Log 10 K
Stabilité S t r u c t u r a l e d e
B . D a b i n S (2)
Porosité m a x i m u m %
p F 3 % du volume
p F 4,2 % d u v o l u m e
Porosité utile P u %
E a u utilisable E u %
Capacité p o u r l'air A %

61
71
38,75
16,8
54,2
21,95
32,25

64,8
64
38,4
15,4
48,6
23
25,6

69
70
34,8
15,5
54,4
19,3
35,2

79,1
63,5
36,3
19,5
44
16,8
27,2

85
71
37,6
22,5
48,6
15,1
33,5

62
62
35
16,5
45,5
18,5
27,0

75,8
65
33,5
21,7
43,3
11,8
31,5

49,2
65,5
29,5
13,2
52,3
16,3
36,0

53,2
66
33,5
17,4
48,6
16,1
32,5

54,2
70
33
19,8
50,2
13,2
37,0

62,6
65
31
19
46
12
34

63,8
55,5
38
26,5
39
11,5
27,5

VPu X Eu
S
F, = S x VPu X Eu

34,6
61
2.100

33,5
64,8
2.150

32,4
69
2.220

27,2
79,1
2.150

27,1
85
2.270

29
62
1.860

22,6
75,4
1.720

29,3
49,2
1.440

28
53,2
1.490

25,8
54,2
1.400

23,5
62,6
1.460

21,4
63,8
1.370

^ '

moyenne des agrégats — 0,9 sable grossier

'

' '

'

'.

Quelques exemples chiffrés (suite) graphique no 1 (sols du Niger)
Sols à hydromorphie temporaire
des vallées sèches

Type de sol
no d'échantillon

381

Sable grossier
1,5
Porosité %
66,5
p F 3% du volume 25,3
p F 4,2 % du
volume
8,5
Porosité utile %
Pu
58
Eau utilisable
16,8
% Eu
Capacité pour
41,2
l'air % A
Perméabilité
K cm/h
0,73
\ / P u X Eu
Stabilité structurale S
F, = S x
Pu X Eu

261

241

0,94
66,5
19,5

1,75
65
21

3,6
67
32,5

1,05
65,5
38

11,4
62,5
37

4,05
56
21,4

8,5

10,6

23

25,5

27

12,4

181

Sols ferrugineux tropicaux
Sols ocres
Sols beiges sableux

Sols bruns
subarides
91

191

111

231

41

71

301

141

151

48,2
40
7,7

20,3
39
9,6

20,7
40

36,5
36
4,4

31,7
37
3,18

32,3
34
2,53

16
5,01

6,3

3,4

2

1,3

32,6

35

32,7

11
58

54,4

44

40

35,5

43,6

34,99

32,7
29

11

10,4

9,5

12,5

10

9

2,69

3,3

1

1,18

1,23

31,6

33,82

31,47

5
47

44

34,5

27,5

25,5

34,6

32,3

29,4
24

1,52

2,13

1,42

1,5

1,4

1,6

31

25,4

23,8

20,5

22,4

18,8

19,7

41,2

42,8

47,2

51,6

52

48,2

50

1.260

1.100

1.130

1.060

1.170

900

980

1,46

1,34

1,3

1,21

1,44

5,7

6,4

6,35

9,7

10,4

0,84
12,1

60,3

51,8

42,8

64,8

63,8

70,3

590

540

540

370

405

435
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Enfin nous remarquons que les types de sols ne se groupent pas seulement
suivant des branches d'hyperbole distinctes mais également suivant des
secteurs.
La pente de chaque secteur représente l'humidité édaphique des sols.
Sols beiges sableux: humidité très faible
Sols ocres: humidité faible à moyenne
Sols hydromorphes: humidité moyenne à élevée.
L'humidité édaphique est indépendante de la qualité structurale.
La vocation culturale des sols est fonction de leur humidité édaphique.
Sols beiges: mil.
Sols ocres: sorgho
Sols hydromorphes: coton, mais, riz.
AUTRES TYPES DE SOLS

Nous indiquons seulement ici la position de quelques types de sols de
savane et de forêt d'Afrique occidentale sur le graphique de l'Indice de
Structure.
1. Sols rouges de savane
Les sols étudiés sont des sols de transition entre les sols ferrallitiques et
les sols ferrugineux tropicaux typiques, leur rapport Si0 2 /Al 2 0 3 est de
l'ordre de 1,8 mais ils sont généralement moins profonds que les sols ferrallitiques; la pluviométrie varie de 1200 à 1300 mm.
Les sols 1-2-3, sont des sols rouges de plateau, portant une végétation
de savane boisée assez dense; leur fertilité est bonne (jusqu'à 3000 kg de
coton hectare); l'indice de structure est assez bon; l'humidité édaphique
est moyenne (concession SAREMCI, Station du Foro Foro, Côte d'Ivoire).
Les sols 4 et 5 (Nord de Ferkessedougou) sont des sols de même type,
mais fortement érodés et couverts d'une maigre savane très dégradée.
Leur fertilité est mauvaise (le sol no. 5 est un sol gravillonnaire) ; l'indice
de structure s'est considérablement abaissé (très médiocre à mauvais),
il y a eu abaissement à la fois de la perméabilité et de la porosité; l'humidité
édaphique a peu variée, mais cette humidité est beaucoup moins utilisable
en raison de la mauvaise structure.
Le sol 6 (région de Toumodi) représente un sol de savane dégradée sur
granite à la limite de la forêt, il se classe du point de vue structure dans
la même catégorie que les deux sols précédents, c'est-à-dire mauvaise.
2. Sols de forêt
Les échantillons 7 et 8 sont des sols ferrallitiques typiques de la région
Adzopé-Akoupé (Côte d'Ivoire), ce sont des sols rouges de plateau, la
pluviométrie est de 1300 à 1500 mm, la végétation est la forêt dense.
Le sol 7 est sur schiste, le sol 8 est sur granite. Leurs propriétés sont
très voisines, l'indice de structure est moyen, l'humidité édaphique moyenne
également, sous culture, ces sols sont de fertilité moyenne (bananeraies
14 tonnes/ha). Ce qui différencie essentiellement ces sols de forêt du sol
de savane no. 6 c'est la structure qui est très dégradée dans le sol de savane,
et non la teneur en argile qui est la même dans les trois sols (15 à 20 % ) .
Les échantillons 9-10-11-12 représentent divers stades de dégradation
des sols forestiers par la culture (sols ferrallitiques de plateau sur schistes
9 et 12, et granite 10 et 11), les échantillons 9 et 10 sont de vieilles cacaoyères de production médiocre (région de N'Douci) (500 kg/ha), sols moyennement dégradés. Les échantillons 11 et 12 sont de vieilles bananeraies com317
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platement dégradées dont la production est très faible (3 à 4 tonnes/ha)
(région d'Azaguié). On note dans ces sols un abaissement progressif de
l'indice de structure en fonction de l'intensité de la dégradation, à la limite
on aboutit au sol de savane dégradée (échantillons 12 et 6).
Dans le cas des sols dégradés l'humidité édaphique des sols sur schistes
est un peu supérieure à celle des sols sur granite.
Sols sur roches basiques {faiblement ferrallitiques)
Les échantillons 13 et 14 sont des sols faiblement ferrallitiques sur roches
basiques de la région Nord de Divo (Côte d'Ivoire). La pluviométrie est de
1300 à 1500 mm, la végétation est la forêt dense. L'échantillon no. 13 est
une terre brune, très riche en matière organique et bases, d'une fertilité
très élevée, avec une structure grenue superficielle excellente; l'échantillon
14 est un sol rouge un peu lessivé mais encore riche en matière organique
et bases, et de bonne fertilité (bananes 30 tonnes/ha); l'échantillon 14 bis
est un sol rouge nettement lessivé de fertilité moyenne.
Le sol no. 13 a un Indice de Structure très bon, dû surtout à la valeur
élevée de la stabilité structurale, le lessivage provoque un abaissement de
cette stabilité dans les échantillons 14 et 14 bis d'où l'abaissement progressif
de l'indice de structure, la porosité critique demeurant sensiblement constante.
Sols ferrugineux très lessivés sur sable
Les échantillons 24 et 25 sont des sols très lessivés sur sables tertiaires
de la basse Côte d'Ivoire, ils se caractérisent par une humidité édaphique
très faible mais leur indice général de structure peut être très variable
suivant leur richesse en humus et en bases.
Echantillon 24: bonne cacaoyère (1200 kg/ha), Indice de Structure
assez bon;
Echantillon 25: mauvaise cacaoyère (160 kg/ha), Indice de Structure
mauvais.
3. Sols hydromorphes
Les sols hydromorphes se caractérisent par une humidité édaphique
élevée due généralement à une stabilité structurale faible, néanmoins on
observe d'importantes variations dans l'Indice de Structure correspondant
à des variations parallèles de fertilité.
L'échantillon 16 est un sol jaune hydromorphe de bas de pente sur
Dolérite, de fertilité élevée pour la banane et le cacao (Nord Divo).
17 est un sol jaune hydromorphe sur alluvions de la Comoë, c'est un sol
de bananeraie de fertilité moyenne (14 à 15 tonnes/ha).
18 est une cacaoyère très médiocre sur sol hydromorphe de bas fond
granitique (Adzopé) (200 kg/ha).
19 est un sol hydromorphe sur alluvions de la Comoë, infertile en culture
bananière (2 à 3 tonnes/ha).
21 est une tourbe forestière de l'Agneby, évoluée, de très bonne fertilité
(30 à 40 tonnes de bananes).
22 est une tourbe brute de la même région; sa fertilité est à peu près
nulle. 22 bis est une tourbe déshydratée stérile, (noter les différences dans
l'indice de structure et l'humidité édaphique).
Enfin l'échantillon 20 est l'horizon inférieur d'un sol hydromorphe alcalin;
ce sol est totalement infertile, la bonne porosité ne parvient pas à compenser
la Stabilité Structurale à peu près nulle, l'humidité édaphique est maximum.
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I I — Indice de drainage ou indice de ressuyage
Dans le cas des sols engorgés l'indice de ressuyage donne des résultats
comparables à ceux de l'indice de structure.
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RÉSUMÉ

Nous avons cherché à établir plusieurs indices de structure permettant
de juger la qualité structurale relative des sols, en groupant les différentes
grandeurs mesurables de la Stabilité, de la Porosité des humidités caractéristiques. Ces indices ont essentiellement pour but d'effectuer une classi-.
fication des sols du point de vue pédologique et non de servir à des études
de physiologie végétale.
Nous avons trois indices principaux:
Indice de Structure: F , = S x V P u X E u
Indice de Drainage ou Indice de ressuyage: F 2 = A x Log 10 K
Humidité édaphique: He =
Pu
Eu
A
S
K

=
=
=
=
=

^

Porosité utile
E a u utilisable
Capacité pour l'air = P d = Porosité de drainage
Stabilité structurale
Perméabilité.
SUMMARY

We have tried to establish indices of structure that will enable us to
assess the relative structural quality of soils b y grouping the different
measurable values of stability, porosity and moisture characteristics.
These indices aim primarily to effect a pedological classification of soils
rather than to be used as tools in plant-physiological studies.
We have three main indices:
Index of structure: F1 = S X \ / P u X E u
Index of drainage: F 2 = A x Log 10 K
ïï,

,. ,
.,.,
u
V P u X Eu
Edaphic humidity: He =
^
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where
Pu
Eu
A
S
K

=
=
=
=
="

useful porosity
available water
air capacity = Pd = drainage porosity
structural stability
permeability.
ZUSAMMENFASSUNG

Die Verfasser versuchten verschiedene Strukturindices festzustellen,
welche erlauben würden den relativen Strukturwert der Böden zu beurteilen.
Sie stellten dazu die verschiedenen messbaren Grössen der Struktur, der
Porosität und der karakteristischen Bodenfeuchtigkeitsbegriffe zusammen.
Diese Indices beabsichtigen grundsätzlich eine Bodenklassifizierung von
einem rein pedologischen Gesichtspunkt aus zu ermöglichen, jedoch nicht
für pflanzenphysiologische Studien dienlich zu sein.
Die Verfasser ponieren drei Hauptindices:
einen Strukturindex = Fx = S X V P u x Eu
einen Drainageindex = F 2 = A x Log 10 K
die edaphische Feuchtigkeit = He = —

~

Es bedeuten darin:
Pu = die nützliche Porosität
Eu = das nutzbare Wasser
A = die Luftkapazität = Pd = die Drainageporosität
S = die strukturelle Stabilität
K = die Durchlässigkeit.
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T H E R E S O L U T I O N O F T H E N E U T R O N SCATTERING METHOD
FOR SOIL MOISTURE DETERMINATION
P. MORTIER, M. D E BOODT, W. DANSERCOER AND L. D E L E E N H E E R . *
INTRODUCTION.

A serious disadvantage of the neutron scattering method to measure
soil moisture content is its poor resolving power. With a given sourcedetector assembly one actually measures the average moisture content of
a more or less spherical soil sample, centred a t the neutron source. The
diameter of this 'sphere of influence' depends, as was shown by several
investigators (Kirkham etal., 1955, Van Bavel etal., 1954,1956), on the moisture
content of the investigated soil, on the dimensions of the slow neutron
detector, and on the location of the neutron source with respect to the
detector. Van Bavel (1956) mentions a diameter varying from 30 cm to
140 cm for moisture contents varying from 100 pet to 1 pet b y volume.
In the wetted-front experiment of Stone, Kirkham and Read (1955) the
height of the dry-wet boundary layer, as measured b y their probe, is about
12 inches.
For various important practical applications this resolution is insufficient.
I t would for instance not allow the determination of the moisture content
in the agronomically most important superficial soil layers. Nor would it
allow the determination of the depth of the phreatic water front with the
desirable accuracy. The aim of this paper is to discuss the resolution,
obtained with several source-detector assemblies in three moderators with
different moisture contents, in terms of the relevant geometric factors.
Moreover, it is shown t h a t b y surrounding the source b y a paraffin or
perspex mantle of suitable dimensions, and thus deliberately slowing down
the fast neutrons before their access to the soil layer to be investigated,
it is possible to reduce the diameter of the' sphere of influence very substantially.
The sphere of influence pertaining to a given source-detector assembly
m a y be characterized as follows. Consider a small source of fast neutrons,
in a homogeneous, infinitely extended moderator. The thermal neutron
density, at any point of the medium, results from the slowing down of fast
neutrons scattered in every part of it, including theoretically the regions
far removed from the source. Experimentally (Whitehouse and Graham,
1947) as well as theoretically (Wallace, 1949) the thermal neutron density
has been shown to be largest in the immediate vicinity of the source.
For moisture content determination it is therefore suitable to have the
slow neutron detector as near as possible to the source.
In fig. 1 (a) S represents the boundary between two soil horizons with
moisture contents 0 pet and x pet respectively, x being not too small.
B represents a Ra—Be fast neutron source, D a small slow neutron detector
(e.g. an indium foil). The activity of the detector increases with the distance
z from the source to S, owing to the increase of slow neutron density resulting from the fast neutrons scattered in the moist area located above
the source-detector assembly. The experiment shows however t h a t this
•Laboratorium voor Natuurkunde. Rijksuniversiteit, Ghent Laboratorium
voor Bodemkunde. Rijkslandbouwhogeschool, Ghent.
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activity does not increase indefinitely with z, but reaches a limit at a rather
well defined depth R. R may be called the radius of the sphere of influence
of the apparatus, and is characteristic for its resolving power in the given
moderator.
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Fig. 1. Relation between detector dimensions and radius of the sphere of influence
EQUIPMENT AND RESULTS

The way in which R depends on the moisture content x is illustrated by
the dashed curves of fig. 3. They were obtained in the following first set of
experiments. We had three cylindrical containers (fig. 2) filled respectively
with water (x = 100), sodium alum (x = 45,5, due to crystallization water)
and a mixture of dry sand and sodium alum (x = 10,5), and sufficiently
large as to be considered in each case as 'effectively infinite'. A glass tube Gl
along the axis of each container allows for the location of one of the counterdetector assemblies, presently to be described, at any distance above or
below the surface of the moderating medium.
In the first set of experiments we used a 50 mC Ra—Be source, at the
center of a cylindrical indium foil (height 3 cm, radius 1 cm). The activity
of the foil, measured in a conventional way (Mortier and De Boodt, 1955)
as a function of the distance z of the source to the air-moderator boundary, is
shown by the dashed curves in fig. 3. The R values, corresponding to the
three moderating media are readily obtained from these curves, and are
recorded in table 1, experiment nr. 1.
The results nr. 2, quoted in the same table, refer to a set of measurements
which differed from the preceding ones only inasmuch that the 50 mC
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source was embedded at the center of a paraffin cylinder, enveloped by
the indium foil detector. The relevant R values were deduced from the
full-drawn curves in fig. 3.

ro

sCALtn

Fig. 2. Container with moderator, tube and source-counter assembly. Dimensions
in mm.
In a second series of experiments we used an enriched BF S microcounter
as a slow neutron detector. Its active length is 2,5 cm, its diameter 6 mm.
It is mounted at the center of a cylindrical probe sketched in fig. 5. The
fast neutrons were provided by four 5 mC Ra—Be sources, mounted symmetrically around the counter, in suitable cavities marked X. Around the
probe a cylindrical tube SI is provided, having a perforation at P, to allow
for easy mounting of the sources, as well as for their removal. The material
of the counter and source holder was either aluminium (exp. nr. 3), perspex
(exp. nr. 4) or polyethylene (exp. nr. 5). The BF 3 counter was rigidly connected to a preamplifier. The assembly consisting of the BF 3 counter and
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source holder, and of the preamplifier, could be moved in the glass tube
Gl, as it is shown in fig. 2. The output of the preamplifier was fed through a
coaxial cable to a conventional scaler. The number of counts registered
by the BF 3 tube, at a given depth z, was measured during suitably long
time intervals (about 15 minutes) so as to ensure a maximum standard
error of about 2 %. The results of one run (experiment nr. 4) are shown in
fig. 4, where the counting rate (in CPS) is plotted against the sourceboundary distance z, for the three moderating media investigated. The
value of R can be deduced from the curves in the way indicated above.
The results of the three experiments are summarized in table 2.
z
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Fig. 3. Activity of indium foil detector versus depth of the source for
three moderators.
In an experiment nr. 6 the polyethylene probe was provided with a
cavity at Y, right below the BF 3 counter, where one single 20 mC Ra—Be
source was mounted, replacing the four sources previously mentioned. The
R values obtained with this assembly are also recorded in table 2.
DISCUSSION OF THE RESULTS

a. Dimensions of thedetector. In 1956 VanBavel et al. concluded from a series
of experiments performed with a rather large metallic B lined counter, that the
radius of the sphere of influence is related to the soil moisture content by
the empirical formule R = 15 (lOO/x)^. That the R values obtained in
experiment nrs. 1 and 4 are quite smaller than those to be derived from
this expression is due to the fact that in both cases the dimensions of the
slow neutron detector were very much reduced. If for instance, a long BF 3
counter is used (as in the experiments of Stone, Kirkham and Reed, 1955)
with an annular Ra—Be source mounted at the center of the counter, it is
obvious that a constant activity of the counter will only be reached at a
depth R' > R (fig. 1, c and d). What is actually measured in this case is indeed the average neutron density over the total counter volume.
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As both ends of the counter are also influenced b y neutrons scattered
b y parts of the moderator located at some distance above or below the
counter itself (or rather its active volume), the sampled soil layer extends
over a distance larger t h a n the counter length.
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100 per

to,! Per

COUNTIN

G

RATE

Fig. 4. Counting rate of BF 3 counter versus depth of source for three moderators. Perspex probe.
TABLE 1. Radius of the sphere of influence, in a moderator with moisture content
X pet by volume, measured with the indium foil detector.
X =

10.5

45.5

100

Exp. nr. 1
Exp. nr. 2

21 cm
13 cm

16 cm
10 cm

10 cm
8 cm

b. Improvement of the resolution by the use of an auxiliar
moderator.
Consider a fast neutron source B at the center of a small paraffin cylinder,
enveloped b y the indium foil detector D. (cfr fig. 1, a). The total number of
thermal neutrons located around the source at a given moment is probably
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TABLE 2. Radius of the sphere of influence, in a moderator with moisture content
X pet by volume, measured with the BF3 microcounter.
X =
Exp.
Exp.
Exp.
Exp.

nr.
nr.
nr.
nr.

10.5
3
4
5
6

20
14
16
20

cm
cm
cm
cm

45.5
13
10
14
17

cm
cm
cm
cm

100
10
8
10
14

cm
cm
cm
cm

not affected b y the presence of the paraffin. Their distribution in the
surrounding moderator however is profoundly modified. In the paraffin
a number of fast neutrons will be slowed down to thermal, and moreover,
to epithermal levels. By epithermal neutrons one understands those neutrons requiring only a few more collisions to be slowed down to thermal

POLytTHyLENE

EXP. 5

Fig. 5. Source-microcounter assembly. Dimensions in mm.
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levels (Brocard, 1954). The paraffin mantle thus acts as a virtual source
of thermal and epithermal neutrons. The presence of the paraffin is expected to influence the moisture dependent activity of the slow neutron
detector in the two following respects.
For a given moisture content of the moderator the density of thermal
neutrons at D (fig. 1, a) is larger in the case 'with' than in the case 'without'
paraffin. This increase is due in part to the thermal neutrons created in the
paraffin mantle itself, and is not desirable for moisture content determinations. But on the other hand this increase is due to the increased number of
epithermal neutrons which, by collisions with moderator H nuclei just
outside the paraffin mantle, are slowed down to thermal levels. It appears
that with suitable dimensions of the auxiliar moderator the sensitivity
of the detector is finally increased. This was shown by Mortier, De Boodt
and De Leenheer (1959).
As the thermal neutron density in the immediate neighbourhood of the
source is increased by the paraffin mantle, the fast neutron density in the
remote regions of the surrounding moderator must be decreased. This
means that the contribution of those regions to the thermal neutron density
at D is decreased, which results in an improvement of the resolution of the
apparatus. The R values, derived from the full-drawn curves in fig. 3 and
reported in table 1 (exp. nr. 2) are in agreement with this assumption.
Again, with the microcounter assembly, R was found to decrease significantly by replacing the alluminium probe (exp. nr. 3) by one made in perspex (hydrogen content 8 % by weight) (exp. nr. 4). It should be emphasized that the improvement of the resolution due to a suitably chosen
auxiliar moderator is more pronounced in a medium with low than in one
with high moisture content. This appears as well from the measurements
with the indium foil detector as from those with the microcounter.
If, for a given volume of the auxiliary moderator, its hydrogen content is
such as to exceed the optimal conditions for the supplementary production
of epithermal neutrons in the contignous 'soil' layers, the resolution should
again decrease. This is shown by the results of exp. nr. 5, where by replacing
perspex by polyethylene (hydrogen content 12 % by weight) as probe
material, the measured R values are quite larger than those obtained in
exp. nr. 4.
c. Relative location of source and detector. In exp. nr. 6, a source of 20 mC
located at Y in the polyethylene probe was used instead of the four sources
of 5 mC located at X. The measured R values recorded in table 2 are, for
each of the three investigated media, significantly larger than those obtained
in experiment 5, thus showing the importance of a suitable location of the
neutron source with respect to the slow neutron detector.
5. In a paper published in Atompraxis, in 1959, W. Kühn describes a
transistorized apparatus for soil moisture measurements, where the slow
neutrons detector is a scintillation crystal, and the neutron source is embedded
in a paraffin moderator. We got knowledge of this work only recently. The
Kühn apparatus is now available commercially at the Isotopen Institut
Wildbad (Germany). Through the kind intervention of Messrs. Balteau,
Liège (Belgium), we had the opportunity of testing it. Its resolution is
of the same order of magnitude as the one obtained in our exp. nr. 6, described above.
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SUMMARY

The resolution of a source-detector assembly t o measure soil moisture
b y neutron scattering depends on t h e dimensions of t h e detector, on t h e
location of t h e source with respect t o t h e detector and on t h e moisture
content of the soil. I t is shown experimentally that by the use of an auxiliary
moderator of suitable dimensions t h e resolution can be substantially i m proved.
RÉSUMÉ

Le pouvoir séparateur d ' u n appareil servant à la mesure de la teneur
en eau du sol par diffusion de neutrons dépend des dimensions d u détecteur
de neutrons thermiques, de la distance de la source de neutrons au détecteur, et de la teneur en eau elle-même. Des expériences sont décrites
prouvant qu'il est possible d'améliorer considérablement le pouvoir séparateur en entourant la source d'un modérateur auxiliaire judicieusement
dimensionné.
ZUSAMMENFASSUNG

Das Auflösungsvermögen eines Apparates für die Feuchtigkeitsbestimmung im Boden mittels Neutronendiffusion ist von den Abmessungen des
Detektors, von der Lage der Neutronenquelle gegenüber dem Detektor,
sowie vom Feuchtigkeitsgehalt abhängig. E s kann bedeutend verbessert
werden durch Anwendung eines Hilfsmoderators m i t geeigneten A b messungen.
DISCUSSION

G. H. BOLT: IS it possible that referring to the use of a paraffin shield, the
gain with regard to radius of the sphere of sampling is partly offset by loss in
sensitivity ?
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M. D E B O O D T : W i t h o u t special a r r a n g e m e n t s , indeed t h e r e is a decrease in
s e n s i t i v i t y w h e n a paraffin m o d e r a t o r is used. This, however, can be i m p r o v e d
b y using a preamplifier b e t w e e n t h e c o u n t e r a n d t h e sealer. I n this respect we
e n c o u n t e r e d t h e g r e a t e s t difficulty b u t as t h e a p p a r a t u s is set u p now, t h e
s e n s i t i v i t y w i t h paraffin m o d e r a t o r is e q u a l t o t h e s e t - u p w i t h o u t paraffin
moderator.
J O H N F . S T O N E : This q u e s t i o n m i g h t s u p p l e m e n t D r . B o l t ' s q u e s t i o n : Somet i m e s m o i s t u r e sensitivity is defined b y t h e slope of t h e c a l i b r a t i o n c u r v e .
H o w does t h e positioning of t h e paraffin affect t h e m o i s t u r e s e n s i t i v i t y a s t h u s
defined ?
M. D E B O O D T : W i t h t h e new s e t - u p a s explained t o D r . Bolt, t h e slopes of
b o t h curves a r e n e a r l y equal.
D A N Z A S L A V S K Y : W o u l d n o t t h e decrease of t h e r a d i u s of influence increase
e x p e r i m e n t a l errors in field m e a s u r e m e n t ?
M. D E B O O D T : O u r e x p e r i m e n t shows t h a t it is possible t o m e a s u r e a small
or large sphere of influence w i t h t h e s a m e a c c u r a c y . Using a small sphere of
influence h a s t h e a d v a n t a g e t o m e a s u r e m o i s t u r e c o n t e n t p e r horizon in t h e
field. If one uses a large sphere of influence, t h e n t h e possibilities of m a k i n g
a n error increase as one will m e a s u r e a n a v e r a g e v a l u e in t w o or m o r e horizons,
while often t h e m o i s t u r e c o n t e n t in one horizon c a n be t h e limiting factor.
C. H . M. VAN B A V E L : 1) T h e c o n t a i n e r used in t h e s e e x p e r i m e n t s w a s d e finitely n o t 'effectively infinite' a t t h e lower m o i s t u r e c o n t e n t of 0.105. A p a p e r
b y V a n B a v e l a n d Nielson (to a p p e a r in t h e Proceedings Soil Sei. Soc. A m . 1961)
shows t h a t a d i a m e t e r of a b o u t 1000 m m is required as a m i n i m u m in t h a t case.
T h i s does n o t seem t o alter y o u r conclusion, however.
2) H o w d o y o u explain t h e r e d u c e d resolution o b t a i n e d w i t h t h e p o l y e t h y l e n e
m o d e r a t o r a n d h o w m a y one derive t h e p r o p e r size a n d h y d r o g e n c o n t e n t of
such a m o d e r a t o r in general?
3) I believe t h a t t h e results of e x p e r i m e n t 6 c a n n o t be c o m p a r e d w i t h t h o s e
of e x p e r i m e n t 5 since t h e R a - B e source w a s n o t s u r r o u n d e d b y t h e m o d e r a t o r
t o a n e q u a l e x t e n t . I n probes w i t h o u t m o d e r a t o r t h e position of t h e source h a s
been found t o h a v e n o m e a s u r a b l e effect u p o n resolution (see s a m e r e p o r t
referred t o u n d e r q u e s t i o n 1).
M. D E B O O D T : 1) W e tried t o m a k e o u t e x p e r i m e n t a l l y if t h e c o n t a i n e r
w a s effectively infinite, b y p u t t i n g w a t e r a r o u n d i t a n d t h e m e a s u r e m e n t s
did n o t c h a n g e . T h e observed r a d i u s of t h e sphere of influence indeed is smaller
t h a n t h e r a d i u s of t h e c o n t a i n e r .
2) W e a r e working for t h e m o m e n t t o find a m a t h e m a t i c a l expression o n t h e
o p t i m a l size of t h e H b e a r i n g m a t e r i a l which m u s t serve as n e u t r o n m o d e r a t o r
b e t w e e n t h e source a n d t h e soil. This, however, is n o t easy b u t we a r e sure
t h a t t h e r e exists of a given m a t e r i a l a n o p t i m a l size.
3) W e a r e m o s t i n t e r e s t e d in y o u r results as t h e y a r e n o t conform w i t h ours.
W e h o p e t o find o u t w h a t causes t h i s difference.
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CRUST FORMATION IN LOESSIAL SOILS
by
D . HlLLEL*
I.

INTRODUCTION

Structural crusts result from the surface compaction of soils. Such crusts
form under the influence of externally applied mechanical pressures,
or through the spontaneous slaking of soil aggregates in the course of
natural wetting-drying cycles. The present study is devoted to the phenomenon of slaking crusts, with special reference to loessial soils in the arid
Negev of Israel.
The crust is, in effect, a condition in which the aggregated structure
is more or less destroyed. Crust formation therefore is the process whereby
particle rearrangement creates a compact zone at the soil surface. The
degree of crusting depends, on the one hand, on the intensity of the slaking
forces; and, on the other hand, on the specific characteristics and structural
attributes of the soil and its reaction to forces tending to cause slaking.
Only the first aspect will be discussed in the present paper.
The deleterious effects of crust on the agricultural properties of a soil
are both direct, in t h a t the crust inhibits plant growth; and indirect, in
t h a t desirable soil processes are adversely affected. The direct disturbances
to plant growth include the mechanical obstruction to the emergence of
germinating seedlings and damage to their roots b y the formation of warps
and cracks in the drying crust. The indirect effects, influencing soil processes, include the decrease in water intake rate, increase in runoff and
erosion hazard, restriction of air capacity and internal aeration, and inhibition of microbial activity. From the practical point of view, crusted
soils require more complicated cultivation and often special treatments.
The crust problem is often most acute in the unstable soils of arid regions,
and it is compounded whenever irrigation and tillage practices are carried
out without due precaution or proper soil structure management.
Preliminary studies reported elsewhere (Hillel, 1959) have shown t h a t
ciusts can be characterized and distinguished by their greater bulk density,
their markedly smaller macroporosity, and their mechanical strength in the
dry state.
II.

METHODS

Crust measurements: Modulus of rupture tests (Richards, 1953) were
employed for mechanical strength measurements. Modified instruments
were designed to permit testing of natural as well as artificial specimens of
varying dimensions. Strength measurements of natural crusts appeared
feasible and made possible the comparison of crust types as they occur
in the field. Whenever the thickness dimension was not uniform, the modulus
of rupture equation for rectangular briquets (i.e. S = 3/2 FLfBT^) **
was adjusted to take into account the geometric mean of the thickness
dimension (i.e. S = 3/2 FLjB Tmlu. r m „ . ) **. Bulk density determinations
* Agricultural Research Station, Rehovot, Israel; currently Visiting Research
Fellow, Department of Soils and Plant Nutrition, University of California at
Davis.
** Where S is modulus of rupture in dynes/cm 2 (10 -6 bars); F is force in dynes;
L, B and T are length, breadth and thickness of the specimen, respectively, in cm.
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were made by means of the well-known paraffin-coating and kerosenesaturation methods.
Wetting processes: In evaluating the effects of wetting processes on
crust formation, it was found convenient to relate the change in porosity
resulting from a wetting-drying cycle to the degree of wetting, thus: the
change in porosity of a unit soil mass is equal to the difference between
the final (post-drying) and the original (pre-wetting) bulk specific volumes,
or
Av = V0-V,
(1)
The original porosity is equal to the difference between the original bulk
and the particle specific volumes, or
Vvo=V0-Vs

(2)

Relating (1) to (2), we get
Av

v

V0-V,
V —V

(

'

It is more customary to express the above in terms of the reciprocal of
specific volumes, namely, bulk densities *, whereby
Av = d^ Df — DB
vw
Dtd~D0

...
w

Where D0, Df, d are the original bulk, final bulk and particle densities,
respectively.
It is convenient to express the degree of wetting in terms of the degree
of saturation
S = ^

(5)

where vw and vv are volumes of water and pores respectively, per unit
mass of soil.
Alternatively,

where W is fractional water content (dry weight basis) at wetting and Db.d
are bulk and particle densities.
Combining (4), (5) and (6) we get the change in porosity as a fraction
of the degree of wetting
Av _ Df — D0
vw Df.D0.W
To obtain different degrees of wetting, the process of capillary rise
from a free water surface was employed. Vertical columns of dry soil were
packed to uniform original bulk density and left to soak water from shallow
pans. After several days (when the upward-moving wetting front h a d
reached 40—50 cm.), the columns were cut into sections. These were dried
and subjected to strength and bulk density tests.
A series of trials was carried out on the relation of downward infiltration
to crust formation. Similar columns were wetted b y constant-head flooding.
* Throughout the paper, c.g.s. units are employed, so that densities are
numerically equal to specific gravity values.
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Figure 1. Soil columns wetted by capillary rise from a free water surface.
(Symbols + , x , O represent three replicates).
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Uniform structured columns were compared with layered columns having
upper more-porous and less-porous layers. Moisture distribution during
wettmg, and bulk density and strength after drying, were determined on
the cut sections.
The effect of wetting duration was studied b y comparing the same
properties of crusts formed after different periods of flooding.
Drying processes: Crust strength and shrinkage were measured as
functions of moisture content and drying rate. Different drying rates a t
constant (room) temperature were obtained b y varying the 'exposure of
uniformly saturated specimens in briquet molds.
Puddling processes: Saturated soil pastes were puddled b y means of
electric stirrers for different lengths of time. The pastes were then poured
into briquet molds and dried. The crusts formed were tested for bulk density
and strength.
III.

RESULTS

Wetting processes: A high and significant correlation was found between
the degree of saturation and the changes in porosity produced. The densification effect increased as the degree of wetting approached saturation.
The fractional change in porosity (S = AVn/Vj,) increased from 0 % a t
50 % saturation to about 35 % near 100 % saturation. The d a t a also
showed a highly significant correlation between the modulus of rupture and
bulk density (Figure 1: a, b, c, d).
sede Boqer Soil

Gilat Soil

C'

(a) Moisture distribution
with depth during
infiltration.

(6) Degree of wetting
with depth during
infiltration.

(c) Porosity changes
with depth, after
drying.

20

30 40
10 20 30 40
Percent change in porosity
Figure 2. Infiltration profiles of soil columns with overlying more-porous layers.
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The results of the infiltration trials showed t h a t in all columns having an
upper more-porous layer, a saturation zone was formed to a depth equal
to the depth of this more-porous layer. At the bottom of this layer there
was a transition from saturation to the moisture content characteristic of
the 'transmission zone' (Bodman and Colman, 1944). There was a correspondence not only between the original porosity profile and the distribution of moisture, but also between these two and the degree of change in
porosity (densification) found after drying. In columns of uniform initial
porosity only the very surface was saturated, and the positive pressure of
water on the soil surface changed to the negative pressure characteristic
of the transmission zone just below the surface. No true saturation zone of
significant depth existed at all (Figure 2).
In the presence of an upper less-porous (crusted) layer, the 'transmission'
moisture content was found to be lower than it is in uniform columns of
the same soil, while the moisture content of the crust itself was near saturation.
sede Boqer Soil

Gilat Soil

(a) Columns with
overlying more-porous
layers.
Depth of overlying layer
in cm (the curves
from above down) :
1. 10 cm
2. 6
3. 3
4. 1.5
5. 0

(6) Columns with
overlying less-porous
layers.
Type of overlying layer
(the curves from above
down) :
1. Stabilized aggregates
2. Flooding-crust
3. Light puddling crust
4. Extreme puddling
crust
Time (hours)

Figure 3. Infiltration rates in columns with overlying more-porous
and less-porous layers.
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During the initial stages of infiltration the water intake rate in columns
with an overlying more-porous layer was related to the depth of the upper
layer. After a number of hours the differences disappeared and all columns
showed a more or less constant rate. The effect of overlying less-porous
layers of crust in lowering the intake rate related to bulk density. It was
found t h a t a thin crust could decrease water intake rate decisively even in
soils having otherwise favorable permeabilities (Figure 3).
Crusting was found to be a positive function of wetting duration. The rate
of slaking, however, appeared to decrease with time (as a condition of nearly
complete slaking was approached) (Figure 4).
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Figure 4. Influence of wetting duration on crust strength.
Upper curve: pulverized soil.
Lower curve: aggregated soil.
Drying processes: Crust strength was inversely related to moisture
content, and within the relatively dry range the relation appeared linear.
Crust strength increased as the rate of drying decreased (Figure 5: a, b ) .
(a) Influence of degree of drying
on crust strength.

(b) Influence of rate of drying
on crust strength.
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Figure 5. Drying effects.
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Puddling processes: The degree of crusting, as expressed b y the strength
and bulk density of the dried pastes, increased at first with the amount of
puddling, but tended to a constant value after prolonged puddling. T h e
strength values of the puddled soils were several fold greater t h a n those of
crusts formed of the same soils under ordinary wetting and drying processes
(Figure 6: a, b).

(a) Influence of
puddling time on bulk
density, after drying.

[b) Influence of
puddling time on
post-drying strength.

10
20
Puddling time (min)
Figure 6. Puddling effects.
Top curves: Kastina alluvium
Middle curves: Gilat medium loess
Bottom curves: Sede Boqer fine loess
IV.

CONCLUSIONS

From the correlation between the degree of saturation at wetting and the
degree of densification upon drying, it appears t h a t the major structural
changes which occur in the surface layer are the direct consequences of the
very saturation of this layer during infiltration. This points to a possible
identification of the zone of crusting with the zone of saturation in the
infiltration process.
The correspondence between the initial porosity profile, the moisture
distribution during infiltration, and the degree of densification measured
after drying lent further support to the identification of the crusting zone
with the saturation zone. I t appears t h a t as saturation is approached the
original structural arrangement can begin to collapse and the platy particles
(insofar as the original bonds joining them have been weakened, or slaked)
m a y tend to assume a horizontal and more nearly parallel orientation of
greater density. It appears possible to control the depth of crusting effects
b y controlling the pre-wetting structure profile so as to minimize surfacezone saturation. I t is of interest to note t h a t under slow sprinkling it m a y
happen t h a t no saturation zone will form at all, since such a zone ordinarily
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forms only when the rate of water application at the surface exceeds the
rate of water passage into the soil (through the transmission zone). Application of water b y sprinkling, however, involves the hazard of mechanical
impact of drops falling on the soil surface. This aspect, however, is not
treated in the present study.
While the process of wetting weakens the original structure, the major
densification seems to occur during drying. As shrinkage proceeds the
hydration envelopes of the colloidal units contract and the particles are
drawn together. At least three factors m a y contribute to the formation of
parallel orientation of colloids in the soil: (a) the tendency of platy particles
in a state of semi-suspension to settle with their long axes horizontally;
(b) possible attractive forces between adjoining particles as their spheres
begin to overlap; and (c) the retreating menisci of increasing curvature in
the water 'wedges' at angles of contact between adjoining particles.
The rate of drying apparently affects uniformity of shrinkage. Slow drying
would appear to favor internal moisture equilibration between the evaporating surface and the moist interior of a crust briquet, while rapid drying
might cause differential shrinkage and the formation of microcracks and
planes of weakness.
Soil puddling is an artificial process serving in this context only as a
means for clarifying certain aspects of crusting. Puddling commonly denotes
a destruction of the original soil structure b y mechanical action in the range
of high moisture contents. Bodman and Rubin (1948) defined puddling as
a decrease in specific volume of a soil body under the influence of mechanical
work applied to it. Strictly speaking, the stirring of saturated pastes does
not fit the definition, since it produces no immediate volume change, and
the process is called puddling only for want of a better term.
The direction of puddling effects is identical with t h a t of spontaneous
crusting: both tend to cause structural reorientation and to produce a denser
condition upon drying. It is of some interest to determine the maximal degree
of densification possible for any given soil material allowed to dry freely
from a saturated state, and the relation of spontaneous crusting effects to
this maximal degree. Maximal puddling was used in a subsequent study
(Hillel, 1959) for the comparison of crustabilities and strength-properties of
different soil constituents and for relating strength and bulk density to
certain physical properties of clay minerals and soil separates.
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SUMMARY

The study a t t e m p t s to define certain crusting processes which result from
the physical slaking of the surface soil in the course of wetting-drying cycles.
Dried slaking crusts are characterized mainly b y bulk density and mechanical strength.
The change in porosity (densification) resulting from defined wettingdrying cycles is related to the degree of wetting. The tendency to densification and crusting increases as the degree of wetting approaches saturation.
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It appears that the major structural changes involved in the process of
crusting result from the saturation of the surface layer during infiltration.
The zone of crusting is thus identical with the zone of saturation in the
infiltration process.
The original porosity profile of a soil column determines the moisture
distribution during wetting, and consequently the structural changes found
after drying.
The actual densification occurs primarily in the course of the shrinking
which accompanies the drying process. Crust strength increases with greater
uniformity and slower rates of drying. Crust strength is inversely related
to moisture content.
Soil puddling is employed in an effort to determine the maximal degree
of crusting possible for any given soil material allowed to dry freely from a
saturated state, and the relation of spontaneous crusting effects to this
maximal degree.
RÉSUMÉ

Cette étude essaie de définir certains processus d'encroûtement qui
trouvent leur origine dans la transformation du sol de surface en boue au
cours des cycles d'humectation et de désèchement.
Ces croûtes de boue désèchée se caractérisent surtout par leur densité
apparente et par leur résistance mécanique.
La variation de la porosité ('condensation') résultant de cycles d'humectation-dessiccation définis, est liée au degré d'humectation. La tendance
à la 'condensation' augmente quand l'humectation se rapproche de la saturation. Il semble que les principales variations structurales qui ont lieu
lors de la formation des croûtes, resultent de la saturation des couches
superficielles lors de l'infiltration. La zone encroûtée est donc identique à
la zone qui fut saturée lors du processus d'infiltration.
Le profil de porosité initial de la colonne de sol détermine la distribution
de l'humidité lors de l'humectation et, par conséquent, les variations
structurales que l'on constate après dessiccation.
La véritable 'condensation' a lieu surtout pendant le rétrécissement
qui accompagne la dessiccation. La résistance mécanique des croûtes augmente avec l'uniformité et la lenteur de la dessiccation: elle est en raison
inverse de leur teneur en humidité.
Il a été fait appel au malaxage pour déterminer le degré d'encroûtement
maximum d'un sol donné que l'on laisse ensuite se désècher librement à
partir de l'état saturé, et aussi pour établir le rapport entre les encroûtements spontanés et cet encroûtement maximal.
ZUSAMMENFASSUNG

Die Arbeit beabsichtigt gewisse Verkrustungsprozesse, welche zur physischen Verschlackung der Bodenoberfläche im Laufe der abwechselnden
Befeuchtungs- und Austrocknungscyclen führen, näher zu definieren.
Getrocknete Krusten sind hauptsächlich durch ihre Gesammtdichte und
ihre mechanische Festigkeit karakterisiert. Die Porositätsänderung (Verdichtung) aus genanntem Befeuchtungs-Austrocknungszyklus hervorgehend, steht zum Grade der Befeuchtung in Beziehung und nimmt zu
wenn die Befeuchtung sich der Sättigung nähert.
Es scheint, daß die Hauptstrukturänderungen durch Sättigung der
oberflächlichen Bodenschicht während der Einsickerung stattfinden.
Die Verkrustungszone ist demnach mit dieser Sättigungszone identisch.
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Das originale Porositätsprofil einer Bodensäule bestimmt die Wasserverteilung während der Befeuchtung, folglich auch die Strukturänderungen
nach dem Austrocknen.
Die aktuelle Verdichtung entsteht zuerst im Laufe der Schrumpfung
welche die Austrocknung begleitet. Die Festigkeit der Kruste nimmt zu
mit größerer Gleichförmigkeit des Materials und langsamerer Austrocknung. Sie ist dem Feuchtigkeitsgehalt umgekehrt proportional.
Um die maximal mögliche Verkrustung bei irgendeinem Bodenmaterial
künstlich zu erreichen, wird der Boden verpuddelt und dann läßt man
ihn vom gesättigten Zustand aus frei austrocknen, und benutzt so die
Effekte spontaner Verkrustung in höchstem Grade.
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SOIL CRUSTING A N D S E E D L I N G E M E R G E N C E *
by
R.

J. HANKS **

Soil crusting has been listed b y m a n y workers as a n important factor
influencing seedling emergence. Seedling emergence (germination and
emergence) m a y be limited by insufficient oxygen diffusion at the seed
depth, limited moisture, or high mechanical strength of the surface crust.
Hanks and Thorp (4) found t h a t wheat seedling emergence was limited
whenever the oxygen diffusion rate, as measured b y the platinum microelectrode method (7), was less than about 80 g. X 10~ 8 /cm 2 /min. This
limiting diffusion rate occurred at an air porosity of 16 percent in a silty
clay loam, 17 percent in a silt loam, a n d 25 percent in a fine sandy l»am.
On the basis of limited oxygen diffusion rate, seedling emergence was
limited b y soil compaction or excess soil moisture. In practice, a combination
of these two factors more frequently occurs. When oxygen diffusion rate
was limited, germination did not occur.
T h e seedling emergence of m a n y vegetable seeds has been reported b y
Doneen and MacGillivray (2) to be essentially constant so long as the
soil moisture content was between field capacity and permanent wilting
percentage. H a n k s and Thorp (5) found this to be true for wheat, grain
sorghum, and soybeans provided crusting was not a problem. A small
increase in crust strength in the low crust strength range reduced seedling emergence much more when the moisture content was near permanent
wilting percentage than when it was near field capacity.
The mechanical impedance to seedling emergence caused b y 'hard'
crusts have been investigated b y m a n y workers. Lemos and Lutz (8)
published a rather extensive review of the literature on this subject.
Richards (9) reported t h a t bean seedling emergence on Pachappa fine sandy
loam was decreased from 100 to 0 percent when the crust strength (as
measured b y the modulus of rupture) was increased from 108 to 273 millibars. Allison (1) concluded t h a t for a Pachappa loam soil the critical
modulus of rupture was between 1200 and 2500 millibars.
The seedling emergence-crust strength relationship for wheat was found
by Hanks and Thorp (5) to be similar to grain sorghum and soybeans.
Any increase in crust strength decreased seedling emergence but the rate
of decrease in seedling emergence with increase in crust strength was
greatest at the low crust strengths. They have also shown t h a t for wheat,
seedling emergence was not related to crust thickness or seedling spacing
b u t was highly correlated with crust strength and moisture content. I t
is not known whether these results would be obtained with other plants
or with a wider range of crust strengths. These results suggest t h a t wheat
seedlings do not 'press' on the crust until broken but rather must 'worm'
their way slowly through the crust. On the basis of this test it was con* Contribution from Soil and Water Conservation Research Division, Agricultural Research Service, U. S. Department of Agriculture, with Kansas Agricultural Experiment Station cooperating. Department of Agronomy Contribution
No. 679.
** Soil Scientist (Physics), Western Soil and Water Management Research
Branch, Soil and Water Conservation Research Division, Agricultural Research
Service, U. S. Department of Agriculture, Manhattan, Kansas.
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eluded that the modulus of rupture is a good measure of crust strength
as it influences seedling emergence.
Lemos and Lutz (8) have demonstrated the influence of many factors
on crust strength (as measured by the modulus of rupture) including the
rate of drying, compaction, beating action of raindrops, puddling, wetting
and drying, texture, and kind of clay. In addition to the extensive references
quoted by Lemos and Lutz (8), the work of Isiumov (6) and Gorbunov and
Bekarevitch (3) is significant. Isiumov (6) indicated that crust formation
was influenced by a 'heavy' mechanical composition of soil combined with
temporary excessive moisture. Gorbunov and Bekarevitch (3) found that
highly crusted soils depended on a large portion of soil particles less
than 0.001 mm., low organic matter, and type of clay. Crust strength
was found to be decreased by slow wetting of the soil, wetting at low
temperatures, increasing the soil moisture content at time of wetting, and
by mulching.
The purpose of the present work was to investigate some of the factors
influencing seedling emergence and the unit crust strength of a soil. The
influence of moisture content and crust strength was investigated with
regard to seedling emergence. The factors investigated with regard to crust
strength were (a) moisture content at time of crust formation on air dry
crust strength, (b) moisture content at the time crusts are broken, (c)
moisture content at the start of a rain, (d) bulk density, (e) organic matter
content, and (f) clay content.
EXPERIMENTAL PROCEDURE

The methods used to investigate the influence of moisture content and
crust strength on seedling emergence have been previously given (5). The
modulus of rupture was used as a measure of crust strength throughout.
The apparatus and procedure was essentially that of Richards (9) but was
modified to allow for a 3 cm. distance between the lower support arms
instead of 5 cm. and the force was added at 1100 g. wt./min. instead of
2000 g. wt./min. Both of these modifications were made to allow for a
more precise end point, particularly with fragile crusts.
Several methods of wetting the soil before the briquets were formed
were used. For the tests to determine the influence of moisture content
and compaction on crust strength, the crusts were wet by spraying water
slowly on the soil with a pneumatic paint sprayer with constant mixing
of the soil. Some of the soils were wetted by adding snow but this method
was later abandoned because of the necessity of maintaining the temperature
of all of the equipment below freezing.
For the remainder of the tests the soils were wetted by a rain simulator
consisting of an oscillating sprinkler and a drip screen. Cotton yarn was
fastened to a cheesecloth on the drip screen to control drop size. The
intensity of the rain in the area used for tests was within 10 percent of the
average. The samples were rotated on a turntable to provide further uniform intensity. Rain was applied for 1 hour at an intensity of about 4.75 cm./
hr. Raindrop size was about 0.25 mm. and the height of fall was 244 cm.
The samples were placed on 5 cm. of dry sand to allow drainage of excess
water. After the 1 hour wetting, the samples were allowed to drain in
place for an additional hour and then dried at 50° C unless otherwise
indicated. Ten replications of each treatment were used. Where the organic matter was removed, the standard hydrogen peroxide method was
used.
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RESULTS AND DISCUSSION

The influence of crust strength on seedling emergence reported in an
earlier publication (5) was for moist crusts through which the seedlings
were actually emerging and should not be compared with data of Richards
(9) and Allison (1) reported for crusts dried at 50° C. Table 1 gives t h e
relationship of crust strength at 50° C to moisture content at seed depth
for grain sorghum, wheat, and soybeans for comparison purposes.
TABLE 1. Wheat, grain sorghum, and soybean seedling emergence as influenced
by modulus of rupture (MR) at 50° C and moisture content (0). Geary
silt loam*
MR in millibars
0
800
1610
3210
6410
11,220
Moisture content
8T-/8-

/o

0.25
0.18
0.145

98
96
91

86
86
70

0.25
0.145

92
86

86
52

0.25 •
0.18
0.145

93
93
68

78
78
56

°/
/o

0/

0/

/o

/o

/o

63
57
42

59
34
31

0/

Wheat
70
75
56

Grain Sorghum
74
1 56
32
38

32
38

16
20

Soybeans
68
67
46

70
60
33

68
38
30

* Moisture equivalent 0.25 g./g., 15 atmosphere percentage 0.11 g./g.
The data of table 1 indicate the difficulty of assigning a limiting value
of crust strength for a specific crop because the moisture content at seedling
depth would also have to be specified. If 60 percent seedling emergence is
chosen as an arbitrary datum, the limiting crust strength for wheat would
be between 3210 and 6410 millibars at 0.25 g./g. moisture content but
between 800 and 1610 millibars at 0.145 g./g. moisture content. For grain
FORMED MOIST
BROKEN DRY

MUNJOR CLAY LOAM
KEITH LOAM
ALBION SANDY CLAY LOAM

BULK DENSITY G. CC.

Fig. 1. Influence of bulk density and moisture content on modulus of rupture
of soil briquets.
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sorghum, the limiting crust strength would be between 1610 and 3210 at
0.25 g./g. moisture content and between 0 and 800 at 0.145 g./g. moisture
content. Similarly the limits for soybeans would be over 6410 at 0.25 g./g.
and between 0 and 800 at 0.145 g./g. The data of Allison agree in general
with the above, but those of Richards are considerably lower.
The influence of compaction and moisture content on crust strength
at the time the briquet was broken is summarized in figure 1. The crust
strength increased as bulk density increased and was greater dry than
moist. When plotted on semi-logarithmic paper the data fit closely to
a straight line indicating a relationship of the form CS = KAd where CS
is crust strength, d is bulk density, and K and A are constants.

MOISTURE CONTENT G./G.

Fig. 2. Relation of moisture content at the time crusts were broken to
modulus of rupture. The moisture content of crust formation and the bulk
density were constant.
Figure 2 indicates the relationship of moisture content on crust strength.
The data are insufficient to give precise information of the nature of the
relationship, but it appears to be exponential of some type. The rate of
change of crust strength per unit change in moisture content is greatest at
the low moisture contents.
The influence of moisture content at time of crust formation on crust
strength when dried at 50° C is shown in table 2. The data indicate that
a high crust strength is related to a high initial moisture content. When
the soils were wetted by spraying with constant mixing, there may have
been some influence of the mixing as well as the influence of moisture per se.
The data of figures 1 and 2 and table 2 agree with that presented by Lemos
and Lutz (8) for different soils.
TABLE 2. Influence of moisture content (0 in g-jg.) of crust formation on the modulus of ruptt
(MR in millibars) for three soils.
Munjor clay loam
0
MR

0.29
8100
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0.23
8000

0.20
5300

Keith loam
0.18
4900

0.24
1900

0.20
1400

0.15
1400

Albion sandy clay loam
0.13 0.12
700 2600

0.11
2400

0.08
1400
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Tests were also made to determine t h e influence of t h e moisture content
a t t h e start of a rain on t h e modulus of rupture. The results of these tests,
table 3, show t h a t the crust strength for all soils was higher where t h e soil
was air d r y before the rain compared with being previously wet before t h e
rain. This confirms the work of Gorbunov and Bekarevitch (3) who advised
irrigating a soil before a rain to minimize crusting.
TABLE 3. The influence of soil moisture content at the beginning of a rain on
modulus of rupture.
Modulus of rupture in millibars
Soil type

Air dry before rain

Wet by capillarity
before rain

Sarpy fine sandy loam
Albion sandy clay loam
Geary silt loam
Ladysmith silty clay loam

530
690
450
700

360
560
300
410

Table 4 shows the influence of soil texture and organic m a t t e r on modulus
of rupture after being subjected to t h e one-hour rain. The d a t a show t h a t
modulus of rupture was increased b y as much as 2 to 20 times upon removal
of organic matter. I t is surprising t h a t the change should be so great for
the 'Kaolinitic subsoil' clay since t h e initial organic m a t t e r content was
certainly very low. I t m a y be t h a t some changes other than organic m a t t e r
removal were brought about b y t h e hydrogen-peroxide treatment. Before
organic matter removal there is no clear relationship between modulus of
rupture a n d clay content, b u t after organic m a t t e r removal a direct relationship is indicated.
^BLE 4. Influence of organic matter (OM) and soil texture on modulus of rupture.
Predominant
clay mineral

Soil type

Silt

Clay

Sandy loam (Garden City,
Kansas)
Keith loam
klbion sandy clay loam
Munjor clay loam
Ladysmith clay
kaolinitic subsoil clay

10

15

Illite

35
20
45
35
30

25
30
40
60
60

Mont.
Illite
Mont. & 111.
Mont.
Kaolinite

Modulus of rupture
Before OM
removal

After OM
removal

millibars
300

millibars
4,290

490
2,400
2,150
560
4,720

6,170
6,310
7,010
10,670
12,020
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SUMMARY

When considering seedling emergence in relation to crust strength, it
is evident t h a t moisture content is a very important factor. Seedling emergence will be limited when the soil dries because (a) the crust strength
increases, and (b) the ability of the seedling to emerge a t constant crust
strength decreases. Practical methods to eliminate crust strength as a
factor limiting seedling emergence should minimize soil drying. A stable
mulch would appear suitable.
Soil crusting was shown to be related to bulk density by a relationship
of the form, crust strength = KA d , where d is bulk density and K and A
are constants. The moisture content a t the time of crust formation was
directly related to crust strength if broken dry, but the moisture content
at the time the crust was broken was inversely related to crust strength.
The moisture content a t the start of a rain was inversely related to air dry
crust strength.
RÉSUMÉ

Quand on étudie la levée des semis par rapport à la résistance que leur
oppose la croûte superficielle du sol, il est évident que la teneur en eau est
un facteur très important. La levée des semis sera limitée lorsque le sol
se désèchera du fait que (a) la résistance de la croûte augmentera et (b) la
capacité des jeunes plantes de percer une croûte de solidité donnée diminuera.
Les méthodes pratiques visant à éliminer la résistance de la croûte comme
facteur limitant la levée des semis devraient réduire au minimum le désèchement du sol. Un paillis stable semble pouvoir convenir.
Il fut démontré que l'encroûtement était relié à la densité apparente par
une équation de la forme: Resistance de la croûte = KA a où d est la densité
apparente et où K et A sont des constantes. La teneur en eau du sol au
moment de la formation de la croûte était en raison directe de sa résistance
quand on la brisait à l'état sec, mais la teneur en humidité de la croûte
au moment où celle-ci se brisait était en raison inverse de cette résistance.
La teneur en eau juste avant la pluie était en raison inverse de la résistance
de la croûte séchée à l'air.
ZUSAMMENFASSUNG

Wenn man das Hervortreten von Sämlingen im Verhältnis zur Verkrustung der Bodenoberfläche beobachtet, so ist klar, daß der Feuchtigkeitsgehalt ein überwiegender Faktor ist. Auskommen von Sämlingen
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wird zurückgehalten wenn der Boden austrocknet weil (a) die Krustenkonsistenz zunimmt, und (b) das Vermögen des Sämlings durchzubrechen
bei konstanter Krustenfestigkeit abnimmt. Praktische Methoden die
Krustenverfestigung zu eliminieren müßten darum die oberflächliche
Bodenaustrocknung auf ein Minimum zurückführen. Dauerauflagehumus
dürfte dazu geeignet erscheinen. Es wurde gezeigt, daß Bodenverfestigung
mit der scheinbaren Dichte derartig in Beziehung steht, wie ausgedrückt
in der Form: KA", worin d die scheinbare Dichte ist und K und A Konstanten sind. Der Feuchtigkeitsgehalt zur Zeit der Verfestigung stand in
direktem Verhältnis zur Krustenfestigkeit, wenn trocken zerbrochen;
jedoch der Feuchtigkeitsgehalt beim Zerbrechen der Kruste stand in umgekehrtem Verhältnis zur Krustenfestigkeit. Beim Einfallen eines Regens
stellte sich der Feuchtigkeitsgehalt des Bodens in umgekehrtem Verhältnis
zur Krustenfestigkeit bei Lufttrockenheit ein.
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RELATIONSHIP BETWEEN SOIL MOISTURE AND AIR SPACE
ASSOCIATED WITH LEVELS OF BULK DENSITY THAT
INFLUENCE GROWTH OF TOMATOES
by
W.

J. FLOCKER AND D. R.

NIELSEN

Departments of Vegetable Crops and Irrigation respectively,
University of California, Davis
Changes in soil moisture and air spaces accompanying changes in soil
bulk density can effect plant growth. In this study an attempt was made
to isolate some of the variants and clarify their interactions. In studying
the effects on plant growth of different levels of soil bulk density, often
termed soil compaction, there appear to be three primary factors to consider:
1) soil aeration status, 2) soil moisture-plant relationships, and 3) mechanical impedance of roots. Associated factors influencing plant growth —
nutrient uptake, plant respiration rates, thermal conductivity of the soil,
air and water permeability, certain physiological disorders, etc. — appear
to be expressions of the three main factors. The confusion resulting from
these many closely interrelated and possibly inseparable variables might
be relieved by restricting our attention to the main factors.
The literature contains many studies on aeration, soil moisture, and
mechanical impedance, but few attempts have been made to study them
individually. Gill and Miller (2) proposed an apparatus to separate the
effects of mechanical impedance from those of aeration and found that
corn seedlings were seriously reduced in growth when oxygen content
fell below 10 percent even in the absence of impedance, and that impedance
from applied pressure induced no reliable symptoms other than distortion
from normal shape.
Bertrand and Kohnke (1) studied effects of subsoil density, fertility,
soil moisture, and aeration on root growth of corn seedlings. They reported
that corn roots did not penetrate a compacted subsoil at bulk density of
1.5 gm/cc. It was not ascertained whether the immediate cause was mechanical impedance, poor soil moisture regimes, or aeration. They did
report that oxygen diffusion rates were reduced in compacted subsoil.
Hamilton (3) experimented with a shallow Hawaiian soil having an
impervious subsoil to test the effects of several planting methods on growth
of papaya plants, Garica papaya L. Growth of plants was best in pits
refilled with a mixture of soil and composted grass. Decomposition of the
organic matter was credited with the benefit. Other factors, not mentioned,
might also offer an explanation: better soil moisture conditions, reduced
mechanical impedance to root penetration, and better aeration, and improved fertility status of the soil.
Stephenson (8) recognized as early as 1935 how important aeration is
for deep rooting, and he suggested 10 to 12 percent air space in the soil
as a minimum. He also recognized the possibility of mechanical resistance
to root growth in compacted soils. Hanks and Thorp (4) studied the effects
of soil moisture content, bulk density, oxygen diffusion rate, and crust
strength on seedling emergence of wheat. They recognized the difficulty of
separating the effects of oxygen diffusion rates from the effects of crust
strength (a form of soil comctpaion), and that crust strengths are interrelated
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with soil moisture contents. They suggested that changes in soil bulk density
changed other factors such as oxygen diffusion rates and crust strength, and
reported that seedling emergence was limited by oxygen diffusion rates
below 74 to 100 X 10~8 g/cm2/min — corresponding to air pore spaces of
about 16 percent in silty clay loams to 25 percent in a fine sandy loam.
Jamison and Domby (5), from a study on Commerce silt loam in Louisiana
reported that a combination of factors affected air-water relationship and
restricted root extension, thus causing poor productivity in droughty fields.
They concluded that it was difficult to determine whether water or oxygen
supply or both limited plant growth. They also suggested that cotton root
extension was limited by a compacted soil in the root zone and that, except
at very high densities, the limitation arises more from air-water relationship than from physical resistance to root penetration.
Richards and Weeks (7) experimented with young lemon trees, and
reported that, within certain limits of bulk density, adverse effects on
plant growth could be minimized by maintaining favorable soil moisture
conditions based on instrument readings in the root zone. Phillips (6),
on the other hand, in a field experiment with soil compaction found that
compaction reduced growth and yield of corn. Results of physical measurements indicated that mechanical impedance as measured by bulk density
and needle penetration was the fundamental cause in reducing growth.
EXPERIMENTAL PROCEDURES

Soil density. Two soils, Salinas silt loam and Sorrento silty clay loam,
were compressed to five levels of bulk density. Before soil was compressed
into cans, air-dry soil was screened through a 2-mm screen, the calculated
amount of water was added to bring soil to respective water contents for
maximum compactability, and the soil was rescreened through 2-mm screen
to break up small clods formed during mixing, and was stored for one week
in polyethylene bags placed inside metal air-tight sealed containers to
allow equal distribution of moisture throughout soil mass. Density was
controlled by weighing predetermined amounts of wetted soil calculated
to oven-dry basis and compressing by hydraulic press into sheet-metal
pots of 2750 cc volume.
Soil moisture and air spaces. The experiment was conducted in two
congruent parts:
In Part A, air space was kept at about 15 percent by maintaining soil
water content and/or suction at precalculated levels. As the density of the
soil increased it was therefore necessary to reduce mean soil water content
so as to maintain an average air space of 15 percent. The necessary mean
water content or suction was maintained by irrigating the pots with distilled
water at the beginning and end of the daytime 8 hours when water consumption was highest. About half of the time, water was added to the surface
of the pots, and the rest of the time was allowed to sub up from the bottom.
The amount of water needed for each irrigation was determined by loss of
gross weight of the complete pot and attached equipment and also from
tensiometers installed in the soil when moisture ranges permitted their
use. Attempts were also made to accommodate the increase in weight of the
pot from increased size of the tomato plant. This growth was calculated from
data obtained in other experiments.
In Part B of the experiment, soil suction was maintained at about
0.5 bar. Therefore soil air spaces necessarily decreased as the density of the
soil increased. Mean soil suction was maintained in the manner described
for Part A, i.e., by direct weighing and tensiometers. Twice-daily records
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were maintained of the quantity of water used. Water content was determined from the amount of water needed to return each pot individually
to its original content. The extraction curve was plotted from these means,
and the area beneath the curve was used to obtain the integrated mean
water content and suction of the treatment. From these data soil water
content and suction ranges and also the integrated mean value for these
were calculated for each pot.
Cultural methods. After the pots were packed to desired densities, Vshaped trenches 1/4 inch deep were made in the surface of the soil, and ten
Pearson VF-11 tomato seeds were planted in each pot. The plants were
thinned to one per pot about one week after emergence. Care was taken to
select plants of about the same size. The pots were kept in growth chambers
so that day length and temperatures could be accurately maintained. Day
length was 14 hours, and day and night temperatures were respectively
80° and 65° F ± 1° F. Pots were rotated within the cabinets daily, and
except for the watering procedures mentioned, nothing further was done
to them. After six weeks plants were harvested and weighed fresh.
Pots were then sampled for moisture content and distribution of moisture.
R E S U L T S AND

TABLE

CONCLUSIONS

1. Integrated values of soil moisture content, suction, and air spaces.

Bulk
density

Water
content

Water
fraction

Soil
suction

(gm /cm 3 )

(gm/cm 3 )

(cm 3 /cm 3 )

(bars)

(cm'/cm 1 )

5.00
0.96
0.50
0.02
0.01

15.2
15.3
15.6
16.2
16.1

0.71
0.74
0.74
0.74
0.75

8.7
13.9
20.2
25.9
31.7

2.00
0.19
0.10
0.10
0.10

15.6
16.7
16.8
16.7
16.9

0.74
0.75
0.86
0.96
0.95

13.2
20.2
26.3
29.9
35.6

Sorrento
1.60
1.50
1.40
1.30
1.21

15.3
18.7
22.6
26.8
31.6

1.60
1.51
1.40
1.30
1.20

19.3
19.3
19.2
19.3
19.2

Air
fraction

silty clay I oam
Part A
24.5
28.1
31.6
34.8
38.3
Part B
30.9
29.1
26.9
25.0
23.1

Salinas
1.52
1.40
1.30
1.23
1.14

18.0
21.9
26.4
30.1
35.3

silt loam
Part A
27.3
30.7
34.4
37.0
40.3
Part B

1.52
1.40
1.30
1.24
1.14

19.5
19.4
19.1
18.9
18.9

29.7
27.2
24.9
23.4
21.6
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The integrated mean soil moisture contents and air spaces are reported
in table 1. Soil bulk density levels and soil moisture content determinations
were made at time of pot preparations. From a desorption curve prepared
for each of the densities used, a soil moisture suction value corresponding
to the integrated mean soil moisture content was determined. This too is
reported in table 1. The water fraction is calculated to show the percentage
by volume of soil moisture. The air fraction could be calculated from the
density of the soil particles and from the water fraction. Examples of soil
moisture extraction for two of the extreme densities for Sorrento silty clay
loam are given in figure 1. Similar plots were made for the other densities and
soil.
33.0

M

32.0

31.0

150

1.60

30.0

15.28
10

29.0
0B=
28.0

15

20

25

DAYS
1.21

1^=31.62

29.0
10

15
DAYS

20

25

Fig. 1. An example of soil moisture content ranges
for Sorrento silty clay loam.
DB and 1Pw represent soil bulk density (gm/cm8) and mean moisture content
(cm'/cm ), respectively.
In problems dealing with controlled soil moisture contents or air spaces
it is imperative that ranges or extremes be known. The ranges were determined between irrigations for each of the pots from knowledge of the
amount of water needed to return the pot to its original moisture content.
These extremes are reported in table 2. These ranges, however, give no
information as to distribution of moisture or air spaces within a given pot.
Therefore, at the conclusion of each run, soil cores were removed from
two sides and the center of each pot and cut into thirds. The moisture
content was determined on each of these samples. These extremes and ranges
are also reported in table 2.
The plant-soil-water-air relations obtained for the two soils are shown
in figure 2. The shape of the curve for each soil shows that both behaved
similarly. The decrease in plant yields corresponding to increases in bulk
density at nearly constant air space may be attributed to increasing soil
suctions (see graphs 1 and 3). In the same graphs, however, if the mean
soil suction was maintained at about 0.7 to 1.0 bar, fresh weight yield was
independent of bulk density provided air spaces were not limiting. At
14 percent air space (graphs 2 and 4) fresh weight was dependent only
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ABLE 2.

Maximum ranges in soil moisture
périment.

content, suction,

B e t w e e n irrigations

and air space occurring

during

Within pots at harvest *

Bulk
ensity

Water
content

Soil
suction

Air
fraction

Water
• content

Soil
suction

Air
fraction

;m/cm8)

(gm/cm 3 )

(bars)

(cm'/cm 1 )

(gm/cm')

(bars)

(cm'/cm')

18.2—J4.4
20.8—16.2
26.7—17.1
28.6—19.6
31.1—26.4

1.30—9.0
0.30—3.6
0.08—2.2
0.04—0.6
0.02—0.04

10.5—16.6
12.2—19.1
9.8—23.2
13.8—25.5
17.0—22.7

21.9—16.2
23.4—17.0
22.6—16.0
23.0—16.0
23.7—16.4

0.2—2.6
0.1—2.4
0.1—4.0
0.1—4.0
0.1—3.2

4.5—12.7
7.9—17.5
15.5—24.8
21.0—30.1
26.3—35.0

S o r r e n t o silty c l a y l o a m
Part A
1.60
1.50
1.40
1.30
1.20

15.4—15.0
19.1—17.7
23.0—20.2
27.6—23.8
32.5—25.6

5.60—6.80
0.90—1.60
0.11—0.45
0.05—0.10
0.02—0.06

15.0—15.6
15.0—16.9
15.0—18.9
15.0—20.0
15.0—24.0
Part B

1.60
1.50
1.40
1.30
1.20

19.7—18.3
19.7—18.1
19.7—17.6
19.7—17.5
19.7—17.4

0.6—1.2
0.6—1.3
0.6—1.7
0.6—1.8
0.6—1.9

7.6—10.3
13.3—15.7
19.6—22.5
25.3—28.2
31.1—33.8

Salinas silt l o a m
Part A
1.52
.40
.30
.23
.14

18.3—16.4
23.1—17.9
27.8—20.5
31.5—24.2
37.0—28.6

1.6—5.0
0.1—2.0
0.1—0.5
0.1
0.1

15.0—17.9
15.0—22.3
15.0—24.5
14.9—23.6
15.0—24.5

18.1—15.5
21.9—14.3
24.8—16.8
26.7—17.9
29.2—20.1

1.56— 5.7
0.20—12.7
0.10— 3.2
0.10— 1.7
0.10— 0.5

17.3—16.5
17.4—16.8
16.2—14.3
15.8—13.9
15.8—13.3

2.4— 3.8
2 . 3 — 3.2
4.4—12.7
5.3—17.2
5.3—18.1

Part B
.52
.40
.30
.24
.14

20.1—16.7
20.1—16.3
20.0—16.3
19.9—14.9
19.7—16.1

0.5—4.6
0.5—6.0
0.5—6.0
0.6—1.3
0.7—7.0

12.3—17.5
19.2—24.6
25.1—29.9
28.7—34.9
34.7—38.8

Reported values are means of 4 replications but are not integrated values.
on soil suction. At nearly constant suction, yields were not influenced by
increasing density even though air spaces varied from 32 percent to about
10 percent. On the other hand, the decrease in plant yield (figure 2, graphs
1 and 3) may be attributed to mechanical impedance associated with high
soil suctions. For example, graphs 1 and 3 show that fresh weight of plants
was independent of bulk density levels at 0.7 bar soil suction. This may be
interpreted that the soil strength was not sufficient to impede root growth.
However, when mean air space was maintained at 15 to 16 percent and soil
suction increased from 0.1 to about 5.0 bars, soil strength may have increased sufficiently to restrict root growth and consequently fresh weight
of plants. Therefore, over these ranges of air spaces and for these two
soils, it may be concluded that soil suction or a combination of soil suction
and mechanical impedance, played the dominant role in reducing tomato
yields.
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SORRENTO SILTY CLAY LOAM
J $=«0.1 bars

i

1

t

•f $=50 bors

•

$=0.7 bars

1 $ = 5.0 bars
1

É

f

SALINAS SILT
20-

3
— N . S =15.6 to 16.9%

15

$=<0.l bars
10

=0.7 bors

"S*=36%,
S*=13%

5
O

t)=0.7tol.0 bars
; $ = 2.0 bors

$=2.0 bars
1.2

1.3

1.4

1.5

1.6

Bulk Density (gms/cc )

10

15
Air

20

25

30

35

Space (%)

Fig. 2. Plant-soil-water-air relations for Sorrento silty clay loam and Salinas
silt loam. 0 and S* represent soil suction (bars) and mean air space (cm'/cm 1 ),
respectively.
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SUMMARY

Relationships between soil suction, moisture content, soil aeration, and
levels of bulk density were investigated. Tomato plants were grown in
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two soils at various levels of bulk density. Soil suction, soil moisture and
air space were controlled to a narrow range of desired levels. It is concluded
that soil suction, mechanical impedance, or a combination of both influenced
the growth of tomato plants.
RÉSUMÉ

Les relations entre suction, humidité, aération et niveaux de densité
apparente du sol ont été étudiés. Des plantes de tomate furent établies sur
deux sols, compactés à différents niveaux de densité apparente. La suction,
l'humidité et le volume des pores aérés furent contrôlés de telle façon qu'ils
se rapprochaient de près des niveaux désirés. Ces expériences permettent
de conclure que la suction du sol, l'impédance mécanique, ou une combinaison des deux ont influencé la croissance des plantes de tomate.
ZUSAMMENFASSUNG

Beziehungen zwischen Saugkraft des Bodens, Wassergehalt, Bodendurchlüftung und scheinbare Dichte in verschiedenen Schichten wurden
näher untersucht. In zwei Böden mit verschiedener, scheinbarer Dichte
wurden Tomatenpflanzen gezüchtet. Die Saugkraft, die Feuchtigkeit und
Menge Bodenluft wurden kontrolliert innerhalb enger Schwankung der
meist wünschenswerten Bodendichte. Man konnte daraus schliessen, daß
Bodensaugkraft, mechanischer Widerstand, oder eine Kombination beider,
das Wachstum von Tomatenpflanzen deutlich beeinflußt.
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RELATIONSHIP OF TEXTURE CLASSES OF FINE EARTH TO
READILY AVAILABLE WATER *
by
D. P. FRANZMEIER, E. P. WHITESIDE AND A. E. ERICKSON
INTRODUCTION

Because there is no generally accepted textural classification of soil
materials, communication between soil scientists in different countries and
among soil scientists, engineers and geologists is seriously hindered. A
universal textural classification would facilitate the application of results
of research work done in one area or field of study to others. Such a textural
classification should consider primarily the size distribution of the inorganic
fraction of soil materials. The classification system should have only as
many classes as are generally useful and can be recognized in the field.
Since available water is one of the most important physical soil properties
limiting plant growth, the authors have studied its relation to recognized
soil separates and soil texture classes. Some principles are proposed for
devising a more useful textural classification.
LITERATURE REVIEW

In arriving at a textural classification of soil materials, two problems
usually arise: (a) to decide on the size limits of soil separates, and (b)
to decide on the proportions of these separates in a textural diagram.
Soil Separates: Particle size separations at 0.002 and 2.0 mm. equivalent
diameters as the upper limits of clay and fine earth, are now universally
accepted by soil scientists (18). However, engineers commonly include
materials coarser than 2. mm. in their mechanical analyses. Engineers (16)
and sedimentologists (10) use coarser size limits for the clay fraction,
i.e., 0.005 mm. and 0.0039 mm., respectively. There is no general agreement among soil scientists, sedimentologists and engineers on the most
useful size separation between 2.0 and 0.005 mm.
Textural Classes: There are essentially two methods commonly in use for
defining textural classes in terms of soil separates. A rectangular co-ordinate
system has been proposed in Australia by Marshall (12). In Marshall's
classification (Fig. 2), the median size of the non-clay fraction is plotted
against the percent clay. This method requires an accumulative curve of the
particle size distribution, but has the advantage that only two size separations — 0.002 and 2 mm. — are necessary and these are the separations most
universally agreed upon.
The more commonly used method of defining the limits of textural classes
is by the use of a triangular co-ordinate system in which the percentages of
three soil separates are plotted along the three sides of an equilateral
triangle. The USDA system (19) uses percentages of sand (2.0—0.05 mm.),
silt (0.05—0.002 mm.), and clay ( < 0.002 mm.) on the three axes. The sand
fraction is in turn subdivided (0.1, 0.25, 0.5, and 1 mm.). The sand sizes
are used to modify the classes of sands, loamy sands, and sandy loams giving,
* Contribution from the Soil Science Department, Michigan Agricultural Experiment Station, East Lansing, Michigan, and authorized for publication by
the Director as Journal Article No. 2653.
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in effect, a three-dimensional diagram. A diagram proposed for the Netherlands (20) also uses the USDA limits of sand, silt and clay but has a different
pattern of Unes. Countries using the International System generally group
the two coarsest fractions together giving the limits < 0.002, 0.002—0.02,
and 0.02—2 mm. Some examples of these diagrams are the ones used in
Australia (12), Switzerland (6), and France (5).
Engineering groups in the United States use a diversity of triangular
diagrams (16, 14).
Boundaries of the USDA and Australian triangles were drawn according
to groupings of field descriptions of texture. The Netherlands diagram also
reflects field experience with sedimentary materials. The lines on such
diagrams would be even more meaningful if they paralleled the pattern
of lines representing equal values of some important physical or chemical
properties of soils.
Available Water: The authors propose that the 'readily available water
capacity' of soils is a more meaningful expression of the water actually
available for plant growth than is the available water content as it is
commonly defined. Readily available water capacity (RAWC) is here defined as the difference between the water content of the soil at field capacity
and the lower turgor pressure percentage (21) or the difference in weight
percentage between the water content of an undisturbed soil sample at 0.06
atmospheres tension and that of a disturbed sample at 6 atmospheres
tension.
Field capacity, as its name implies, is a field condition and should therefore be measured either in the field or estimated from undisturbed soil
samples. There is evidence that field capacity corresponds to a tension
of 0.06 atmospheres in the natural soil body. Russell (18) states that most
soils reach this moisture condition two or three days after rain or irrigation.
The water in the surface soil is then under a tension of around 0.05 to 0.1
atmospheres. He contrasts this tension with the 0.33 to 1 atmospheres tension
required to bring an air-dried sieved soil sample to the same moisture content as the field capacity of the soil in its natural field structure. Stolzy and
Erickson (21) obtained field capacity data on 91 of the 161 soil samples used
in the study reported here. This data showed that water contents at field
capacity were better related to those at 0.06 atmospheres than to those at
0.33 atmospheres as may be seen by comparing equations 1 and 2 of Table 2.
Carlson (4, 3) worked with soils located throughout the United States and
established that the 'field maximum moisture content' of soils occurred at
a tension of 0.06 atmospheres. These values were obtained by making daily
soil moisture measurements and selecting the recurring peak values from the
results to represent the field maximum.
Lower turgor pressure percentage, a term used by Stolzy and Erickson
(21), is defined as the water content of the soil when the water is held
at the highest tension that will still allow a plant to maintain full turgidity.
They found that the water content of air-dried and sieved soil samples
at 6 atmospheres tension was a reliable estimate of this condition. The
lower turgor pressure percentage is similar to the first permanent wilting
point of Furr and Reeve (7) and Richards and Weaver (17). These investigators used tension values of 8 to 10 atmospheres and 7 to 9 atmospheres,
respectively, to estimate the first permanent wilting point.
EXPERIMENTAL

Materials: Soil materials used in this study came from locations throughout Michigan and were selected to represent the range in textures commonly
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TABLE 1A. Average readily available water capacities (RAWC) and average
bulk densities, according to textural class, of 161 non-calcareous soil
samples low in organic matter.
Textural
Class (USDA)
Coarse sand
Sand
Fine sand
Very fine sand
Loamy coarse sand
Loamy sand
Loamy fine sand
Loamy very fine sand
Coarse sandy loam
Sandy loam
Fine sandy loam
Very fine sandy loam
Loam
Silt loam
Silt
Silty clay loam
Silty clay
Sandy clay loam
Clay loam
Clay (Bulk density < 1.5)
Clav (Bulk density > 1.5)
Clay (Total)

Number
of
Samples

RAWC
(wt. %)

Bulk
Density
(gm.cm.-»)

11
18
11
0
1
2
6
4
3
5
34
5
13
1
1
2
2
14
10
8
10
18

4.9
7.6
9.5

1.59
1.59
1.53

8.7
9.5
11.4
22.1
7.4
9.2
10.5
19.5
8.7
12.8
17.8
12.6
8.8
7.6
6.6
5.7
2.5
3.9

1.68
1.51
1.65
1.42
1.58
1.61
1.68
1.45
1.65
1.71
1.64
1.45
1.54
1.66
1.63
1.43
1.59
1.52

TABLE 1B. Available water capacities and height of capillary rise in sand and
silt separates.
RAWC
.06—6. atm.
(wt. %)

RAWC
1/3—15. atm.
(wt. %)

Height of
capillary
rise in 48 hrs.
(inches)

2—l mm
1—.5 mm
.5—.25 mm
.25—.10 mm

2.4
3.0
2.3
12.0

1.6
3.1
1.9
2.5

3.0
3.8
6.8
10.4

.10—.074 mm
.074—.053 mm
.053—.020 mm

26.6
26.3
29.0

14.0
16.5
22.4

26.0
43.4
43.9

Size
Separate

occurring in t h a t state. They include samples representative of the principal
horizons of Gray-Brown Podzolic, Gray Wooded, Podzol, Brown Podzolic,
Ground-Water Podzol, and Humic-Gley Great Soil Groups. The range of
mechanical compositions studied are shown in Figure 1. In order to eliminate
the variables of organic m a t t e r and carbonates, only those non-calcareous
samples having less than 0.5 % total carbon were selected for the study.
Micaceous, diatomaceous and volcanic ash materials are not represented in
356

1.36

Fig. 1. Revised texture triangles showing RAWC. A) Mechanical composition
of sample studied and lines of equal RAWC values plotted on a triangle using
proposed sand and silt separates. B) Transformed USDA texture diagram
superimposed on (A). C) Transformed Australian texture diagram superimposed
on (A). D) Transformed Netherlands texture diagram superimposed on (A).
these samples. The clays are predominantly silicates and contain only
small proportions of kaolinite.
Methods: Particle size analyses were done b y the pipette method using
hydrogen peroxide to destroy organic m a t t e r and I N HCl to destroy carbonates. Samples were analyzed for each of the USDA separates and for
the international 0.02 mm. separation. From these d a t a an accumulative
curve was plotted for each sample and the International 0.2 mm. separation
was obtained from the curve. Moisture contents were determined, b y oven
drying, at tensions created as follows: 0.06 atmospheres, blotter paper on
tension table; 0.33 atmospheres, porous plate in a pressure cooker; 6 and
15 atmospheres, pressure membrane. The 0.06 a n d 0.33 atmospheres
values represent the average values obtained from 10 three-inch core samples taken with a Uhland sampler. Total carbon was determined b y the dry
combustion method. Field capacity was determined by field sampling 48
hours after thorough wetting of the soil.
RESULTS

Average readily available water capacities and bulk densities according
to USDA textural classes are shown in Table l a . Bulk densities did not vary
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much in these low organic matter soil samples. In the sand, loamy sand and
sandy loam textural classes RAWC increased with decreasing sand size.
RAWC also increases in going from the sands to the loamy sands but it
decreases in going from the loamy sands to the sandy loams when the sand
sizes are comparable. Loam, clay loam, sandy clay loam, and silty clay
have RAWC values between 6.6 % and 8.8 %. Soils with an abundance
of very fine sand or silt have high RAWC. In the clay textural class, bulk
density is more closely related to RAWC than is texture as can be seen
TABLE

2. Prediction equations and correlation coefficients relating certain properties of soil
samples.
Soil Property
X

Number

Water content
a t indicated
tension (wt. %)

1
2
3

Field capacity
Field capacity
0.06 atm.—6 atm.

4

0.06 atm.—6 atm.
Particle size
separate

5
6

% < 0.002 mm.
% < 0.002 mm.

7

% 0.002—0.1mm.

Equation

Degrees
of
Freedom

Y = 1.20+l.OOx
Y=-2.30+1.08x
Y = 2.33+. 920x

89
89
154

.913*
.901 *
.959*

Y=

4.58 + .489x

154

.889*

Y=
Y=

1.33+.377X
10.7-.106x

154
154

.989*
-.118

Y=

4.37 + .135X

154

.579*

Y

Water content
at indicated
tension (wt.%)
0.06 atm.
0.33 atm.
0.06 atm.—
15 atm
0.33 atm.—
15 atm.

•a S
_ç3 .o

Water content
at indicated
tension (.wt.%)
6 atm.
0.06 atm.—
6 atm.
0.06 atm.—
6 atm.

* Significant at 0.01 level.
from the fact that clay soils with a high bulk density had less than half as
much RAWC as clay soils with a low bulk density.
Measurements recently completed by Jamal Dougrameji (graduate
student in the Soil Science Department, Michigan State University, July,
1960) on some sand and coarse silt separates indicate that 0.1 mm. is near
a very significant break in the readily available water holding capacities of
soil separates. The available water holding capacities and the height of
capillary rise in those materials are shown in Table lb.
Grouping the RAWC according to other textural diagrams showed more
variability within a class than between classes largely because these systems
did not sub-divide the sandy classes as did the USDA system. An exception
to this was Marshall's rectangular co-ordinate diagram which showed less
variability within groups than all of the other diagrams except that of the
USDA.
The observation that soils high in silt and very fine sand are highest in
RAWC is supported by the work of Pawluk (15). He worked with jack pine
growing on sites in northern Minnesota where available water was considered
the factor most limiting to growth. He found a high correlation between the
silt + very fine sand content of the soil and site index, but no relation
between the silt + very fine sand + fine sand content and site index.
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Because the size fraction 0.002—0.1 mm. correlates well with RAWC
(Equation 7, Table 2) and with plant growth, it has been used as one at the
co-ordinates in a triangular diagram. RAWC values were then plotted on
this diagram and lines representing equal RAWC values were drawn, as
shown in Figure 1A. Eighty-one percent of the samples had values within
the ranges indicated in this diagram and 87 % were within 1 % of this
requirement.
When the RAWC values of these samples were plotted on Marshall's
rectangular co-ordinate diagram, and the same equal moisture value lines
drawn the diagram shown in Figure 2 resulted. The equal RAWC lines
cross many of the lines of that diagram.

< .002mm
>
EQUAL R A W C LINES
TEXTURE DIAGRAM LINES
Fig. 2. Composition of samples studied and lines of equal RAWC plotted on a
texture diagram proposed by Marshall.
In order to learn how the USDA diagram would look if it was superimposed upon Figure 1A, silt was plotted versus silt + very fine sand and a
curve was fitted to these points. The resulting graph was used to convert
percent silt to percent silt + very fine sand. The transformed diagram is
shown in Figure IB. Similarly, the Australian and Netherlands triangles
were converted to fit the new co-ordinates. These converted diagrams are
shown in Figures 1C and ID, respectively. Of these three diagrams, the
general trend of the lines of the Netherlands and Australian diagrams tend
to follow the RAWC lines more closely than those of the USDA diagram.
Correlation coefficients and equations relating several soil properties
were calculated as ^hown in Table 2. In dry-land areas, the 15 atmospheres
point may be of more interest than the 6 atmospheres point in relation to
the lower limit of available moisture and the survival of plants. Equation
3 of Table 2 shows the relationship between RAWC values and the difference
in water contents at 0.06 and 15 atmospheres. Equation 4 relates RAWC and
the traditional 0.33—15 atmospheres values. The close correlation between
the RAWC and these other measures of available water indicate that the
trends of the equal RAWC lines in Figure 1A should be generally useful.
The percentage of water held at 6 atmospheres is a function of the clay
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content of the soil as shown in Equation 5 of Table 1. The correlation coefficient of 0.989 is very high and is similar to the results of other workers
(1, 11, 13).
However, when RAWC is compared with percent clay, an insignificant
negative correlation coefficient was found (Equation 6, Table 1). This is
consistent with other studies (1, 8, 9, 11) which showed negative or small
positive correlation coefficients when clay content was compared with
available water (0.33—15 atmospheres). In making this comparison the
range of textures used will influence the results considerably.
The comparison of silt + very fine sand and RAWC values gave a correlation coefficient which was significant at the 1 % level b u t was not as high
as some of the other coefficients. Figure 1A illustrates this also and shows
t h a t either 'pure' sand or 'pure' clay increases the RAWC of a soil high
in silt + very fine sand more than an equal mixture of the two.
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STOLZY,

SUMMARY AND CONCLUSION

A) The readily available water capacity (RAWC) of a soil is a better
estimate of the water available for plant growth than are the usual
measures of available water.
B) The amount of water held in a soil against 6 atmospheres tension is
a function of the clay content of the soil.
C) Of the textural classifications examined, the USDA classes are most
closely correlated with RAWC values. However, Marshall's rectangular
coordinate diagram gives good correlations and offers some advantages.
D) The U.S. engineers' separation between sand and silt at 0.074 mm. is
apparently nearer to a more useful separation between these fractions
than either the 0.2, 0.06 or 0.02 mm. separation of the International
Soil Science Society or the 0.05 mm. limit used by the USDA. Sand and
silt were separated at 0.10 mm. in the diagrams presented in Figure 1.
E) Trends in the lines separating textural classes in the diagrams used
in Australia and the Netherlands more closely parallel differences in
RAWC than do those in the other diagrams mentioned.
F) More useful and simpler textural classifications could be developed
with the information currently available.
G) It is proposed that such a classification be attempted by the International Soil Science Society. The cooperation of other professional
groups, particularly geologists and engineers should be solicited in this
task.
RÉSUMÉ

A) La capacité pour eau 'aisément accessible' (RAWC) est une meilleure
estimation de l'eau disponible pour la croissance des végétaux que
ne le sont les mesures habituelles de l'eau disponible.
B) La quantité d'eau, retenue dans le sol soumis à une suction de 6 atmosphères, est une fonction de la teneur en argile du sol.
C) De toutes les classifications texturales que nous avons examinées,
celk du USDA présente la meilleure corrélation avec les valeurs de
RAW '\ Toutefois, le diagramme rectangulaire de Marshall donne des
bonnes corrélations et présente certains avantages.
D) La séparât'on entre sable fin et limon que les ingénieurs américains
placent à 0.074 mm se rapproche plus d'une séparation plus utile entre
ces deux fractions que les séparations à 0.2, 0.06 ou 0.02 mm de la
Société Internationale de la Science du Sol, ou que la limite de 0.05 mm
utilisée par le USDA. Sur le diagramme de la figure 1 le sable et le
limon furent séparés à 0.10 mm.
E) L'allure des lignes, séparant les classes texturales dans les diagrammes
australiens et néerlandais, suivent de plus près les différences de RAWC
que celles des autres diagrammes mentionnés.
F) Grâce aux données maintenant disponibles on pourrait développer des
classifications texturales plus simples et plus utiles.
G) Il est proposé qu'une pareille classification soit mise à l'étude par la
Société Internationale de la Science du Sol. Pour accomplir cette
tâche, la collaboration d'autres groupes professionels, en particulier
celle des géologues et des ingénieurs, devrait être solicitée.
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ZUSAMMENFASSUNG

A)
B)
C)

D)

E)
F)
G)

Die augenblicklich verfügbare Wasserkapazität (RAWC) eines Bodens
ist ein besseres Maß des den Pflanzen zum Wachstum zur Verfügung
stehenden Wassers, als die gewöhnlichen Methoden angeben.
Die Wassermenge, welche ein Boden gegen eine Saugkraft von 6
Atmospheren festhält, ist eine Funktion seines Tongehalts.
Von den Klassifikationssystemen nach der Korngrösse erwiesen sich
die USDA-Klassen mit den RA WC-Werten engstens korreliert zu sein.
Allerdings gibt das Marshall'sche rechteckige Koordinatendiagramm
gute Korrelationen und bietet manche Vorteile.
Die Scheidung von Sand und Staub bei 0.074 m m der U.S. Ingenieure
ist offensichtlich eine in der Praxis besser brauchbare Scheidung als
die bei 0.2, 0.06 oder 0.02 m m der I.B.G. oder bei 0.05 mm von dem
USDA benutzt. In Figur 1 sind Sand und Staub bei 0.10 m m geschieden.
Die die Korngrössenklassen scheidenden Linien in den australischen
und den niederländischen Diagrammen passen sich mehr den RA WC
Unterschieden an als diejenige der anderen erwähnten Diagramme.
Mit Hilfe von im Laufenden erhaltbaren Informationen konnten
einfachere und besser nutzbare Korngrössenklassifikationen entwickelt
werden.
E s wird vorgeschlagen, daß die I.B.G. solch eine Klassifizierung
in Prüfung nehme. Die Zusammenarbeit mit anderen Berufsgruppen
speziell Geologen und Ingenieuren wäre für diesen Zweck zu empfehlen.
DISCUSSION

EDWIN BELLIS: TO what extent have the relationships you described between
texture and RAWC been approved as scientific by the statistician?
D. P. FRANZMEIER: Correlation coefficients are commonly used in the United
States for relating two variables. Their use is advocated by many statisticians.
R. DABIN: In soils available water is not the same if you have a dispersed
system or if you have an aggregated system.
D. P. FRANZMEIER: The state of aggregation does affect the water content
of the soil at a given tension. In this study soil materials in their natural structure were used in determining the 0.06 atm. limit and disturbed samples were
used for the 6 atm. limit. I believe the trends, which we were primarily
interested in here, would have been the same had undisturbed materials been
used in both instances.
JACK T. MUSICK: IS the turgidity limit of 6 atm. tension constant for all soil
classes ?
D. P. FRANZMEIER: For the samples considered, yes.
ABBAS ABDEL MAGID: There seems to be a popular concept of including
CaC0 3 in the textural separates especially if the amount is appreciable. Since
you have removed both the o.m. and the CaC0 3 do not you think that this could
have affected your readings of the RAWC corresponding to the respective
separates ?
D. P. FRANZMEIER: Organic matter and carbonates were not removed from
the soil materials used; only those non-calcareous samples with low organic
matter content were selected for use.
STERLING A. TAYLOR: I question your new term relative turgidity percentage
as defined by the percentage of soil water at the highest soil water suction at
which the plants will show full turgidity. According to the widely accepted
plant physiological definition full turgor is obtained only when a plant cell or
tissue is in equilibrium with pure water. When in equilibrium with any moisture
potential different from that of pure even water the turgor is less than full.
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Would it be better to define your term readily available water percentage
(RAWP) purely in terms of the soil matric suction of Pw at 0.06 bars — Pw
at 6 bars?
D. P. FRANZMEIER: The term 'lower turgor pressure percentage' may be
disputed; however, readily available water capacity was also defined in terms
of the 0.06 atm. and 6 atm. tensions.
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THE RELATIONSHIP BETWEEN SOIL MOISTURE UTILIZATION
AND ROOTING DEPTH IN THE TROPICS
by
R. A. WOOD

Agricultural Research Station, Lilongwe, Nyasaland
To assist in efficient land use planning it is essential to have a knowledge
of the relative water use of field crops, pastures, indigenous vegetation and
various plantation crops such as tea or coffee. Nyasaland's climatic pattern
of clearly defined wet and dry seasons common to large areas of the tropics,
enables us to determine this by following changes in the storage of available
soil moisture under various crops and fallows.
ANNUAL CROPS

Investigations on these Unes have been in progress in the territory during
the last four years, where the water use of several annual crops grown in
various rotations has been compared with that removed by fallows kept bare,
sown with a shallow rooted cover crop (teff — Eragrostis abyssinica),
and those allowed to regenerate indigenous weeds and grasses. Available
water has been plotted from data provided by locally manufactured (1)
gypsum electrical resistance blocks installed at one foot intervals under
the various crops and fallow treatments. Quantitative changes in soil
moisture have been measured by regular soil sampling throughout the
profiles, the information so obtained being converted to inches of water per
foot.
Figure 1 summarises rainfall and cropping histories of several of these
treatments over three seasons (1957—1959), together with the distribution
of available soil moisture to a depth of six feet under each profile, the
variation in water use between individual treatments being amply demonstrated.
These results are also confirmed by data presented in Table 1 which
shows the amount of available water in inches held under the various
treatments to a depth of six feet at the end of the 1959 growing season.
TABLE

1. Amount of Available Water Held at End of Growing Season 1959.

Bare Fallow

5.60

Tobacco

Groundnuts

Teff

Maize

(inches available water in 6 ft. of soil)
3.86
3.60
3.49
2.25

Natural
Cover.
1.44

Root washing studies on the mature crops and grasses have shown that
these variations can be directly related to their root range and density.
Figure 2 gives drawings made from photographs of the root systems of
tobacco, groundnuts, maize and teff at the end of the growing season and
when compared with that produced by the indigenous vegetation (see
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FIGURE 1. SOIL MOISTURE UTILIZATION IN CROPS AND FALLOWS
(The shaded areas represent available moisture between field
capacity and wilting point.)

Plate I), help to demonstrate this relationship more clearly. It should also
be noted that while the crops themselves have removed variable quantities
of water depending on the type of root system they develop, in no case
has this been greater than that removed by natural weeds and grasses.
Many grasses are extremely deep rooting, depths of up to 13 feet having
been recorded in Nyasaland. The fact that they remain green and continue
growing long into the dry season is easily understood when the root reservoir
of available water they are able to tap is taken into consideration.
Because Nyasaland is fortunate in having a well distributed wet season
rainfall losses of available soil moisture are quickly replenished once the
rains commence and there is no shortage of water for annual crops. If it
were not for this fact the reduction of the soil profile to wilting point at
considerable depths by the indigenous grasses (natural cover) during the dry
season could exert a very harmful effect on the following season's annual
crops. This has been clearly demonstrated in the semi-arid areas of East
Africa where rainfall distribution is often very erratic (1).
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PERENNIAL CROPS

The importance of conserving available water under plantation crops
such as tea, (Nyasaland's biggest revenue earner) throughout the protracted
dry season often of six months duration will thus be appreciated. Conditions reaching drought intensity must often be obtained leading to
permanent wilting and death, more especially in the younger plants where
a deep rooting system has not fully developed.
Investigations of moisture utilization under mature tea (2), and subsequently, using gypsum blocks installed at depths of up to 17 feet 6 inches,
this covering approximately the effective root range, have shown that
pruning carried out soon after the end of the wet season when the soil is
near field capacity is able to conserve available water for approximately
10 weeks following the prune. However if pruning is delayed until middry season, as has been the custom until recently, rapid drying to wilting
point occurs down the profile reaching depths of 15 feet at the end of the
dry season, this leading to a delayed break away from prune at the onset
of the next rains. Early pruning thus greatly facilitates the recovery from
prune and its application now occurring generally throughout the tea
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areas of Nyasaland has already produced beneficial effects on yield. A
typical m a t u r e tea root system is shown in Plate I.

Indigenous cover
Mature tea
Plate 1. Root systems of indigenous cover and mature tea.
(All measurements are in feet).
CONCLUSION

I t is felt t h a t the relationship between soil moisture utilization a n d
rooting depth in the tropics for different types of vegetation in a given soil,
climate and rainfall, as shown b y soil storage measurements is of fundamental
importance when problems of land use planning are being considered.
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SUMMARY

To assist efficient land use planning one of the basic requirements is a
knowledge of the relative water use of crops of economic importance. W i t h
Nyasaland's climatic pattern of clearly defined wet and dry seasons common
to large areas of the tropics it has been possible to study this b y following
changes in soil moisture storage and utilization under different crops
and rotations. Moisture used by maize, tobacco and groundnuts has been
compared with t h a t removed by various types of fallow, and variations in
water use noted can be directly related to the density and type of root
system developed. This relationship has also emphasized the need for
conserving available water under plantation crops, particularly tea, where
beneficial effects on yield due to improved cultural practices, have been
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brought about as a result of a detailed study of the m a t u r e plant's water
use and moisture requirements during the protracted dry season.
RÉSUMÉ

La connaissance des besoins relatifs en eau des cultures qui ont une
valeur économique est une des données fondamentales requises pour la
planification efficace en matière d'utilisation des terres. Grâce au climat
particulier du Nyasaland, où les saisons sèches et humides, si communes
dans des vastes régions tropicales, sont très nettement séparées, il a été
possible de vérifier l'utilisation de l'eau par diverses cultures et rotations,
en suivant les variations de l'humidité emmagasinée dans le sol. L'eau
utilisée par le mais, le tabac et les arachides a été comparée avec celle
enlevée par différents types de jachère. Les quantités d'eau utilisées étaient
en relation directe avec la densité et le type de l'appareil radiculaire. Cette
communication souligne en outre la nécessité de conserver l'eau disponible
sous cultures de plantation, et particulièrement sous thé. Pour cette culture il a été possible d'augmenter les rendements par des méthodes culturales
améliorées, basées sur une étude détaillée de l'utilisation et des besoins en
eau de la plante à l'état de maturité au cours de la longue saison sèche.
ZUSAMMENFASSUNG

Behufs zweckmässiger Planung der Bodenbenutzung ist die Kenntnis
des relativen Wasserverbrauchs verschiedener Kulturen ein Haupterfordernis von ekonomischer Bedeutung. Das Klima von Nyassaland, mit seinen
ausgesprochenen Regen- und Trockenzeiten, so wie sie in großen Arealen
der Tropen vorkommen, als Beispiel und Ausgangspunkt nehmend, war
es möglich diese Frage der auf einanderfolgenden Änderungen der Bergung
und den Verbrauch des Bodenwassers unter verschiedenen Gewächsen und
Wechselbausystemen erfolgreich zu studieren. Wasserverbrauch durch
Mais, Tabak und Erdnuss wurde verglichen mit dem Wasserverlust bei
verschiedenen Bracheformen. Die beobachteten Schwankungen im Wasserverbrauch erwiesen sich in direktem Verhältnis zu dem T y p und der Dichte
des Wurzelsystems zu stehen. Dieses Verhältnis hat die Notwendigkeit,
genügend für die Pflanzungen verfügbares Wasser festzuhalten speziell
unter Plantagekulturen, sehr benachdruckt. Günstige Erfolge im E r t r a g
von Tee, verbesserten Kulturmaßnahmen zuzuschreiben, wurden als
Resultat eines Detailstudiums des Wasserverbrauchs und der Bodenfeuchtigkeitsbedürfnissen von ausgewachsenen Pflanzen während der langwährenden Trockenzeit erzielt.
DISCUSSION

J. R. DESAUNETTES: Comment avez-vous fait pour dégager toutes les racines
et les radicelles sans les casser?
R. A. WOOD: The various root systems were washed out in sites, after pits
had been dug alongside the native plants, using a power spray apparatus,
and when they had been displayed, were painted with a lime wash before being
photographed.
L. A. RICHARDS: What was your method of calibrating gypsum blocks?
Did you check change of calibration with time?
R. A. WOOD: The gypsum blocks were not calibrated for field use but acted
as indicators of changes taking place in soil moisture conditions throughout
the growing season. The information they provided, then enabled us to select
the most suitable times for taking soil moisture samples, the moisture contents
obtained being converted into inches of available water held under the various
profiles.
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T H E R E L A T I O N B E T W E E N P O R E VOLUME AND T H E
FORMATION O F ROOT SYSTEMS IN SOILS W I T H SANDY L A Y E R S
by
A . P . H l D D I N G AND C . VAN DEN B E R G

Institute for Land and Water Management Research, Wageningen,
the Netherlands
INTRODUCTION

In the Netherlands, soils occur over extensive areas with a thin top
layer of clay, or humus-rich sand, lying on sand with a low silt- and humus
content. In this second layer plant roots are penetrating only a few cm.
See fig. 1. Since the moisture storage in the shallow top layer can only be
small, correspondingly low yields of arable crops occur.
Many soil improvement measures, like subsoiling and deep plowing,
have been tried in cases like this, but the effect on crop yields has been
inconclusive. An explanation of the negative or positive results is not
possible, since in almost all literature on this subject, d a t a on the physical
properties of the profiles in question before and after the treatment is
lacking. Because of this, it is neither possible to predict what the future
effect of soil improvement measures, on still undisturbed soil profiles with
such sandy layers, will be.

Fig. 1. Clay-on-sand profile. Pore volume of sand 38 %; ground-water
level at 1.80 m. below surface; pH of
sandy layer 7.0; p F 2.5, at 10 cm. below roots in the sandy layer. Crop:
barley. Each scale division is 10 cm.

Fig. 2. Same field as in fig. 1, with
the same crop. Deep ploughed to a
depth of 55 cm. below surface. Dark
colour in upper part of the profile:
clay. At the bottom, the undisturbed
part of the sandy layer.
3(1!)
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S O I L F A C T O R S I N F L U E N C I N G ROOT G R O W T H

The soil factors influencing root growth are nutrients and pH, water
and air, and the soil texture.
It was found by Schuurman and Goedewaagen (5), in a pot experiment
with spring wheat on artificial soils built up of sand of a dry volume weight
of resp. 1.40, 1.55 and 1.75 and a clay top layer, that no correlation existed
between rooting depth and the presence or absence of fertilizer in the sand
layer. It may be said that although a nutrient deficiency may cause a
less developed root system, it has not been observed that this factor alone
is responsible for a complete absence of roots at a depth at which roots
normally occur.
As regards the influence of the pH, it is well-known that root growth is
possible inside a wide range of pH of the soil (Kramer, 3). The sandy layers
of the soils in question all had a pH between 5.5 and 7.0, values that will
not impede root growth.
It has already been made evident by experiments carried out by Hendrickson and Veihmeyer (2), that root growth can be impeded by water deficiency
only at pF-values higher than approximately 4.0. Since in the sandy layers in
question no roots were present, the pF did not reach higher values than
approximately 2.7. This takes care of the water deficiency aspect.
An excess of moisture can decrease the exchange of carbondioxide and
oxygen between the soil and the free atmosphere to such an extent, that
roots are poisened. According to Van Duin (1), the permeability for air
becomes approximately zero, when the air-filled pore volume is less than
10 % of the total soil volume, the air-filled pores being in that case no
longer linked, forming the 'blocked' pore volume. Wesseling (7) gives values
of 10 to 15 % for the 'blocked' pore volume. The top of the sandy layers in
question is in all cases at least 50 cm. above the ground-water level. From
the pF-curves made, it followed that at pF 2.0 the water-filled pore volume
is less than 12 %, the air-filled pore volume was therefore much higher than
15 %. As the capillary conductivity for water at moisture tensions below
pF 2.0 is rather high, the roots will be able to withdraw the moisture_that
is held at tensions lower than pF 2.0. from the pores, before entering them.
From the above the conclusions can be made, that the water-air regime
can in this case not be the cause of the absence of roots. There remains the
impediment of root growth by mechanical resistance of the soil.
From the mechanical point of view, root growth will be governed by
the pore size, making a penetration with primary roots possible, and by
the movability of the soil particles under root pressure, allowing secondary
growth if the original pore size does not allow this already. In general these
two soil characteristics will be related. In soils with aggregate structure,
pores are large and movability is high, so impediment of root growth due
to mechanical resistance is not to be expected. Aggregate structures do
not occur, however, in sandy soils with a low humus- and silt content.
Veihmeyer and Hendrickson (6) made a pot experiment with artificial
soils of various volume weights. It appeared that with high volume weights
the roots could not penetrate into the soil. Here also it was assumed that
air deficiency could not be the cause of this.
In the already mentioned experiment of Schuurman and Goedewaagen
(5) it was found that the roots penetrated deeper, the lower the dry volume
weight of the packed sand. When the specific weight of the used sand is
taken at 2.60, their given volume weights would' correspond with a pore
volume of respectively 46, 40 and 35 %. From their results it may then
be inferred that pore volumes of 40 % and less impede root growth.
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This would agree with the yield estimations in relation with various
pore volumes given by Merbitz and Von Nitzsch (4) where a yield decrease
of 8 to 17 % occurred when the pore volume dropped below 40 to 45 %.
A fundamental approach to the problem of mechanical resistance against
root growth was made by Wiersum (8), who did experiments with glass
pellets in which root growth appeared only possible when the pore size was
larger than 150 /*. The pellets were in this case nearly immobile. He also
investigated the influence of pore size in glass tubes of various sizes filled
with pure sand. The wider the tubes the deeper the roots would go, apparently depending on the movability of the sand grains.
EXPERIMENTS

Since for practical purposes, the determination of pore size and movability of the particles is too complicated, and it was thought that pore
volume would be correlated with both, experiments were carried out to
find a correlation between pore volume and root growth for the soils in
question.
a. Some 270 soil samples were taken from sandy layers with (79) and
without (191) roots, present in the profiles of fields under rye, oats,
barley and potatoes. Determined were volume weight, specific weight,
pH of the sandy layer, ground-water depth, the moisture characteristic
and the presence or absence of root systems.
b. In pots with a depth of 80 cm., artificial profiles were made consisting
of 60 cm. pure sand and a 20 cm. thick top layer of humus-rich sand. The
pure sand had in half the number of pots a pore-volume of 35, in the
other of 45 %. As a crop, rye was used. Rooting depth was determined.
In other pots the same profile was made, the layer with low pore
volume was built there at different depths, the crop was fodder corn.
Rooting depth and dry yield were determined.
The top layer in these pot experiments had an ample supply of N, K
and phosphate. The soil in the top layer never came below pF 3.4. The
pots were drained, so a water table was non-existent.
c. On part of an experimental field, the soil was loosened by hand to a
depth of 70 cm., taking care all existing layers were kept in place. The
undisturbed profile consisted of a 30 cm. thick top layer of humusrich sand; a 20 cm. thick (from 30 to 50 cm. below surface) B-horizon,
rich in iron and with a pore volume of 39 to 40 % ; a subsoil of yellow
sand, pore volume 35 %. The ground-water table was present at depths of
more than 1.50 m. below surface. The crop was oats. Determined were
rooting depth and yield. See for an example of the effect of deep plowing,
the figures 1 and 2.
In all the above cases it was ascertained first, that impediment of root
growth could f not have been caused by any other factor than the mechanical resi= ance of the soil.
RESULTS AND CONCLUSIONS

a. Of the non-rooted samples only one had a pore volume of 42 %, all others
a pore volume of less than 38 %. One of the rooted samples had a pore
volume of 35 %, all others a pore volume of more than 40 %.
b. In all pots with a sand subsoil with a pore volume of 45 %, the root
systems had reached the bottom. In the other pots only some of the roots
had reached more than 10 cm. into the pure sand.
The yield determined for the fodder corn, did show a positive correlation
with rooting depth although no water deficiency occurred:
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rooting depth in cm. below surface
yield in tons d r y m a t t e r per h a .

25
2.4

45
3.0

65
3.3

85
3.7

An explanation of this m a y be, t h a t t h e nutrients leached to t h e subsoil
and out of reach in t h e pots with shallow rooting depths.
c. I n t h e undisturbed profile of t h e trial field, roots did n o t occur below
50 cm. below surface. In t h e treated profile rooting was intensive u p
to 70 cm. below surface, t h e depth t o which t h e soil was loosened.
The yield in kg. oats per h a . was respectively: 2730 (untreated)
and 3115 (treated). Both yields can be considered to be very low, as a
result of t h e exceptionally d r y growing season in 1959.
From the above, t h e following conclusions can be made.
1. I n m a n y instances impediment of root growth in sandy layers with a
low silt- a n d humus content will be t h e result of mechanical resistance.
2. Rooting is prevented b y means of mechanical resistance, when the pore
volume is less than 40 % of t h e total soil volume.
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SUMMARY

The cause for t h e absence of root systems in sandy layers with a low
silt- a n d humus content, will often be t h e mechanical obstruction t o t h e
penetration a n d secondary growth of roots. From t h e examined natural
profiles a n d from artificially built profiles, it appeared t h a t rooting is
prevented b y means of mechanical resistance when t h e pore volume is
less than 40 % of t h e total soil volume.
RÉSUMÉ

L'absence de systèmes radiculaires dans des couches sableuses pauvres
en limon et en h u m u s trouve souvent sa cause dans l'obstruction mécanique
opposée p a r ces couches à la pénétration et la croissance secondaire des
racines. Il fut constaté, lors de l'étude de profils naturels et de profils
reconstitués artificiellement, que l'enracinement est empêché par résistance
mécanique dès que le volume des pores tombe à moins de 40 % d u volume
total d u sol.
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ZUSAMMENFASSUNG

Der Grund der Abwesenheit von Wurzelsystemen in sandigen Schichten
mit einem geringen Schluff- und Humusgehalt, dürfte öfters der mechanische
Widerstand gegen Eindringen und sekundärem Wachstum der Wurzeln
sein. Aus der Untersuchung natürlicher, sowie künstlich aufgebauter Profile
ging hervor, daß Bewurzelung durch mechanischen Widerstand verhindert
zu werden scheint, wenn das Porenvolum weniger als 40 % des totalen
Bodenvolums beträgt.
DISCUSSION

ROBERT M. HAGAN: 1. The possibility that minimum pore size or mechanical
impedance limits root growth might be explored by growth of plants directly
on the sands without the overlying clay and humus layers. Has this been
investigated ?
2. Is it possible that because of the interference between clay and sand,
which may interfere with downward flow of water and thus cause some accumulation of water at the interface, limited aeration may be restricting root
growth into the sandy layers ?
A. P. HIDDING: 1. If a sandy soil (poor in humus) is on top, the total pore
volume is usually higher than in underlaying sand. Moreover, there is more
possibility of 'removal' of some particles during initial growth, so that pore
volume increases.
2. In our cases 15 % water (on volume basis) was present and the total
pore volume about 40 %. So, 25 % pore volume of the soil contained air.
Limitations of root growth with this air content is highly improbable.
H. FRESE: One can often find that roots do not pass the borders between
two differently structured layers even if the underlaying zone is coarser or
looser than the surface layer. This may be due to more favorable conditions,
what kind so ever, in the upper layer which roots do not want to leave.
C. VAN DEN BERG: Roots have to leave to deeper layers as long as no absolute
barrier exists. Moisture in sandy layers was in our case not lacking (at the
moment that roots arrive at the sandy layer, soil moisture is still about at full
capacity). There is no reason why roots would not like to grow (in principle)
in an environment where water is available at low potential, air is not lacking
and sufficient minerals may be low but not lacking. Mechanical impedance
seems to be the only logical explanation.
NIJENSOHN: Which is the size distribution of the sandy layer of these soils?
C. VAN DEN BERG: The mean grain size of the sandy subsoils is about 150 fi.
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ANALYSIS OF WATER-SOIL-PLANT RELATIONSHIPS
by
ROBERT M. HAGAN AND Y. VAADIA*

A lively controversy has existed for many years around the question
whether the so-called 'available soil moisture' is equally available for
plant growth between field capacity and the wilting point or whether
this water is taken up with such increasing difficulty that plant growth
functions are retarded before the wilting point is reached. These viewpoints
have been summarized in several recent review articles (9, 11, 12).
It is not particularly helpful for the present purpose to recite the evidence
that supports these viewpoints. Instead, the objectives of this paper are
to point out some reasons for these divergent views and to suggest the
usefulness and limitations of the several proposed relations between soil
moisture and plant growth. The statements in controversy attempt to
relate plant growth to soil moisture only usually excluding measured and
unmeasured plant or climatic factors which are necessarily involved in
studies of water-soil-plant relations.
The evidence (10) suggests that water deficits within plant tissues
check growth and that the degree to which growth is checked depends on
the relative deficits developed within the plant. Internal water deficits
are not necessarily directly related to soil moisture. Rather they depend
at any given time on the balance between water lost from the shoot and
that absorbed by roots. Whenever loss exceeds absorption some deficit
develops. Internal water deficits are everyday occurrences in crop plants.
Usually, however, water absorption at night offsets the deficits produced
during the day, permitting recovery of turgor and continuance of what is
recognized as normal growth. This normal growth is probably not the
maximum growth of which the plant is potentially capable. If water deficits
in plant tissues, which are developed within diurnal cycles, are not restored
during the night, then progressive decreases in growth should be observed.
When one attempts to establish a relationship between soil moisture
parameters and plant growth, one must make the tacit assumption that
there is a unique relationship between internal water deficits in the plant
and these soil moisture parameters. This, however, cannot be universally
true. Inasmuch as water deficits within plants depend on the balance
between water loss and water uptake, or on the relations between demand
and supply, soil parameters alone cannot be directly related to plant water
deficits. Such a relation would be modified by the factors which create the
demand for water on the one hand and control the supply on the other.
Among these factors affecting demand and supply we should recognize
the climatic conditions prevailing and creating the evaporative demands,
the type of plant, its stage of development, and its root system. When
evaporative demands are high, a given rate of supply may become inadequate. When absorption lags behind loss, water deficits develop within
the plant and water potential gradients steepen tending to accelerate
water absorption through the roots. Also, the plant itself makes adjustments
to the situation, frequently through a control on its losses by stomatal
closure or by other means (4). This results in decreased transpiration rates
which slows down the development of appreciable internal water deficits.
* Professor and Assistant Professor of Irrigation, respectively, Department
of Irrigation, University of California, Davis, California, U.S.A.
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Thus, whenever transpiration rates decrease to values below those permitted
b y the prevailing environmental demands, water deficits must be increasing
progressively within the plant.
The interplay between evaporative demands on t h e one hand a n d soil
moisture suction on the other, and their influences on internal water deficits
as indicated b y rates of water loss, are presented in Figures 1 and 2 (7).

POTENTIAL EVAPOTRANSPIRATION, 4 2 mm/Joy

SUCTION {BARS)

Figure 1. The dependence of évapotranspiration rates on soil moisture suction
(adapted from Makkink and van Heemst, (7)).
In these studies, évapotranspiration from a short green grass sward grown
on clay soil was measured over a range of soil moisture suctions u p to 1 b a r .
Potential évapotranspiration or evaporative demands were 4.2 m m / d a y .
Figure 1 indicates t h a t under these conditions transpiration rates decreased
with increasing soil moisture suctions indicating increasing internal water
deficits. However, in Figure 2 it can be seen t h a t t h e relationship also
depends on t h e value of potential évapotranspiration or rather on t h e
absolute magnitude of the evaporative demands. At low values of potential
évapotranspiration (below 2 mm/day), actual a n d potential évapotranspiration were similar for all t h e soil moisture suctions measured. This
indicates t h a t no significant deficits have been created in t h e plant over a
wide range of soil moisture suctions if évapotranspiration rates are low.
However, at higher values of potential évapotranspiration, increasing soil

1
POTENTIAL

2

3

4

EVAPOTRANSPIRATION, mm/day

Figure 2. Relation between actual and potential évapotranspiration rates as
effected by soil moisture suction (adapted from Makkink and van Heemst (7)).
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moisture suction limited actual évapotranspiration indicating the progressive
development of water deficits in the plants. The above experiments illustrate that the relationship between soil moisture and plant water deficits cannot be unique. Other examples can be found in the literature.
Many factors are involved in determining the balance between water
loss and water absorption by plants. Climatic factors of importance in
this connection are those determining evaporative demands such as humidity, light, wind, daylength, precipitation and length of the growing
season. Among soil factors influencing water absorption, we recognize the
structure, texture and depth of soil which determine its characteristics as
a porous media for the flow of water and penetration of roots, and also its
fertility which partially determines the rate and extent of shoot and root
growth. Among plant factors affecting water balance, we recognize the
importance of type, rooting habits, length of growing and fruiting periods,
population density, and others. The above factors are not all independent.
A change in one may bring about changes in the others and may change
the nature of an attempted correlation between soil moisture and plant water deficits or growth.
FACTORS INVOLVED IN THE INTERPRETATION OF EXPERIMENTAL DATA.

The proponents of the 'equal availability' of soil moisture for plant
growth between field capacity and wilting point (12), imply that the rate
of water supply to plant roots is not limiting to plant growth between these
so-called soil moisture constants. The proponents of an inverse relationship between soil moisture suction and plant growth (9) suggest that an
increase in soil moisture suction will affect the internal water deficits of
plants and reduce growth proportionately. It will be shown in the following
illustrations that both of these viewpoints should be considered to be
special cases rather than having universal validity.
Soil Moisture Considerations
Field capacity and the wilting point are still useful concepts since they
indicate approximately the capacity of soil to store water for plant growth.
However, they should not be regarded as constants but rather as somewhat
arbitrarily defined ranges of soil moisture. Although 'available moisture'
has been defined as the difference between field capacity and wilting point,
plants may use considerable amounts of water from soils having moisture
contents above the field capacity or possibly some water below the wilting
point (10). Because of this, the commonly used expression of available soil
moisture depletion presented in Figure 7 may be in error. Slight discrepancies in the values chosen for the field capacity and the wilting point will
materially influence the quantity of water apparently held within the
'available range'. Thus, depending on the accuracy of the values of field
capacity and wilting point, one may draw conflicting conclusions regarding
the relationship between plant growth and soil moisture within the available
range.
Peters (8) has set up an experiment which illustrates the difference
between the effects of soil moisture suction and soil moisture content
on plant growth. In his experiment he mixed clay and sandy soils in various
proportions to provide mixtures capable of retaining at given suction values
a wide range of water contents. He covered germinated corn seeds in controlled growth chambers with the various mixtures of soils which were
previously brought to definite soil moisture suction values. The results
are presented in Figures 3 and 4. Plants grew better in the finer than in the
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Figure 3. Elongation of corn seedlings as a function of soil moisture suction.
The numbers 25, 50, 75, 100 refer to the percentages of clay soil in the sand-soil
mixture. (Redrawn from Peters (8).)
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Figure 4. Elongation of corn roots in 24 hour periods as a function of soil moisture
content. Numbers refer to respective soil moisture suction. (Redrawn from
Peters (8).)
coarser soil a t t h e same suction levels. T h a t is, soil moisture suction a n d
moisture content both controlled water absorption. T h e greater hydraulic
conductivity of t h e finer soil is probably t h e primary cause of t h e better
plant growth observed. This illustration further points out some of the difficulties in developing a universal relationship between soil moisture suction
and plant water deficits or growth.
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Soil Fertility Considerations
From the theoretical standpoint, it is important to eliminate such variables as fertility in soil moisture studies. However, in field experiments
this is rarely possible for the fertility levels of agricultural soils may vary
considerably under different moisture treatments. Figure 5 shows a schematic series of curves, such as can be obtained from many fertility experiments, describing the interactions of nitrogen fertilization and soil
ISOYIELD
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I

MOST

I

MOD. MOIST

CURVES
3

* >

1

MOD. DRY

IRRIGATION TREATMENT

Figure 5. Isoyield curves illustrating the possible interaction among nitrogen
application, irrigation and yield.
moisture. Isoyield contour lines are plotted for the various fertilization
and irrigation levels. In this soil nitrogen is clearly a limiting factor, for
the yield increases greatly with fertilizer application. It is also clear that
if a relationship between soil moisture regime and growth is to be established
it would be different at different levels of fertility. Relative dryness of
the soil does not decrease yields as much at low nitrogen levels as at higher
nitrogen levels.
One could.cite several other examples illustrating ways fertility may
influence an attempted correlation between soil moisture and plant growth.
From an experiment with corn seedlings growing in osmotic solutions
and in soil samples with equivalent moisture suctions,86 Danielson and
Russell (1) concluded that the rate of accumulation of Rb is not directly
affected by increasing osmotic concentrations when grown in solutions but
it is reduced with increasing soil moisture suction. They suggest that a
reduced rate of water movement to the roots due to the decreased unsaturated conductivity of the soil may be responsible. Over the course of a
growing season these decreases in nutrient uptake due to relative dryness
of the soil may influence plant growth as much as water uptake itself.
Some Plant Considerations
Plants have been classified ecologically with reference to their water
relations and their ability to survive water shortages. Under similar environmental and soil moisture conditions, the growth of plants which can
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control their water loss efficiently, develop a well branched root system,
and are inherently capable of developing high internal suctions will not
be affected as much as plants which do not possess some of these characteristics.
Some plants are capable of utilizing water more efficiently than others.
This is exemplified by Figure 6 which is adapted from de Wit (2). It is
evident that sorghum uses less water than alfalfa. Many other plants provide

Figure 6. Relation between production per container (P) and the ratio of
transpiration per container (W) to pan evaporation (Ee). (Adapted from de
Wit (2).)
similar illustrations. One factor contributing to the relations observed may
be a difference in the abilities of plants to control their water balance.
A generalization concerning growth as a function of soil moisture conditions
cannot include considerations of this type and will therefore be lacking in
general validity.
Another factor of extreme importance in determining the relationships
between plant water deficits, growth, and soil moisture is the nature
of the root system. The root system provides the surface for absorption
of water by the plant and therefore can excercise marked influence on
the balance between lost and absorbed water. The greater this absorptive
surface the smaller the likelihood that water supply will limit plant growth.
Root systems rarely have uniform distribution with depth. Usually
the spatial density of the root system decreases with depth. This nature
of the root system makes generalizations on the relationship between soil
moisture and plant growth very difficult. Figure 7 presents a schematic
comparison of the relationships to be expected with root systems of differing density. This same relation would also apply for different extraction
depths. For example, if one assumes the upper portion of the soil profile
to contain most of the absorbing roots and thus to represent the 'effective'
rooting depth, plant growth may not be influenced materially by soil
moisture changes within the available range for that depth. However,
if one considers extraction over the entire root system, including the deeper
depths where only partial extraction takes place because roots are sparse,
then significant decreases in growth will be observed within the available
moisture range when calculated on the basis of the entire root depth. The
non-uniformity of rooting density within the root zone, the unknown
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Figure 7. Schematic relationship between growth and available soil moisture as
influenced by root density.
fraction of the total absorbing roots in deeper layers, and of primary importance the continued growth of roots into moist soil, particularly in
annual crops, makes it very difficult to evaluate the actual soil moisture
suction to which the plant is subjected. A further complication arises
because root distribution itself is materially affected by soil structure and
fertility. This will make difficult a comparison between results obtained
even with a given crop when grown in different areas.
Growth and Yield
So far plant growth has not been defined precisely in this paper. We
easily recognize several different manifestations of growth such as elongation of plant organs, increase in fresh or dry weight, and vegetative versus
reproductive aspects. These processes are the result of the intricate combinations of many physiological processes, and not all are equally affected
by water deficits and any accompanying changes in the cells and tissues.
The reduction in fresh weight due to moisture deficits may be proportionally much greater than loss of dry weight (5). With certain kinds of
crops, moisture deficits during their maturation period are not harmful
and in some cases may be beneficial. An example of this are crops grown
for the production of seed (5) and other portions of the reproductive organs
such as cotton. During the seed or flower maturation period, vegetative
growth in these crops may be drastically reduced by moisture deficits
without measurable decrease in the yield of the harvestable organs. However, even in these cases, moisture deficits occurring earlier in their growth
period will reduce vegetative development and ultimately the yield of the
harvestable organs.
The fact that various measurable aspects of growth do not respond in the
same manner to water deficits further complicates the problem of formulating a simple relationship between soil moisture and plant growth
and thus makes any sort of generalization along these lines difficult.
Comparison of Field Data
One example of field data, which have led investigators to widely divergent conclusions with respect to the relationship between soil moisture
and plant, growth, is presented in Figure 8. In this figure the yield of sugar
beets is plotted as a function of irrigation treatments in Logan, Utah (3)
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Figure 8. Yield of sugar beets in Davis, California and Logan, Utah. (Adapted
from Doneen (3) and Kelley and Haddock (6).)
and Davis, California (6). Although the definition of irrigation treatments
was not the same in the two locations, they were similar enough to warrant
comparison. It is evident that the widely divergent results of these two
experiments lead to opposing conclusions. Although at both locations the
dry treatments closely approached the wilting point, the Davis yield was
unaffected while at Logan it was markedly decreased. The differences
between these two experiments are believed to reflect differences in root
development and climate at the two locations. In California sugar beets
are planted early, in February or March, while in Utah planting occurs in
May. In Davis sugar beets have a few months to develop a well branched
root system before the hot dry weather and the high evaporative demands
of the summer. This is not so in Utah. Under these conditions measurements
of soil moisture suction, which were used as indicators of the various irrigation treatments in the experiments at Logan, do not necessarily represent
moisture suction near the root surface. It is likely that the roots of plants
with sparse root systems actually experience much greater suctions than
indicated by the conventional macromeasurements of soil moisture.
.Other examples of this type can be found in the literature. They may
involve variables other than those indicated above, but nevertheless they
point out the difficulty of establishing a universally valid generalization
between soil moisture conditions and plant growth.
CONCLUSIONS

Plant growth does not depend directly on soil moisture supply but
rather on the balance between transpired and absorbed water. This balance
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is dependent on soil, plant and climatic factors. Prediction of plant water
balance cannot be made from soil moisture data only nor can it be predicted from transpiration d a t a alone.
Determinations of soil moisture availability, based either on soil moisture contents as related to field capacity and wilting point or on soil moisture suction, cannot be expected, on theoretical grounds, t o be uniquely
related to plant growth. Any relationships developed between soil moisture
content or soil moisture suctions and plant growth will, of necessity, be
empirical and applicable only in an approximate manner to t h e crop under
the prevailing soil, climatic and management conditions. Relationships of
this type should not be expected to provide basic irrigation principles of
wide application b u t rather to furnish the basis for irrigation recommendations useful only in given situations.
F u t u r e effort should center around the study of plant water balance as
related to the evaporative demand on the one hand and to the supply on
the other. Our emphasis should be directed towards perfecting techniques
for measuring plant water balance, studying the flow characteristics of
water in the soil-plant-atmosphere continuum, and evaluating in detail
the nature of the influence of plant water deficits on plant metabolism.
Such information is necessary for the development of valid and universally
applicable relationships between plant growth and water.
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SUMMARY

Inadequate attention to soil-plant-environment as a whole, lack of
sufficiently comprehensive hypotheses relating soil moisture and plant
growth, and limitations of present expressions for soil moisture availability
all contribute to conflicting reports in the literature.
Plant growth does not depend directly on soil moisture supply but
rather on the balance between transpired and absorbed water which is
dependent on soil, plant and climatic factors. Plant water balance cannot
be predicted from soil moisture data only nor from transpiration data alone.
Determinations of soil moisture availability — either soil moisture
content or suction — cannot be expected, on theoretical grounds, to be
uniquely related to plant growth. Expressions relating soil moisture content
and/or suction to plant growth will be empirical and applicable to the
crop only under prevailing soil, climatic and management conditions.
Such relationships cannot provide basic irrigation principles of wide application but can support irrigation recommendations useful in given
situations.
RÉSUMÉ

L'attention insuffisante consacrée à l'ensemble des conditions de milieu
du sol et de la plante, l'absence d'hypothèses suffisamment larges couvrant
les rapports qui lient l'humidité du sol à la croissance des végétaux et les
limitations des possibilités actuelles pour exprimer les quantités d'eau
du sol disponibles, font que la literature contient certains renseignements
contradictoires.
La croissance des végétaux ne dépend pas directement de la quantité
d'eau que le sol peut fournir mais plutôt de la différence entre les quantités
d'eau transpirées et les quantités absorbées, ce qui est fontion à la fois de
facteurs végétaux, pédologiques et climatiques. Le bilan d'eau des végétaux ne peut être déduit à partir de données concernant l'humidité du sol,
mais uniquement de données concernant leur transpiration.
Du point de vue théorique, on ne peut s'attendre à ce que la détermination
de l'accessibilité de l'eau du sol — qu'il s'agisse de la teneur en eau du sol
ou de la suction — soit uniquement liée à la croissance des végétaux.
Les expressions liant la teneur en eau du sol et/ou la suction à la croissance
végétale, seront toujours empiriques ou ne seront d'application qu'à une
culture déterminée dans des conditions de sol, de climat et d'aménagement
données. Ces corrélations ne peuvent fournir des principes fondamentaux
et d'une application large pour l'irrigation, mais elles peuvent, dans certains
cas, contribuer des recommandations utiles.
ZUSAMMENFASSUNG

Es tragen unverhältnismäßige Beachtung der Boden-Pflanze-Umgebung
als ein Ganzes, Mangel an genügend begreiflichen, die Bodenfeuchtigkeit
und das Pflanzenwachstum betreffenden Hypothesen, und Beschränktheit
der heutigen Ausdrücke für die Zugänglichkeit der Bodenfeuchtigkeit,
alle dazu bei, daß in der Literatur einander widersprechende Verhandlungen
erscheinen.
Das Pflanzenwachstum ist nicht direkt von der Verschaffung des Bodenwassers abhängig, sondern eher vom Gleichgewicht zwischen dem transpirierten und dem aufgenommenen Wasser, welch letzteres außer vom
Boden, der Pflanzenart und klimatischen Faktoren abhängt. Die Wasser383
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bilanz in der Pflanze kann nicht aus den Bodenfeuchtigkeitsdaten allein
vorausgesagt werden und ebenso wenig ausschließlich aus den Transpirationsdaten.
Von den Bestimmungen der Bodenwasserverfügbarkeit — sei es als
Bodenwassergehalt oder als Saugkraft — darf man aus theoretischen
Gründen nicht erwarten, daß sie einzig und allein mit dem Pflanzenwachstum in Beziehung stehen. Diesbetreffende Ausdrücke müssen als
empirisch angesehen werden und allein auf die E r n t e anwendbar unter den
gebotenen Boden-, Klima- und Bewirtschaftungsverhältnissen. Solche
Beziehungen können keine Bewässerungsgrundprinzipien
von weitgehender
Anwendung liefern, sondern höchstens Bewasserungsempfehlungen in
gegebenen Fällen unterstützen.
DISCUSSION

PAUL C. EKERN: I question the generality of the development of plant
turgor on a diurnal cycle that depends upon night time restoration, for the
pineapple plant restores turgor by day, and becomes less turgid at night.
(The leaf shrinks by 5 %, thinnest at 06.00, thickest at 15.00).
ROBERT M. HAGAN: Very interesting information. This serves as a further
illustration of the hazards of generalizing concerning water-soil-plant relationships. Recommendations in irrigation practices must be based on specific soil,
plant, climatic and management conditions.
STERLING A. TAYLOR: I should like to comment about a further difference
in the Utah and California data to which Dr. Hagan referred since the Utah
curve was taken from my data. The U t a h studies were based on control of soil
suction in the root zone from the time of planting hence it influenced the plant
growth at all stages. The California data were found on plants that were grown
until well established under uniformly low soil suction, then a differential applied.
My colleague (Haddock) has found that the soil suction must be held low during
the early stages of sugar beet growth but after maximum leaf growth has passed
the influence of suction has little effect on total yield.
ROBERT M. HAGAN: AS pointed out in the paper and by Dr. Taylor, sugar
beets in the California experiments grew for the first two or possibly three
months under relatively cool temperatures with considerable rain. The differential irrigation treatments reported from California were not initiated until
after the beets grew for the first few months under relatively low soil moisture
tension or suction conditions. If the conclusions of the Utah studies have stated,
as given here by Taylor and Haddock, that soil moisture suction must be held
low during the early stages of sugar beet growth but after maximum leaf growth
has passed the influence of suction has little effect on the total yield, then the
California and Utah findings can be brought into harmony. This suggests the
desirability of spelling out in more detail the conditions prevailing in the experiments and thus the limitations which should be recognized in applying the
findings of these investigations.
E. SHMUELI: I have a few remarks and a question about your lecture. As a
plant physiologist doing irrigation research I was happy to hear at this gathering
that prediction of plant water balance cannot be made from soil moisture data
only, nor can it be predicted from transpiration data alone. This has been our
guiding concept in Israel for more than ten years in our experimentation.
Therefore, we have searched for some time to find plant indicators for irrigation
timing. By estimating the degree of stomatal opening, we were able to fix
irrigation times for bananas, corn and cotton. In cotton we were also able to
use the refractive index of leaf sap. In date palms, we have successfully used the
method of leaf growth rate, developed in U.S.
Has any further work in the area of plant indicators for irrigation timing
been done recently in U.S.?
ROBERT M. HAGAN: L. D. Doneen and J. R. Stockton of Univ. of California
Dept. of Irrigation have been studying the scheduling of irrigations by the
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appearance of visual symptoms of plant water stress in cotton. They find
that withholding of irrigation until vegetative growth is retarded by the shortening of the intermodal lengths at the growing tips will not materially reduce
the yield of cotton although the height of the plants will be somewhat diminished.
On some soils under California conditions, this shortening of internodes appears
to be a practical criterion for irrigation. Other work suggests that irrigation
of dry beans can be successfully scheduled by applying water when the color
of the field changes to a lighter yellow green color (caused by a change in leaf
angle exposing the lower surface of the leaves).
C. O. STANBERRY: Is not some of the lack of agreement on soil moisture content
and plant response due to the lack of equilibrium between the plant and soil
systems? The flow of moisture in the soil in relation to texture, pore space, etc.
may differ markedly for various experiments. Since biological activity, including
transpiration, is part of a dynamic system, the two cannot agree unless they are
in equilibrium.
ROBERT HAGAN: A transpiring plant does not represent an equilibrium condition, nor do steady state conditions often, if ever exist in the soil-plant-atmosphere system.
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THE EFFECTS OF IRRIGATION TREATMENTS ON
EVAPOTRANSPIRATION AND PRODUCTION OF SORGHUM AND
WHEAT IN THE SOUTHERN GREAT PLAINS *
by
MARVIN E. JENSEN AND JACK T. MUSICK * *

The Great Plains area represents one-fifth of the United States. This
semi-arid area is generally treeless with native short grass vegetation.
Irrigation developed at a tremendous rate in the 1950's. For example,
irrigation wells in the High Plains of Texas increased from 8,000 in 1948
to 45,000 in 1958. The source of irrigation water is an underground reservoir
that underlies a major portion of the southern Great Plains. Precipitation
varies considerably from less than 10 inches in the driest years to over 30
inches in the wettest years. Precipitation decreases from east to west.
Various empirical formulas have been used to estimate évapotranspiration
(ET) for this area. Estimates give reasonably accurate values for seasonal
ET but deviate considerably when used to estimate daily rates. Variations
in rainfall also increase the difficulty of timing irrigations to provide optimum
soil moisture.
Two major crops produced in the Plains are grain sorghum (Sorghum
vulgare) and winter wheat (Trüicum vulgare). Grain sorghum is grown
primarily between the 30th and 40th parallel and winter wheat between
the 32nd and 43rd parallel. Experiments were established at Bushland,
Texas, (35° 15'), and Garden City, Kansas, (37° 59'), to determine effects
of irrigation treatments on yields and ET.
Annual precipitation averages about 18 inches at both locations and
occurs largely within the spring to fall growing season. Wind velocities at
2-feet above ground average 6.3 miles per hour at Bushland and 8.1 at
Garden City. Maximum temperatures which occur in July average 92 to
94 degrees.
EXPERIMENTAL

PROCEDURE

Bushland, Texas
Experiments with sorghum and wheat on the Southwestern Great
Plains Field Station consisted of six irrigation treatments each with fertility treatments as subplots. Each irrigation treatment consisted of 4
level basins which measured 30 by 170 feet for sorghum and 24 by 210
feet for wheat. Experiments were located on Pullman silty clay loam, a
deep and slowly permeable soil representative of some 12 million acres in
the southern Great Plains. Slow water intake delayed soil sampling until
4 to 10 days after irrigation. ET values during this period were calculated
from the amount of water applied and soil moisture data before and after
irrigation.
* Contribution from Soil and Water Conservation Research Division, Agricultural Research Service, U. S. Department of Agriculture, Kansas and
Texas Agricultural Experiment Stations cooperating.
** Supervisory Agricultural Engineer and Agricultural Engineer, Western
Soil and Water Management Research Branch, Soil and Water Conservation
Research Division, Agricultural Research Service, U. S. Department of Agriculture, Fort Collins and Akron, Colorado, respectively.
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Sorghum irrigation treatments were as follows: Mx — preplanting irrigation only; M 2 — one 4-inch irrigation 1 week prior to boot stage; M 3 —,
M4 —, and M5 — irrigated when the weighted mean soil moisture tension
approached 9, 4, and 1.5 atmospheres respectively; and M6 — the same
as M 3 for the first irrigation, but with the second irrigation given when the
soil moisture tension approached 4 atmospheres. The weighted mean tension
was obtained b y weighting tensions in successive quarters of the moisture
depletion zone by 4, 3, 2, and 1.
The Mx, M3, M4, and M6 irrigation treatments were the same for both
sorghum and wheat. The M2 treatment on wheat had one additional spring
irrigation at the jointing stage while M6 was varied according to rainfall
distribution for the individual season. All plots were given a preplanting
irrigation prior to seeding.
E T measurements were determined b y soil sampling techniques. The
d a t a presented were obtained from eight sampling sites in each irrigation
treatment. The 4-foot Pullman profile holds approximately 7.5 inches of
available water. Irrigations consisted of 4-inch applications t h a t required
about 20 hours to infiltrate into the soil. A sparkling meter and gated pipe
were used to measure and distribute irrigation water.
Hybrid grain sorghum (RS-610) was planted about J u n e 15 at 15 pounds
per acre in 20-inch rows. Concho winter wheat was seeded at 112 pounds
per acre in 10-inch rows.
Garden City, Kansas
Experiments with sorghum and wheat on the Garden City Experiment
Station were based primarily on stages of plant growth with additional
treatments based on size of application or depth of wetting. The moisture
control treatment for sorghum received water applications at preplanting,
at 10 to 14-inch plant height, at boot stage, and at milk stage of grain;
and for wheat at preplanting, at boot stage, at heading stage, and at
milk stage of grain. Irrigations were delayed or omitted to determine
effects of limited available soil moisture and different length of stress
periods approaching selected stages of growth. Three or four treatments
in each experiment continued moisture stress periods through maturity.
Experiments were located on Ulysses clay loam soil which has a deep,
moderately permeable profile. Available water-storage capacity is approximately 2.0 inches per foot of depth. Procedures for soil sampling, water
application and measurement, and E T determinations were similar to those
described for Bushland. Irrigations after planting wet the soil profile to
4 feet. Sorghum was planted about J u n e 10 at 8 to 11 pounds per acre in
14-inch rows. Westland was used in 1957—'58 and hybrid RS-610 in 1959.
Bison wheat was seeded about September 28 at 60 to 90 pounds per acre
in 7-inch rows.
RESULTS AND CONCLUSIONS

Experimental results are presented in figures 2 through 5 with code
symbols given in figure 1. Selected climatic d a t a are included in figures
4 and 5.
Yield Versus Seasonal

Evapotranspiration

Relationships between seasonal E T and yields are presented in figure 2.
Sorghum yields decreased materially when adequate soil moisture was
not maintained. Variations in yield and E T for low moisture levels resulted
largely from variable amounts and distribution of seasonal rainfall. Yields
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Fig. 1. Symbol code for data plotted in figs. 2 through 5.
were increased when rainfall was well distributed in relation to E T requirements. Seasonal E T requirements for maximum yields were 22 to
24 inches. Three irrigations after planting were required in most years t o
maintain adequate soil moisture. The steep slope of the response curve
illustrates the sensitivity of sorghum to moisture stress.
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Fig. 2. The relationship between seasonal évapotranspiration and yield of grain
sorghum and winter wheat as affected by irrigation treatments at Bushland,
Texas and Garden City, Kansas, 1954—1959.
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The response curves for wheat were much flatter than for sorghum,
indicating the lower yield potential and smaller increment increases in
yield with increasing ET. Wheat tolerated considerably lower soil moisture
before encountering moisture stress. Spring growth began with an extensive
root system capable of extracting larger volumes of water.
Seasonal Evapotranspiration
Cumulative ET from sorghum for different years and locations closely
followed a general curve, figure 3. These values were obtained from optimum
moisture treatments resulting in maximum yields. The lower ET at Bushland in 1957 resulted from continuous cloudy weather and lower temperatures in late August through September.

Fig. 3. Cumulative évapotranspiration for grain sorghum and winter wheat
grown under optimum irrigation at Bushland, Texas and Garden City, Kansas,
1956—1959.
This close relationship between cumulative ET and growing season for
sorghum indicates that the mean curve is reliable for predicting water
requirements in most years throughout a large portion of the southern
Great Plains. Deviations are expected to be within 1 to 2 inches under
similar moisture conditions.
.
Winter wheat in Kansas required approximately 5 inches less ET than
in Texas, figure 3. Lower ET in Kansas resulted from lower temperatures
during winter and early spring which lengthened winter dormancy and
delayed spring growth relative to Texas. The mean curves for each area
are reasonably accurate estimates of cumulative ET. Therefore, they can
be used to evaluate water requirements and timing of irrigations for maximum yields. Curves presented for sorghum and wheat will not apply to
lower irrigation levels and moisture stress conditions.
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Daily Evapotranspiration Rates
Considerable variation occurred in daily ET rates as illustrated in figures
4 and 5. In Texas, the rate for wheat increased rapidly with continued
spring growth. The scatter for individual years indicates that a severe
winter can delay spring growth and decrease ET rates. Even though ET
rates varied considerably, cumulative ET was rather consistent. Daily
rates for sorghum followed a similar pattern each year. Peak rates for both
wheat and sorghum were 0.30 to 0.35 inch per day and occurred during
late boot through early heading stages of growth. This period was the most
critical for development of moisture stress.
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Fig. 4. Evapotranspiration rates from grain sorghum and winter wheat in
relation to temperatures and pan evaporation at Bushland, Texas, 1956—1958.
The stage of crop growth, as affected by degree of vegetal cover and
crop maturity, significantly influenced ET rates independent of air temperatures, figures 4 and 5. The increase in ET rates for wheat to a peak
in late May was more rapid than increase in temperatures during the same
period. As plants approached maturity in June, when their ability to
transpire was limited in relation to potential ET, the ET rate decreased
rapidly while temperatures continued to increase. ET rates for sorghum
increased rather rapidly to a peak in early August while temperatures
remained relatively constant. The decrease in ET rates approaching maturity in late August and September was more rapid than the decrease in
temperatures.
It is recognized that temperature is a major factor affecting ET; however,
these data illustrate that stage of growth is also a major factor. Therefore,
empirical methods for estimating ET should include stage of growth factors.
Similar conclusions were made by Rijtema (4) who indicated that no
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Fig. 5. Evapotranspiration rates for grain sorghum and winter wheat in relation
to temperatures and pan evaporation at Garden City, Kansas, 1957—1959.
method based on monthly temperature alone can be expected to give
reliable results for different regions. In addition, methods based on temperature do not adjust for variations in seeding dates from location to
location and year to year and for delayed spring growth of winter crops.
Harrold (2), in evaluating empirical methods (1, 5, 6) with lysimeter
measurements, concluded that they do not take into consideration reduced
rates of ET for a few days after cutting and removing hay. When the van
Bavel method (6) was tested on meadow and corn, adjustment factors
were needed during certain periods.
Pan evaporation from free water surfaces followed temperature more
closely than ET did, figures 4 and 5. Relationships of pan evaporation to
ET also require factors correcting for stage of growth. Pruitt and Jensen (3)
relating pan evaporation to ET at Prosser, Washington, found that a lower
factor was needed for the period before complete vegetal cover.
In summary, results indicate that cumulative ET rates once determined
experimentally can be used with reasonable accuracy for estimating ET
in areas having similar climatic conditions. Also, data presented demonstrate
that empirical methods of estimating ET based on temperature and percent
daytime hours or latitude do not estimate daily rates of ET with sufficient
accuracy. Therefore, empirical methods for estimating ET should include
factors to adjust for stage of growth.
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SUMMARY

Experiments with irrigation treatments on grain sorghum and winter
wheat were conducted at Bushland, Texas, (latitude 35°15' N) and Garden
City, Kansas, (latitude 37°59' N) from 1956 to 1959. Seasonal évapotranspiration (ET) for maximum yields was 22—24 inches for sorghum and
22—29 inches for wheat. Cumulative E T curves were similar between
locations except for a lag of about 5 inches by wheat in Kansas caused
by lower winter and spring temperatures and delayed growth relative to
Texas. Maximum rates for 10- to 15-day periods were 0.30 to 0.35 inch per
day and occurred from late boot through early heading stages of growth.
Sorghum yields increased more rapidly with increasing E T than wheat
and had a much higher yield potential. The quantity and distribution of
rainfall greatly affected sorghum yields when E T was less than 19 inches.
Stage of plant growth and m a t u r i t y had a major effect on E T independent
of air temperatures. Therefore, empirical methods for estimating E T
should adjust for stage of growth.
RÉSUMÉ

Des expériences d'irrigation sur Sorgho (graine) et sur blé d'hiver ont
été conduites à Bushland (Texas) (Latitude 35°15'N) et Garden City
(Kansas) (Latitude 37 C 59'N) de 1956 à 1959. L'évapotranspiration saisonnière (ET) pour rendements maximes était de 22—24 pouces pour le Sorgho
et de 22—29 pouces pour le blé. Les courbes cumulatives d ' E T étaient
semblables pour les deux localités sauf pour le blé du Kansas pour lequel
on constatait un retard de 5 pouces, dû aux températures moins élevées
en hiver et au printemps, et dû à un retard de sa croissance par rapport
au blé du Texas. Les quantités maximales évaporées pendant des périodes
de 10 à 15 jours étaient de 0.30 à 0.35 pouces par jour, et elles se manifestaient à partir de la fin du tallement jusqu'au début de l'épiage.
Les rendements du Sorgho augmentaient plus rapidement avec l'ET que
ceux du blé et son potentiel de rendement était beaucoup plus élevé.
La quantité et la distribution des pluies influençaient très fortement les
rendements en Sorgho quand l'ET était inférieur à 19 pouces. Le stade de
croissance et la maturité avaient un effet majeur sur l'ET, indépendamment
des températures de l'air. Pour cette raison, les méthodes empiriques pour
estimer l'ET devraient être ajustées pour chaque stade de la croissance.
ZUSAMMENFASSUNG

Bewässerungsversuche auf Sorghum- und Winterweizen-Pflanzungen
wurden in den Jahren 1956 bis 1959 zu Bushland, Texas, (auf 35°15' N Br)
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und zu Garden City, Kansas, (auf 37°59' N Br) ausgeführt. Die E v a potranspiration (ET) per Saison betrug für maximale Erträge 22—24
inches bei Sorghum und 22—29 inches bei Weizen. Kumulative E T - K u r v e n
waren für beide Gebiete gleich mit Ausnahme einer Verspätung von etwa
5 inches bei Weizen in Kansas durch niedrigere Winter- und FrühjahrsTemperaturen, und relativ verlangsamtes Wachstum in Texas. Maximum
Beträge für 10- bis 15-tägige Perioden waren 0.30—0.35 inches pro Tage
und kamen durch zu späte Wassergabe infolge zu frühen Blühtenstadiums
vor.
Sorghumerträge nahmen mit wachsender E T schneller zu als die Weizenerträge und zeigten ein weit höheres Ertragspotential. Die Regenmenge und
-Verteilung beeinflußten die Sorghumerträge erheblich wenn E T weniger
als 19 inches betrug. Die Pflanzenentwicklungsstufe und Reife hatten einen
größeren Einfluß auf E T , unabhängig von der Lufttemperatur. Darum sollten empirische Methoden, die E T zu bestimmen, sich ja nach dem Wachstumstadium richten.
DISCUSSION

MUHAMMAD ABDUL QUAYYUM: Could Dr. Musick give the chemical analysis
of these soils on which the ET readings were made — for example the salinity
status.
J. L. MUSICK: This data is not available to the author at the Congress.
E. SCONUELI: In your lecture you discussed 'soil moisture stress'. Does this
concept relate to the whole root zone or just to part of the rootzone; and if
only part, which part?
J. L. MUSICK: Soil moisture stress as used referred to the integrated stress
of the entire root zone.
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WATER-SOIL-PLANT RELATIONS TERMINOLOGY*
by
S. A. TAYLOR AND R.

O. SLATYER **

The rapid development of knowledge and understanding of watersoil-plant relations has resulted in an urgent need for a more precise, yet
potentially more comprehensive system of terminology connected with the
system. The choice of thermodynamic terminology to meet this need has
several distinct advantages: (1) Water relations of soils and plants can be
expressed by thermodynamic variables; (2) Movement of water through
soils and plants at constant temperature has been widely attributed to
thermodynamic forces, and even though these forces may not cause the
flow, it seems that the appropriate kinectic processes and equations can
be expressed in thermodynamic language; (3) Thermodynamic properties
are readily observable and measurable; (4) The relations are basic and
sufficiently flexible to allow for considerable development of the science
b y expanding the terminology; (5) It provides a set of terms that are equally
applicable to both plant and soil water relations.
DEFINITION OF TERMS

The chemical potential or Gibbs free energy per unit mass of water in
a uniform system composed of solids, solution and gases is the most useful
thermodynamic property for expressing the condition of water in the system. In plant and soil systems, wherein the concentration of water in the
system may change as well as the amount of solute in the system, the partial
Gibbs free energy per unit mass of the component water (which is the chemical potential of water) may be expressed by the equation:

^ ( J ^ Ww T+ v W ^ W ïnw\önw)

(i)

J a*»„\W

wherein G is the Gibbs free energy, T and P are Kelvin temperature and
total pressure and nw and w,- are the concentration (mass or mole fraction)
of water and solute species j in the system, and the parentheses means
t h a t all variables except the one under consideration are held constant.
From basic thermodynamic relations, it is known that I
1 = fiw is the
* This terminology was suggested by the group of scientists attending the
UNESCO-Spain symposium on plant-water relations in Madrid, Sept., 1959.
They found that the wide diversity of terms being used by soil and plant
scientists, agriculturists, and ecologists to mean the same thing made it very
difficult to communicate ideas. The thermodynamic terminology was proposed
as an appropriate solution to the problem since it applied to the terms being
used by all of the disciplines represented.
** Professor of Agronomy (Soil Physics), Utah State University, Logan,
Utah, and Plant Physiologist, Division of Land Research and Regional Survey,
CSIRO, Canberra ACT, Australia.
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potential of the chemical species, which in this case is water, in the system,
and l ^ l = —5, where S is the entropy of the system; also (
1 = S,„
vy
\lGj
.y
'
\MJ
or the partial specific entropy of water in the system. * Likewise, the
I — ) = Vw where Vw is the partial specific volume of water in the
inw \7>PJ

system. In accordance with the above pattern we can define— ( — ) =
J^. = T'w where r'w is the partial specific chemical potential of water in the
system. It is a function of moisture content commonly known in the soil
system as the moisture retention or characteristic curve. The total contribution of the dissolved species ƒ in the system can be expressed by 2 JI,- dn, =
2

1— I dnt. Bolt and Frissell (1) have pointed out that another term

to account for the work done on the system might need to be included in
some situations wherein the matrix of the system changes. When this is
so, it can be included as an extra term added to the ones included here.
Usually this effect is combined with the r'w term as it is measured. The
basic equation combining the work term with the moisture content term
can now be written:
4 t = Sw

dT + Vw dP + T'W dnw + Zad»,

(2)

If the temperature is held constant at the reference temperature and the
system is allowed to change from the state of pure free water at atmospheric pressure to some definite condition in the soil-plant system wherein the total pressure on the water is different, then equation (2) can be
applied to both the initial (pure free water) and the final state and the
difference written as:
AI**, = Vw AP + r'Mnvi) Anw + nj(nw) Anj (réf. T)
(3)
Wherein T'winw), and nj{nw) indicate that the functions are not exactly known
and must be measured experimentally. The terms in this form of the equation are readily identified with measurable quantities.
The difference in chemical potential of water in the system and pure
free water at the same temperature (Apw) is called the water potential
(or moisture potential), y>.
The term attributable to an overall pressure difference (Vw AP) occurs
as turgor pressure in plant cells or as hydraulic pressure in saturated soil
systems. The term is called the pressure potential of water in the system,
and given the symbol w In arriving at this term in the simple form it has
been assumed that the partial specific volume of water, V„, is independent
of the total pressure on the system at all moisture contents, there are some
indications that this may not always be a valid assumption for conditions
where very precise measurements are desired in which case it will be necessary to consider this variation in making the integration of equation (2).
The term r'm(nw) dnw is attributable to the more or less solid colloidal
matrix of the soil or plant system. It if can be assumed that the contri* Some authors use a bar over the symbol to indicate partial quantities
such as S; however, we chose to use the notation of Guggenheim (3, P. 210)
wherein the subscript is used to denote the partial quantity, which for water
would be S„.
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bution of the soil matrix to the water potential is negligible when the soil
is saturated, then the moisture content of the soil at saturation may be
used as a reference since it will equal the moisture potential in pure free
water. In plant systems the pure free water should probably be taken as
reference in all cases. In soil systems that are high in colloids, the potential
of saturated soils may be measurably different from that of pure free water.
The saturated soil is not then a valid reference. The moisture potential is
the difference in potential at the moisture content of the system minus the
potential of pure free water rather than the difference in potential at the
moisture content of the system minus that in a dry system. Although there
may be occasions when the dry system may be used as a reference in soils
work, the present practice of using a free water reference appears to be more
useful for the combined soil-water-plant system. Since the moisture retention curve r'wina), is generally not constant and the functional relationship is seldom known in advance, it will usually be necessary to measure the curve experimentally and to perform the integration graphically
from experimental data obtained from a macroscopic system where changes
can be considered continuous. Care must be taken to assure that the curve
used represents the matrix under consideration. This is especially important
in view of hysteresis and changes in matrix that result from shrinking and
swelling, it may be necessary at a later time to specifically include the
work of hysteresis as well as other work that might be done on the system
as a separate term or terms. At a given moisture content with constant
temperature pressure and solute concentrations, the water in the system
can be brought to equilibrium across a matrix impermeable membrane
according to the relation T'W{11W) Anw = VW AP where Vw is the specific
volume of matrix water and ZIP is the tensiometric pressure or matric
suction, T. Since these terms are equivalent ways of expressing the affinity
of the matrix for water either of them {T'w{n<c) Anw or V'wr are called the
matric (adjective form of matrix) potential and given the symbol yiT. The
matric potential can be readily measured in a soil system at the reference
temperature pressure and free of salts by the vapor pressure methods described by Korven and Taylor (4), Richards and Ogata (7), or Monteith and
Owen (5). The matric potential can also be measured in soil with very
good accuracy by use of tensiometers and pressure cells as pointed out by
Taylor (10).
One may, if he wishes, use the matric suction, AT, as the independent
variable in equation (1). If this is done at constant temperature, then the
alternative form of (3) becomes
Afiw = VWAP + V'w Ax + x^àn,

(3a)

It is the combined osmotic effect that results from all solute species present.
It depends upon the relative permeability of the membrane for solutes
and water. It could be calculated if the effect of all of the separate osmotic
species in solution were known, but in water-soil-plant systems, it is more
appropriate to estimate this effect by appropriate measurements. The
term can be measured in pressure terms by equilibrating the water in a
system across a solute impermeable membrane at constant T, P, nw (or T)
to get Jij(„K) Atij = VWAP where ZIP is the solute (osmotic) suction n.
In symbolic form, we can then write the equation for the water potential
as:
V> = Wv + Vr + Vn (réf. T)
(4)

396

1.41
DETERMINING THE MAGNITUDE OF THE VARIOUS POTENTIALS

The total water potential y> has been called by various names such as
diffusion pressure deficit (DPD), suction forces or suction pressure in
plant literature, and total soil moisture stress (TSMS), capillary potential
or pF in soils literature. The total water potential can be estimated to
an acceptable degree of accuracy in a system at constant temperature by
vapor pressure methods (4, 7, 8, 9, 13). The total water potential can also
be approximated by other methods that have been used by plant physiologists (2) and soil scientists (10); for example, if the pressure in the
soil water is constant and if the solute concentration is negligible, it can
be measured by use of a tensiometer or pressure cell at constant temperature provided the matrix of the system is not affected by the measurement (10).
The pressure potential vv is identical with the term turgor pressure
(the negative of the wall pressure) that is so widely used by plant scientists.
In saturated soil, the hydraulic pressure that results from the weight of
the overburden of water is the pressure term. The overburden of soil may
also make a contribution to the pressure term if the water in the buried
soil is not open to the atmosphere, and if the matrix of soil is not changed by
compression and compaction (11).
In plants and unsaturated soil, there may also be a vapor or gaseous
phase and the mass fraction of water in the system may change. This
change in the fraction of water in the system might be accompanied by a
change in bulk volume of the system (swelling of plant tissue) or by a
change in the volume of vapor (air) filled spaces. As the amount of water
changes, the affinity of the colloids for the remaining water changes.
This relationship is called the matric potential because it is caused by
the affinity of the matrix for water. It is widely known in soils literature
and is related to the moisture retention curve; it has also been observed
in plant tissue and can be approximated by the methods of Weatherley
and Slatyer (9, 13) if proper correction is made for changes in the amount
of dissolved solutes as water content changes.
The measurement of the matric potential requires that the moisture
potential be measured in a system that has a constant reference pressure,
P0, and with constant temperature, and solute content throughout. It
would be better if the measurements were done at the constant reference
temperature (25° C) since the curves are known to be different for different temperatures (10). For all except the most exacting measurements,
the tensiometer, the pressure plate, and the pressure membrane equipment meet the criterion of constant solute concentration because the
porous plates and membranes are permeable to solutes and at equilibrium
the activity of the solutes in the soil and in the reference solution are the
same. The activity is usually a satisfactory estimate of the concentration.
Freezing point methods do not meet this criterion since water freezes
out as pure water and there is a difference in solute activity between the
solution and the ice. Neither do the vapor pressure methods for measuring water activity meet this criterion because there are no solutes in the
vapor phase; hence, there is a solute concentration difference between the
reference state and the state of water in soil or plant. Under proper experimental conditions the vapor pressure measurements and freezing point
depression measurements will measure the total water potential y>. Hence,
if these methods (freezing point and vapor pressure) are used for measuring
the matric potential, some independent way must be used to measure the
solute potential at constant pressure and temperature which must then
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be subtracted from the total potential to give the matric potential at the
given reference pressure and temperature.
The osmotic potential y>„ is identified with the osmotic pressure in
both plant and soil literature and can be estimated with varying degrees
of precision b y established methods for determining osmotic pressure in
plant systems (2). In soil systems, it can be estimated from the osmotic
potential of the saturation extract and making an adjustment to the actual
soil water content (6), or it can be obtained b y subtracting the matric
potential from the total potential in a homogeneous system at constant temperature and reference pressure.
EQUIVALENT TERMS Now

IN U S E

The terms 'soil suction' or 'soil moisture tension' apply to the affinity
of the soil matrix for water and are therefore, equivalent to the 'matric
potential' when measured in the usual manner. The terms 'osmotic pressure'
and 'osmotic suction' and 'solute suction' have been used to describe the
solute (osmotic) potential. 'Turgor pressure', 'wall pressure', 'hydraulic
pressure' and 'hydraulic head' mean the pressure potential. The terms
'capillary potential', 'total soil moisture stress', 'diffusion pressure deficit',
and 'suction pressure' have been used to describe the total water potential
which is the sum of all contributing factors under any particular set of
conditions.
SYSTEMS WITH VARIABLE TEMPERATURE

The proposed thermodynamic terminology can also be applied to a
system t h a t is not at constant temperature b y defining a standard tempera t u r e state (Taylor (10) has suggested 25° C) and referring all potentials
to t h a t temperature. It is then necessary to add another term, a temperature potential y r defined by
— Sw dT to equations (3) and (4).
Temperature relations have been studied to some extent (10, 12) but
much more elaboration is needed in both plant and soil water systems.
When dealing with temperature variations, the changes in partial specific
entropy at different temperatures must be considered.
The introduction and use of the proposed thermodynamic terminology
opens the way for parallel terms such as the entropy, enthalpy (heat
content) and energy of soil and plant water (12).
EXTERNAL FORCE F I E L D S

If there are gravitational, electrical, centrifugal or other similar force
force fields acting on the system, they can be included as additional terms
(3). Thus in the gravitational field, equation (3) would become
® = V> + <P = VW AP + T'W{„W) Anw + 7tHn<c) Afij + g Az (réf. T)

(5)

where g is the gravitational constant and Az is the distance in the vertical
direction between the position in the soil-plant system and the reference
plane and q> is the product g Az. Other external fields may be included in
a similar manner when appropriate.
POTENTIAL ENERGY AND EQUIVALENT PRESSURE UNITS

At the present time the most common units of expression for the water
relation of soils and plants are pressure units (energy per unit volume)
of atmospheres or bars. In order to interpret these values in consistent
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energy units, it is desirable to adopt a unit of similar numerical size. The
mks unit of joules k g - 1 is suggested, b u t t h e cgs unit of ergs g _ 1 could
also be used without difficulty. One joule k g - 1 is equivalent to a pressure
of one centibar when multiplied b y t h e specific volume of water which is
near t o unity. One erg g _ I is equivalent to a pressure of one dyne c m - 2
when multiplied by t h e specific volume of water. The mixed mks-cgs unit
of joules g - 1 is an appropriate size b u t is not recommended because it is
not a part of a consistent set of units. However, both the mks and cgs
systems are part of t h e metric system so that no great difficulty would be
involved if one chose to use this unit. The following numerical conversions
can be quickly made b y anyone who is concerned about approximate
equivalent units.
1 a t m = 1.013 bars = 1.013 X 106 dynes c m - 2
1 jouke k g - 1 = 10 4 ergs g _ 1 « (104 dynes c m - 2 ) (1 cm 3 g m - 1 ) m 1 centibar
(cb)
1 bar = 10 6 dynes c m - 2 « 100 joule k g - 1 (10 - 3 dg c m - 3 ) =
106 ergs g _ 1 (1 g c m - 3 )
3
10 joule d g - 1 = 1 joule g - 1 . = 10' ergs g _ 1
These conversions are sufficiently accurate for most purposes, b u t in
precise work where the deviation of t h e specific volume of water is significant, the conversions must be corrected by including t h e specific value
for Vw (or l/Vw) at t h e appropriate place in t h e above conversion equations.
The terminology here proposed is intended for use in t h e interacting
soil-plant-water continuum. There has been a need in this area for clearly
defining the meaning of terms. This h a s been done here b y reference to
the several components of a thermodynamic equation of state for t h e
water in this complex system. I t is hoped t h a t both plant and soil scientists
will use these terms in their own separate fields whenever t h e defined
concepts will fit the water conditions they wish to describe. I n this way,
it will make a clearer understanding of meanings when the two fields are
joined by t h e continuity of water in the soil-plant system.
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SUMMARY

The rapid development of knowledge and understanding of water-soilplant relations has resulted in an urgent need for a more precise, yet potentially more comprehensive system of terminology connected with the
system. The choice of thermodynamic terminology to meet this need has
several distinct advantages (1) Water relations of soils and plants are
governed b y thermodynamic variables; (2) Movement of water through
soils and plants at constant temperature has been attributed to thermodynamic forces, and even though these forces m a y not cause the flow, it seems
t h a t the appropriate kinetic processes and equations can be expressed in
thermodynamic language; (3) Thermodynamic properties are readily
observable and measurable; (4) The relations are basic and sufficiently
flexible to allow for considerable development of the science b y expanding
the terminology; (5) It provides a set of terms t h a t are equally applicable to
both plant and soil water relations.
RÉSUMÉ

Par suite du développement rapide des connaissances qui ont trait aux
rapports sol-eau-plante, il est devenu nécessaire de pouvoir disposer pour
ce système d'une terminologie qui serait plus précise tout en ayant une
portée plus générale. Choisir à cette fin une terminologie thermodynamique
présente plusieurs avantages bien distincts. (1) Les relations sol/eau et
plante/eau sont régies par des variables thermodynamiques. (2) Le mouvement de l'eau, à température constante, à travers les sols et les plantes
a été attribué à des forces thermodynamiques. E t même dans le cas où ces
forces ne seraient pas responsables de ces flux, les processus et équations
cinétiques appropriés pourraient être exprimés en language thermodynamique. (3) Les propriétés thermodynamiques sont facilement observables
et mesurables. (4) Les relations sont fondamentales et suffisamment
flexibles pour permettre, par extension de la terminologie, un développement considérable de la science. (5) Le système prévoit une série de termes
qui s'appliquent aussi bien aux relations plante/eau qu'aux relations
sol/eau.
ZUSAMMENFASSUNG

Die schnelle Entwicklung unserer Kenntnis und Einsicht in die WasserBoden-Pflanze-Verhältnisse führte zu einem dringenden Bedürfnis eines
genaueren, immerhin potentiell mehr begreiflichen System von mit dem
System verbundenen Ausdrücken. Die Wahl der thermodynamischen
Terminologie bietet im Entgegenkommen jenes Bedürfnisses verschiedene,
deutliche Vorteile. (1) Die Boden-Wasser-Verhältnisse werden von thermodynamischen Variabelen beherrscht; (2) Die Wasserbewegung in Böden
und in Pflanzen bei konstanter Temperatur wird auch thermodynamischen Kräften zugeschrieben, und wenn auch diese Kräfte das eigentliche
Fliessen nicht verursachen mögen, so scheint doch, daß die eigentlichen,
kinetischen Prozesse und die entsprechenden Gleichungen in thermodynamischer Sprache ausgedrückt werden können; (3) ThermodynamischeEigenschaften lassen sich glatt beobachten und messen; (4) Die hier gemeinten
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Verhältnisse liegen vielen anderen zugrunde, sind aber doch genügend
fügsam u m durch Erweiterung der Terminologie die Entwicklung der
Wissenschaft keinesweg zu behindern; (5) Das System bietet ein Ganzes
von Bezeichnungen, auf alle Pflanzen-Boden-Wasser-Verhältnisse gleich
gut anwendbar.
DISCUSSION

T. J, MARSHALL: Suppose a clay is heavily loaded and it has a tensiometer
cup in it. What name do you give to the potential given by the manometer
reading ?
STERLING A. TAYLOR: This would be the matric potential. The reading of
course will be different from that which would be found if the load were not
so heavy, and all other conditions remained constant. This because the nature
of the matrix changes with compressive stress. We have handled this situation
in our case by specifying a homogeneous system which means that the matrix
must not change. If you introduce a variable into the system that directly
affects the matrix, as compression surely does, then an additional term must
be added to the equation for water potential to include it. This problem is
further discussed in a paper soon to appear in Soil Science by myself and Mr.
James Box. (The paper has been scheduled for publication about December,
1960.)
PAUL EKERN: Are there inherent difficulties in the manipulation of phase
changes, particularly to the ice phase within the soil mass with regard to
mechanical and volumectric relationships induced by the phase?
STERLING A. TAYLOR: NO. In any system at equilibrium the water potential
will be the same in all phases solid, liquid or gaseous that exist together. The
vapor pressure relation is readily given by the identity:
¥ = An» = RT In • £
where P and P„ are the vapor pressures of water in the system and water in
the reference system (pure free water at reference pressure), R is the gas constant
per unit mass and T is absolute temperature. The specific volume of ice would,
of course, be used for water in the solid phase. If temperature differences are
present along with phase differences then an additional term must be introduced to account for the entropy and entropy change. If energetics are
studied then one must introduce the latent energies of vaporization or solidification.
C. O. STANBERRY: Should the term 'water' or 'moisture' be used?
In the problem the use of 'water or moisture' irrigation efficiency is accepted
for seven usages; plant usage for one. It is suggested that 'water' be used for
'pure water' or that under positive pressure, and that 'moisture' be used for
that under negative pressure.
STERLING A. TAYLOR: We have used the term water here because we are
talking only about water. The distinction between free water and other water
is continually changing so that to say that part of the water is under positive
pressure and should be called water while if the balance is not so it should be
called moisture is completely artificial since the water potential as we have
defined it includes positive pressure, matric affinity or suction and solute affinity or suction all within the confines of a single expression and two or all
three of these components may act at one and the same time on the water
or any one may act alone, consequently to try to distinguish between them is
purely artificial. We prefer water since moisture might refer to any other liquid
that might be added to soil. When water is clearly understood to be the liquid
involved it may be permissible to use the word moisture interchangeable with it.
E. SHMUELI: Comments: This terminology seems to me better than all
others advised, for four reasons:
1. It seems to have a better theoretical basis;
2. It will be easy to explain to agronomists and farmers;
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3. It was prepared by the cooperation of a soil physisist and a plant physiologist and is less likely to be unilateral;
4. The terminology contains all the soil-water-plants-air-systems, which
is the natural system, of all whose parts are closely related.
G. H. BOLT (Comment): Referring to the special discussion on August 17
regarding the use of thermodynamic equations as a means to describe soil
moisture equilibria it would seem appropriate to point out the following.
The meaning of the partial specific quantities, like Sw, etc., as used by Dr.
Taylor, depends on the variables chosen to describe the system, because these
variables, minus the one with respect to which is differentiated, are kept constant during the partial differentiation. Thus the inclusion of a geometry effect
in the term r'^inw (eq. 2 of Taylor) is not satisfactory, because it makes the
meaning of the other partial derivatives uncertain. Naturally it will make a
difference whether, for example, the change of the partial specific free energy
with varying T, at constant moisture content, is determined at constant geometry, or under conditions in which the geometry is allowed to adjust to the
change in the pressure jump across curved menisci accompanying the temperature change. Moreover equation (2) does not allow for the change in geometry occurring under the influence of a varying overburden as present in the
soil profile.
When Dr. Taylor later on suggests that his parameter T' for any soil varies
with circumstances, he in effect seems to condemn his equations (2) and (3),
because this implies that their application depends on the precise knowledge
of the 'moisture retention curve' of the soil under all conditions occurring in the
system studied, i.e. varying overburden, history of wetting or drying etc.
Finally the application of equations (2) and (3) fails in the region where T'„
becomes infinite (e.g. saturated capillary zone), at least if AP (equation 3)
is defined as 'hydraulic pressure resulting from the weight of the overburden
of water'.
The introduction of the term V'^Ar (equation 3a) in which r now refers to
the 'soil moisture tension' or 'matric suction' (which term should have a minus
sign) seems to avoid the difficulties of equations (2) and (3), since in this equation
all partial specific quantities are known with a sufficient degree of accuracy.
To be entirely consistent with the definition of T as given by Dr. Taylor the
parameter A P should now perhaps be defined as 'external' pressure on the
system to avoid ambiguity in case 'turgor pressure' is present (which supposedly
would already be included in the 'tensiometric pressure').
In view of the above it would seem appropriate to suggest that an equation
comparable to (3a) may be regarded as a basic equation with general applicability, whereas equations of the type 3 may be used as alternatives only in
those cases where a uni-functional relationship with finite slope is to be expected
between soil moisture tension (or matric suction) and the moisture content
(cf. also ref. 1 of Dr. Taylor's paper).
5. A. TAYLOR: It was recognized and pointed out in the basic paper that it
would be desirable to include a work term and perhaps others in equation (2)
in order to completely describe the complex water-soil-plant system. As understanding of systems of this kind enlarges, it would be highly desirable to separate
new terms and to include them. In order to do this clearly and unambiguously,
there must be a method for measuring each variable and for holding it constant
while others are being varied. In soil and plant systems, it is not difficult to
vary temperature, pressure, solute content and water content independently.
It is doubtful that in plant systems the shrinking and swelling can be varied
independently from the moisture content variable. Also, there is a close relation between bulk volume and water content of soils over part of the moisture
range.
The problem of hysteresis which Dr. Bolt claims condemns eqs. 2 and 3
is a serious problem which, as yet, is unsolved. Until we are able to explicitly
account for the influence of hysteresis, any equation will have difficulty, including equation 3a which Dr. Bolt prefers. The problems of hysteresis and
shrinking and swelling are present in the terms V'wAx just as they are present
in the term T''»(»«,) AnK of equation 3, since r is not a true pressure but rather
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it arises from the affinity of the solid matrix for water. The affinity in turn, is
dependent upon histeresis and shrinking and swelling (cf. ref. 11 of basic paper).
Rather than eq. 2 and 3 failing in a saturated system as Dr. Bolt asserts,
the term T'„ An„ goes to zero since the Gibbs free energy per gram of water
goes to a minimum as soil becomes saturated (not infinite). The change in
moisture content also becomes zero in saturated soils. In this case, the AP
term, which is defined as the external pressure on the water at a point, becomes
finite; whereas it was zero in unsaturated soil where the pressure is atmospheric
throughout. Since turgor pressure is positive pressure exerted by an external
force (cell walls) on the water in the tissue, it is truly a pressure term and is
independent of the affinity of the matrix for water; hence, it is not a part of the
'tensiometric pressure' which is a measure of the affinity of the matrix when the
external pressure (turgor pressure) is constant.
The matric potential becomes a larger negative number as the matric suction
Ar increases since the reference is taken as pure solute free water. The osmotic
potential likewise becomes a larger negative number as the solute concentration
increases. These two components behave oppositely from the pressure potential
which becomes a smaller negative number (or larger positive number) as the
pressure increases above the reference. In this sense, the pressure potential
should have a positive sign and the matric and solute potentials each negative.
In eq. 2, 3, and 3a the negative signs were considered unnecessary because they
are intrinsic to the terms. The total potential in plants and in unsaturated soils
is likewise negative.
Dr. Bolts suggestion of eq. 3a as a basicequation with general applicability
is indeed gratifying. This equation should be used whenever it can be applied.
I would like to point out that equation 3a is most desirable in a system, wherein
the matric suction can be varied independently. In many systems, it is very
difficult to do this, but it is much easier and more convenient to vary the moisture
content independently, thus, making equation 3 more applicable. One should
use whichever equation best fits his problem and situation. The proposed
terminology is applicable to both, as was shown in the basic paper.
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WATER STABLE STRUCTURE OF CHERNOZEM IN RELATION TO
ITS FERTILITY
by
V. A. FRANZESON

Ail-Union Institute of Fertilizers and Agronomical Soil Science, Moscow, U.S.S.R.
A prerequisite condition of soil fertility is the presence of a water stable
structure. It is necessary for the formation of a water, air and nutrition
regime, favourable for cultivated plants.
ON THE METHOD OF AGGREGATE ANALYSIS

The determination of the quantities of water stable soil aggregates is
mostly conducted by screening a soil sample in water through sieves with
different mesh diameters. Two methods of aggregate analysis are distinguished according to the mode of soil sample preparation for analysis.
1. An air-dry soil sample is thrown into water and then analysed (1, 2).
Air-dry soil usually contains a considerable amount of adsorbed air (1, 3)
which upon a rapid moistening soil is released violently, with a trend to tear
the aggregates in water. This is why with this method only the most water
stable aggregates can be determined.
2. An air-dry soil sample is at first subjected to slow capillary moistening
whereafter it is immersed into water and analysed (4). Slow capillary
moistening of the soil is accompanied by a gradual release of air adsorbed
and so the soil aggregates are not destroyed. By this method of sample
preparation a large number of water stable aggregates is obtained since
not only water stable but also conditionally water stable aggregates remain
stable, i.e. those which retain their stabilities only upon preliminary slow
capillary moistening.
The author's studies on virgin chernozems of Northern Kazakhstan
showed that to estimate correctly the water stable soil structure both
methods should be used.
Thus, in the Rusaev district of the Kokchetav region the number of
water stable aggregates was determined on plots of clay loamy chernozem
of various cultivation terms. The number of water stable aggregates larger
than 0.25 mm in the plough layer amounted to 80.4 % under the first culture after ploughing the virgin soil, while under the second culture (second
year) it dropped to 52.9 %, under the third one (third year) — to 44.0 %,
under the fourth one — 39.3 %, under the fifth — 34.7 %, under the
sixth — 27.5 %. In plots tilled for about 20 years the quantity of water
stable aggregates varied from 19.8 to 43.5 %, according to the mode of
cultivation.
It might have been assumed from these aggregate analyses that in plots
tilled for several years an abrupt drop of soil fertility should have occurred
owing to the decreased quantity of water stable aggregates.
This is not, however, the case. Examination of these fields showed that
the ploughed layer was very structural throughout the vegetation period
exhibiting a very high water filtration rate, so this ploughed layer could
by no way be related to a structureless one. In all the above plots the crops
of spring wheat varied within the range of 17.3—22.3 c/ha. which likewise
indicates the high fertility of soils despite the reduced quantity of water
stable aggregates.
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Quite different results were obtained upon slow capillary moistening
of air-dry soil. The total number of water stable and conditionally water
stable aggregates larger than 0.25 mm in diameter proved big and varying
from 85.6 to 65.1 %. This gave a more correct picture of the structural
condition of the soil under field conditions.
Conditionally water stable aggregates are likewise valuable throughout
the tilled layer deeper than 0—5 cm. In this part of the ploughed
layer the soil under field conditions does not as a rule dry up to the air-dry
state and is slowly moistened via the capillaries. In the most superficial
layer (0—5 cm) strong overdrying of the soil is frequently noted up to the
air-dry state which is followed by rapid wetting with rains. Hence in this
layer there are the conditions of soil aggregates disintegration approaching
those which take place at a rapid moistening of air-dry soil during aggregate
analysis.
The conjoint use of both methods of aggregate analysis provides therefore
a more complete estimate of the water stability of soil aggregates considering
the part of the ploughed layer in which they are situated or are displaced
by soil tillage.
It will appear from the data of Table 1 that from this point of view
three different types of soil aggregates can be distinguished.
1. Soils possessing a great number of water stable aggregates and almost
no conventionally water stable aggregates (virgin chernozems).
2. Soils containing, along with water stable aggregates, a big or pre- *
vailing number of conditionally water stable aggregates (old ploughed
chernozems).
3. Soils containing very few water stable and conditionally water stable
aggregates (e.g. some podzolic soils).
Virgin chernozems exhibit a structure which is water stable in any part
of the plough layer. The structure of old ploughed chernozems may show
good water stability in the lower part of the plough layer, whereas in the
most superficial one its water stability is greatly reduced. The structure
of the podzolic soil tested cannot be water stable either in the superficial
or deeper part of the plough layer.
TABLE 1.

Soil name and place

Total
quantity
of aggregates
larger than
0.25 mm
(after dry
bolting)

1

2

1

Clay loamy usual chernozem, Virgin plot of
the Kokchetav region
Same, old-ploughed
land
Cis-Caucasus chernozem, old ploughed
land. Stavropol region
Podzolic clay-loamy
soil, Moscow region

Soil
No.

2.
3.
4.
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Among them aggregates:

water
stable

conditionally
water
stable

not
water
stable

3

4

5

6

95.6

80.6

2.4

12.6

94.1

43.5

30.2

20.4

95.0

31.1

45.6

18.3

85.7

3.3

18.4

64.0
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ON

T H E L E A S T SIZE O F V A L U A B L E W A T E R S T A B L E

AGGREGATES

As to the least size of soil aggregates which can be valuable of substantial significance is the size of soil pores in which water is retained at a
moisture equal to the field water holding capacity. Valuable are only such
pores between aggregates t h a t do not retain water at a moisture equal
to the field water holding capacity (pores of aeration).
I t has been shown by the author with the aid of a special technique (5)
t h a t loamy and clay chernozems on plots with deep ground waters and a
moisture equal to the field water holding capacity retain water only in
the pores which are formed between particles and aggregates less t h a n
0.01 m m (at a capillary pressure varying from 1/3 to 1/4 a t m ) . Larger capillary and non-capillary pores are aeration pores. Hence, from the viewpoint
of soil aeration 0.01 mm aggregate^ represent the lower limit of the water
stable valuable structure of chernozems.
Calculations show that in soils with a shallow ground water table (not
more than 1 meter) the lowest limit of the valuable water stable structure
should be raised to aggregates 0.1 m m in diameter.
Since the comparatively small water stable aggregates m a y likewise be
valuable the d a t a of microaggregate analyses are of interest.
In the author's view, the methods of aggregate analysis cannot yield
proper information on natural soil microstructure since they involve preliminary violent agitation of the soil sample in water and hence artificial
dispersion of the soil. Use was therefore made of the microaggregate analysis method developed by G. I. Pavlov (1). The rate of fall of variously sized
aggregates in water was computed after Astapov (6).
The analyses showed t h a t the content of water stable microaggregates
smaller t h a n 0.01 m m both in virgin and old ploughed chernozems is
negligible. In 20 samples tested it varied from 0.3 to 0.7 % . The content
of water stable aggregates 0.05 to 0.01 m m in diameter was likewise very
small amounting to 1.6—9.9 % .
It follows from the above d a t a t h a t practically the entire ploughed layer
of chernozems, both of recent cultivation and old ploughed lands consists
of valuable water stable aggregates.
However, water stable aggregates of different sizes are not of equal value.
Small aggregates 0.01 to 0.1 mm in diameter although favouring soil aeration
(with deep ground waters) reduce its permeability and are subject to wind
erosion. Aggregates of medium size averaging 0.1 to 2.0 m m in diameter
ensure good aeration and fairly high water permeability but are likewise
liable to wind erosion. Aggregates larger than 2.0 mm in diameter ensure a
very high aeration rate, water permeability and wind resistance. The
value of these groups of aggregates varies according to the climatic conditions of the area, depth of ground water table, etc.
O N THE FORMATION OF A WATER STABLE STRUCTURE BY PHYSICO-MECHANICAL
FACTORS

The important role of perennial grasses in the formation of large water
stable soil aggregates has been shown b y numerous authors. However,
the role of the physico-mechanical processes in the formation of a water
stable structure without the participation of higher plants has been but
little studied.
It has been shown by D. G. Vilensky (7) and others that water stable
aggregates can form under the influence of an intense mechanical influence
of the soil at a high moisture content.
It has been suggested by the author from the lack of small water stable
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aggregates in old ploughed lands that under field conditions adhesion of
small aggregates takes place which results in the formation of larger water
stable aggregates. It has been shown elsewhere (8) that under a mechanical influence at a moisture content near to field water-holding capacity soil
aggregates at first lose their water stability. If left for some time in a moistened state these aggregates become somewhat more water stable. Concurrently
soil dispersion is greatly reduced which likewise suggests the formation
of more strong bonds between the component particles of the soil aggregates.
Similar results have been obtained in laboratory experiments one of
which is cited below. Air-dry soil — clay loamy chernozem, was ground and
then screened through a sieve 0.1 mm mesh diameter. 50 g soil samples
were placed in aluminium vials where the soil was moistened up to the field
water holding capacity.
In the first series the ground soil was air-dried immediately after moistening.
In the second series the soil was kept moistened for a month and then
air-dried.
In the third series the moistened soil was subjected for 5 min to pressure
(0.5 kg per cm2) and then kept moistened for one month whereupon it was
dried.
In the fourth series the moistened soil was subjected to pressure, dried
to wilting coefficient and after one month storage in this condition brought
to an air-dry state.
Soil samples of all four series were then broken into lumps ca 1 cm in
diameter and subjected to aggregate analysis. The following results were
obtained.

Experiment
series

I
II
III
IV

Total quantity of water
stable and conditionally water stable aggregates larger than
0.1 mm
78.5
78.5
75.6
82.0

Among them
water stable

conditionally
water stable

3.2
14.2
22.3
25.0

75.3
64.3
53.4
57.0

Among water stable aggregates there predominated those 0.5 to 0.1 mm
in diameter, and among the conventional ones those larger than 3 mm.
It follows from these experiments that under physicomechanical influences similar to those attending soil tillage under field conditions there
may be formed in chernozems some quantity of water stable and a great
number of conditionally water stable aggregates.
O N THE FABRIC OF THE PLOUGH -LAYER

The effect of diversity of aggregates in size upon the properties of the
plough layer depends not only on the character of the aggregates themselves,
but also upon their distribution in respect to one another, i.e. on the fabric
of the plough layer. The layers of any particular aggregate composition,
might vary as regards their tillage conditions due to the differences in their
fabrics. The following types of fabric of the plough layer may thus be
distinguished.
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1. Friable fabric — when the soil aggregates only touch but do not adhere
to one another. In this case soil permeability and aeration are high b u t
capillary movement of soil water from one aggregate to another is impeded.
Such a fabric m a y be useful only for the uppermost superficial soil layer.
2. Spongy fabric — when the aggregates partly fuse by their edges but
there still remains an appreciable number of void spaces (pores) between
them. In this case good aeration and water permeability of the soil is combined with good capillary water movement from one aggregate to another.
This is the best fabric for most part of the plough layer.
3. Continuous (or fused) fabric — when the aggregates stick to one another
b y their whole sides due to which water permeability and aeration are
greatly reduced, while the capillary water movement is retained.
Within each of these fabrics' types further subdivisions according to the
density of the plough layer are possible. The change in fabric of the plough
layer after tillage largely depends on the pressure caused b y the tools
passing over the soil surface. In this connection a great importance in the
evaluation of the value of soil structure becomes the study of the mechanical
strength of a soil aggregate at different moisture content.
The good fabric of the plough layer as due to tillage of the soil containing
water stable aggregates can be for a long time preserved only if the mechanical strength of the aggregates is so high that they will not be greatly
deformed b y the implements passing over the soil surface.
Of substantial significance in the evaluation of the fabric of the plough
layer is determination of the volume of the aeration pores at a moisture
equal to field water holding capacity. One of the most simple and rapid
methods providing valuable information on the fabric of the plough layer
is the determination of the rate of water infiltration.
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SUMMARY

The following statements have been discussed in the present paper:
1. A more complete specification of the water stable structure of the soil
requires simultaneous determination both of water stable aggregates, which
remain intact when air dry soil is thrown into water, and of conditionally
water stable aggregates, which retain water stability only upon preliminary
capillary moistening.
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2. In considering the lower limit of valuable water stable aggregates
in the soil due account should be taken of the size of the water retaining
pores at a moisture equal to the field water holding capacity. For loamy and
clay chernozems with deep ground waters the lower limit of valuable structure are aggregates of 0.01 mm in diameter.
3. Physicomechanical processes, such as drying up and prolonged
moistening, mechanical pressure, etc, may give rise in chernozems to a
certain number of water stable aggregates and to a very great number of
conditionally water stable aggregates.
4. The effect of soil aggregates upon the properties of the plough layer
depends not only on the character of aggregates themselves, but also upon
their distribution in respect to one another, i.e. on the fabric of the plough
layer.
RÉSUMÉ

Cette communication discute les constatations suivantes:
1. Une caractérisation plus complète de la structure du sol, stable à
l'eau, nécessite la détermination simultanée, d'abord des agrégats stables
à l'eau qui restent intacts quand le sol séché à l'air est immergé dans
l'eau et ensuite, des agrégats stables à l'eau conventioneis, c.a.d. qui ne
restent stables à l'eau qu'après humectation par remontée capillaire.
2. Quand on veut choisir la limite inférieure des agrégats du sol qui ont
une signification agronomique, il importe de tenir compte du diamètre
des pores qui retiennent de l'eau à l'humidité correspondante à la capacité
en champ. Pour les chernozems limoneux et argileux à nappe phréatique
profonde, le diamètre inférieur de ces agrégats agronomiquement valables
est de 0.01 mm.
3. Les processus physico-mécaniques tels que le désèchement et l'humectation prolongée, la compression mécanique, etc., peuvent donner
lieu, dans les chernozems, à un certain nombre d'agrégats stables à l'eau
et à un très grand nombre d'agrégats stables à l'eau conventioneis.

ZUSAMMENFASSUNG

1. Eine genügend vollständige Beschreibung der Wasserbeständigkeitsstruktur des Bodens verlangt gleichzeitige Bestimmung der wasserbeständigen Aggregate, welche bei Einwurf von Lufttrockenem Boden in
Wasser intakt bleiben, und der bedingt wasserbeständigen Aggregate,
welche allein nach vorhergehender kapillaren Befeuchtung ihre Wasserbeständigkeit behalten.
2. Seine Aufmerksamkeit richtend auf die untere Grenze der wertvollen
wasserbeständigen Aggregate im Boden, beachte man besonders die Grösse
der wasserhaltigen Poren bei einem Feuchtigkeitsgehalt, der Wasserkapazität im Felde gleich. Für lehmige und tonige Chernoseme mit tiefem Grundwasserstand liegt die untere Grenze der wertvollen Aggregate bei 0.01 mm
Durchm.
3. Physisch-mechanische Prozesse, sowie Austrocknung und langwährender Durchfeuchtung, mechanischer Druck u.s.w., können in Chernosemen,
neben einer gewissen Zahl von wasserbeständigen Aggregaten, Anlaß sein
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zur Bildung einer
gaten.
4. Der Einfluß
schicht ist nicht
sondern auch von
der Pflugschicht.

großen Zahl von nur bedingt wasserbeständigen Aggreder Bodenaggregate auf die Eigenschaften der Pflugallein vom Karakter der Aggregate selbst abhängig,
ihrer Verbreitung unter einander, d.h. von dem Aufbau
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CONTROL O F SURFACE W A T E R BY LAND FORMING *
by
T. W.

EDMINSTER**

Land smoothing, grading, and leveling were once considered important
only in the surface-irrigated areas where control of irrigation flows was
essential. Today land forming is recognized universally as a major tool
in achieving optimum water management — having equal importance in
management of surface runoff, drainage, and irrigation. I t also has significant
value through increasing the efficiency of mechanization, i.e. increased
machine speed, reduced wear, improved planting, cultivating and harvesting
precision, and more precise placement of fertilizer, insecticides, and herbicides.
BASIC DESIGNS

A review of the land forming practices throughout the world indicates
t h a t two basic design procedures are widely used. In the simplest procedure,
smoothing is performed only in the direction of the crop row; referred to as
a graded-row method, water management is achieved through use of ridged
or bedded rows. Row grade is maintained at or near the natural land slope;
thus the forming operation is essentially one of removing depressional areas.
This design, used widely in irrigated areas, is also referred to as the single
plane type.
In a second design the land surface is graded in two directions, thus
providing a positive slope in two directions with the natural slope of the
land and across the slope. This design is variably referred to as the double
plane method, or the crowning, bedding or 'turtle-backing' method.
I t is most widely used in surface drainage problem areas for it generally
provides maximum grade for the amount of earth movement required.
Many variations of these two basic designs m a y be encountered. Otto (13)
reports on complete leveling with the grade line established parallel with
the ground water table. The surface grade is established on the basis of
the lower parts of the field being filled to provide a ground elevation t h a t
is 75 cm. above the mean summer ground water level. Forming is done b y the
cut and fill method.
Byrnes *** indicates t h a t the double plane design in preferred by market
gardeners as a way to control the rate of flow down the irrigation furrows.
Morris f emphasizes, however, t h a t the general preference for most applications in Australia is for single plane grading method.
In commenting on land forming in new South Wales, Turner j f points out
* Contribution from the Soil and Water Conservation Research Division,
Agricultural Research Service, USDA.
** Agricultural Engineer and Assistant Chief, Eastern Soil and Water
Management Research Branch, USDA, Beltsville, Maryland.
*** Byrnes, A. District Engineer, State Rivers and Water Supply Commission,
Werribee, Australia; Personal Communication 31 May 1960.
•f Morris, A. O., Secretary to the Irrigation and Water Supply Commission,
Brisbane Australia; Personal Communication 20 May 1960.
f f Turner, A. K. Senior Lecturer in Agricultural Engineering. The University
of Melbourne, Victoria, Australia; Personal Communication 31 May 1960.
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that 'in recent years actually all new rice pasture layouts are designed
in the field by running contour lines by level at 2" to 3 " steps in elevation
using the original level information for overall design of the scheme.
. . . Smoothing is done within these contour layers. The new system gives
better control of irrigation and drainage . . . "
An increasingly important application of land forming is in the altering of the natural contours of a field by cutting high spots and filling low
areas so that terraces and contour row systems may be laid out on an essentially parallel basis. Parallel terrace systems on fields that have been
land formed eliminate point rows and sharp turris. They also permit establishment of more uniform and effective channel and row grades. Uniform
alignment also facilitates use of multiple row equipment, thus improving the
operational efficiency of the field.
A practice developed for dairyland areas where moisture conservation is
an important factor (all moisture for crop production coming from rainfall)
is represented by a more drastic variation of conventional land forming
called the Zingg conservation bench (20). This practice consists of a terrace
system emphasizing level contour benches and ridges to provide erosion
control and to retain, spread, and infiltrate surface runoff on sloping land.
This system has strips of sloping, unleveled land between the formed benches;
these serve as areas that contribute runoff to the benched catchment area.
CALCULATIONS

A number of techniques have been used for carrying out the necessary
land-grading calculations. As greater emphasis has been given to precision
water management these calculations have become more extensive and time
consuming. As early as 1940 Givan (5) reported on the use of least squares
as a method of calculating the plane of balanced cut and fill with total cut
near the minimum. This was proposed to replace the more common trial and
error techniques. Chugg (3) extended this technique to a field made up of
more than one rectangular block. A further refinement has been suggested
by Raju (14) in what he calls the 'fixed-volume center method'. Marr (11)
and Gattis (4) give explicit directions for field surveys and staking to
achieve precision grading and forming. Whatever method is used, Morris f
emphasizes that appropriate accuracy standards for survey work should be
based on the construction tolerances; e.g., high standard survey work on a
plowed field where rod readings may vary markedly for positions a foot apart
for a forming job that is to have a construction tolerance of ± 0.10 feet
is unnecessary and wasteful.
SURFACE

GRADE

Since precision water management is one of the primary purposes of
land forming, the selection of surface grades is extremely important. Factors that must be considered include type of irrigation method proposed,
initial land slopes, soil type, soil erodability, and hazard of erosive rainfall during a fallow period or following an irrigation. When forming is done
to facilitate drainage, grade is again influenced by natural slope, erosivity
of the soil, and, on extremely flat land, the elevation of the outlet.
Marr (11) in a summary of irrigation methods vs. grade limitations
indicates that grades of 0.15 % or less, are satisfactory for ordinary furrow
irrigation. While greater slopes may be used, it is preferable to keep them
less than 0.4 %. He indicates that widely spaced borders can be used on
•f See note p. 411
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land slopes capable of being graded to less than 1 % slope but again, it is
preferable to keep the grade below 0.2 %. Cross slope is permissible if the
difference between elevations of the border edges does not exceed 0.2—0.3
feet.
In analyzing grades for surface drainage Walker and Lillard (18) found
that on two widely different Virginia soils that, while a grade of 0.1 %
would provide adequate drainage on the better drained soils, it was desirable
to have a minimum of 0.15 % slope on the more poorly drained soils.
When surface grades have been established definite construction tolerances must be set up. In the United States most forming operations with
scrapers are done to a grade of ± 0.1 ft. per 100 ft. A land leveler is then
used to bring the area to final grade. Final smoothing should be done with
a land plane operated in several directions to bring the area as near to perfect
grade as possible. The exact tolerance cannot be set as the type and length
of machine, soil condition and operator experience will each be limiting
factors.
When minimal grades are used distinct maintenance problems develop.
Problems of settling in fills can seriously affect new areas. Walker and
Lillard (19) have found that in addition to the normal 1 : 1.5 cut-fill ratio
used to offset the normal effect of soil displacement, it is essential to add
an additional 10 % to the fill to balance initial settling. Saveson (16)
suggests that shrinkage may vary from 0.04 to 0.10 ft. These figures will,
of course, vary with different soils and different construction techniques.
On extremely flat grades minor depressions and/or ridges may develop
from the farming operations. One to two hours per acre of smoothing with a
land plane is essential before each irrigation season to remove these irregularities. Pastured areas should be checked and corrected by a smoothing
operation whenever reseeded.
COSTS

On a world wide basis land forming costs apparently'do not vary widely,
the main variations being a function of extent and degree of precision required. For example, simple filling of depressions and smoothing to facilitate
mechanization may cost $8 to $10 an acre, while a full water management
system, which includes prescision land forming, lateral ditches, and connection to main, may vary from $35 to $120 per acre. Byrnes*** reports
prices of 12 to 25 pounds ($33 to $70) per acre for systems designed primarily
for Australian irrigation. Morris f reports the approximate cost of single
plane grading in Southern Queensland at £10 to £12 ($28 to $35) per acre,
excluding the construction of check banks and ditches. In border check
systems these prices may go as high as £ 20 or $ 56 per acre, where the cuts
and fills do not exceed 12 inches.
In Ontario, Irwin* reports that the double plane method of layout for
improved pasture drainage costs approximately $25 per acre. In the
Atlantic provinces Maclntyre** reports costs between $60 and $75 on experimental areas being land formed by the double plant layout for drainage.
* Irwin, R. W. Assistant Professor of Engineering Science, Ontario Agricultural College, Guelph, Ontario, Canada; Personal Communication 14 March
1960.
** Maclntyre, T. M. Superintendent, Experiment Farm, Canadian Department
of Agriculture, Nappan, S. E. Canada; Personal Communication 17 March 1960. •
*** See note p. 411.
f See note p. 411.
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Saveson (15) in evaluating costs for forming sugarcane land for surface
drainage reports average conditions requiring 4.5 to 5.5 machine hours of
work per acre, while extremely uneven areas may require up to 10 hours
per acre; costs thus vary from $45 to $ 100 per acre. Bryan, et al (1) report
similar figures for Arkansas.
RELATED PROBLEMS

Improved water management is a basic objective of land forming. Unfortunately, the practice itself sometimes creates" problems through reduced
infiltration and profile permeability. Variation in soil type and in the
reaction of the soils to drastic manipulation become important considerations. Soil compaction may be serious on areas of heavy fill or where land
levelers have been used extensively for precision grading. Saveson (16)
reports increases in the bulk density of fill areas of approximately 0.10
grams/centimeter (approximately 6-1/4 lb./cu. ft.). Preliminary unpublished
data acquired under Walker's direction in Virginia confirms this compaction
problem. There is evidence that the depth of compaction caused by the
earth moving and grading equipment may be in excess of one foot. Its full
effect upon profile transmission remains to be evaluated. Otto (13) points
out that on certain of the low sandy soils of the Netherlands land preparation consists of a combination of land leveling and loosening of the subsoil.
In many world areas the removal, or mixing up, of top soil with subsoil
that occurs in the land forming program may severely affect initial crop
yields. Establishment of improved water management conditions through
grading are frequently delayed by concern for this problem. Except in
cases where the subsoil is toxic to plant growth due to specific chemical
constituents, there is little evidence that the depressed yields usually associated with top soil removal cannot be corrected by application of intensive
management practices; i.e., intensive fertilization and Urning, deep tillage,
and sound crop-res jdue management.
TABLE 1. Influence of Land Leveling on Subsequent Cotton Yields.
Treatment

Feet

Seed cotton/acre lb.

Roger Hall Farm
Cut 0.25
Fill 0.25
Neutral

Avg.
Avg.

2319
2021
2392

Egypt Plantation
Cut 1.0
Fill 0.9
Neutral

Avg.
Avg.

2437
2408
2452

Delta Experiment Station
Cut 0.3
0.6
1.2
1.8
Fill .2
.4
Neutral
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Grissom (6) has reported some preliminary data on the effect of 'cut',
'fill' and 'neutral areas' on the initial yield of seed cotton on three different areas in the Mississippi Delta. These data show considerable variation in
response, however, generally the cut areas have out yielded the fill areas
indicating that special attention must be given to correcting the structural
damage that tends to occur in the fill areas. Harris, et al (7) in discusssing
tillage practices for irrigated soils further emphasizes the damage that land
leveling does in bringing about soil compaction and pulverulization resulting
in decreased rates of water intake.
A method of analyzing and projecting the fertility needs of leached lands
has been reported by Nelson and Crawford (12). Emphasis was placed
on a survey that would provide specific data on the depth-distribution
levels of essential plant nutrients.
Surface ponding of excess precipitation and/or irrigation water is recognized as an important mosquito source and is associated with other
disease problems. Inefficient irrigation and poor land preparation contribute to this problem, particularly in irrigated pasture areas. Extensive
studies (9, 10) in California indicate that where land forming and smoothing
has eliminated the depressional storage in irrigated areas considerable
control could be achieved on the Aedes and Culex species of mosquitoes. On
a world basis the significance of insect and disease control through land
forming practices must not be overlooked.
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SUMMARY

Land forming rearranges t h e earth's surface permitting improved water
management. Through adjustment of t h e micro-relief of a field, positive
surface drainage can be achieved. By grading to selected slopes, uniform
irrigation m a y be applied with a minimum of ponding or erosion. Smooth
uniform fields facilitate high speed mechanization of farming operations.
Land forming, made possible b y the rapid advancement in heavy earthmoving equipment, can tailor a field for optimum water management. While
the basic designs and techniques of this practice are widely recognized,
there still remain many critical problems that challenge t h e soil scientist
and engineer alike.
At present t h e grades recommended for land forming are based on standard grades for irrigation practice. If a design engineer h a d more precise
knowledge of t h e rates of infiltration t h a t could be expected on a formed
field plus definite values for t h e rate of advance of furrow or border streams,
he might well modify the leveling design. B y modifying grades, slope
lengths, adjusting tolerances in row grade, or t h e degree of cross-slope,
distinct savings might be made in t h e volume of earth moved.
More specific knowledge of plant-nutrient and soil-structure problems
t h a t are likely to develop following radical earth moving must be obtained.
J u s t exactly what happens to the surface infiltration rates under cut, fill,
and neutral conditions? W h a t influence do t h e various techniques of spreading and compacting fill have upon t h e rate of water transmission through
the redeveloped profile? How do variations in soil type or in previous
soil management practices influence crop response and water movement
following a land forming program? W h a t adjustment should be made in
earth moving techniques and in the subsequent tillage a n d crop management practices to overcome t h e structural damage t h a t m a y have occurred?
These are b u t a few of t h e questions t h a t research must answer before
land forming can become fully utilized as a water management practice.
RÉSUMÉ

Le remodelage des terres, rendu possible par les progrès rapides réalisés
dans le développement des gros engins de terrassement, peut façonner une
terre de telle manière que l'aménagement hydrique y soit optimal.
Actuellement, les pentes recommandées sont les pentes standard recommandées pour l'irrigation. Si l'ingénieur, responsable du plan de nivellement,
connaissait d'une manière plus précise les t a u x d'infiltration auxquels on
peut s'attendre sur les champs modelés, et s'il disposait de valeurs précises
sur la vitesse d'écoulement de l'eau dans les rigoles où dans les fossés de
bordure, il est possible que son plan de nivellement serait différent. E n modifiant les degrés et les longueurs des pentes, en ajustant les tolérances de
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"row-grade" c.à.d. de la pente perpendiculaire à la pente principale, on
pourrait faire des économies en terre déplacée. Il est également nécessaire
d'obtenir plus de renseignements sur les problèmes de nutrition et de structure qui pourront se poser après un déplacement de terre assez prononcé.
Que se passe-t'il exactement avec les taux d'infiltration des surfaces, pour
les parties de terrain décapées, remblayées ou laissées telles quelles? Quelle
est l'influence des diverses techniques d'épandage et de compaction du remblai
sur la transmission de l'eau dans les nouveaux profils qui s'y développeront?
Quelle est l'influence des divers types de sol et des systèmes d'aménagement antérieurs sur les cultures et les mouvements de l'eau après le remodelage? Comment faut-il ajuster les techniques de terrassement et les méthodes culturales et de labour qui les suivront pour remédier aux dégâts qui ont
pu être infligés à la structure? Ce ne sont que quelques unes des questions
auxquelles la recherche devra répondre avant que le remodelage des terres
puisse être utilisé de manière généralisée comme méthode d'aménagement
hydrique.
ZUSAMMENFASSUNG

Umformung der Landoberfläche erlaubt vielfach eine verbesserte Wasservorsehung. Durch Ausbildung von zweckmässigen Abhängen kann
uniforme Bewässerung mit einem Minimum von Pfuhlen oder von Erosion
zur Ausführung kommen. Der schnelle Fortschritt im Bau von Maschinen
zum Versetzen schwerer Erdmassen ermöglicht ein Feld optimal zu bewässeren.
Das Gefälle welches man heute noch bei der Umformung als wünschenswert empfehlt, entnimmt man gewissen Standardgefällen, der Bewässerungspraxis entlehnt. Mit genauerer Kenntnis der zu erwartenden Einsickerung in
den Boden, plus bestimmter Werte für Gassenbildung oder Randströme
liesse sich das Niveauxschema sehr wohl modifizieren, wodurch sonst fortgeführte Erde öfters behalten werden kann.
Über Pflanzenernährungs- und Bodenstrukturprobleme, welche einer
derartigen radikalen Bodenverlegung entspriessen dürften, muss gewiss
mehr Kenntnis erworben werden. Sie betreffen z.B. die Einsickerung des
Wassers in die entblössten und die aufgefüllten Stellen, die Durchlässigkeit
im neu entwickelten Profil, u.s.w. Dies und andere Probleme müssen erst
durch praktische Untersuchungen beantwortet werden, ehe ein Landumformungsprojekt völlig ausgenutzt werden kann.
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VI.2

A UNIVERSAL SOIL-LOSS EQUATION TO GUIDE CONSERVATION
FARM PLANNING *
by
WALTER H. WISCHMEIER AND DWIGHT D. SMITH**

An improved soil-loss prediction procedure which was recently developed
provides realistic guides for effective conservation farm planning. It provides
a method for determining the various combinations of cropping systems and
management practices which, under the type and distribution of rainstorms
expected in the particular locality, will provide satisfactory erosion control
on each specific field. From the satisfactory combinations, the farm manager can then select the production plan which promises optimum returns
from his particular enterprise. The procedure presented in this paper is
particularly valuable for extending the use of soil and water conservation
research data to areas where rainfall pattern, topography, soil, and level
of productivity differ substantially from the conditions sampled in plot
studies.
BACKGROUND

Zingg (12) expressed soil loss as a function of length and per cent of slope.
Smith (4) added crop and conservation practice factors to the equation
and introduced the limiting annual soil loss concept. Browning, et. al. (1)
added soil erodibility and management factors. These concepts were further
expanded during the next ten years in publications by Musgrave (3), Smith
and Whitt (5) (6), Lloyd and Eley (2), Van Doren and Bartelli (8), and
Smith and Wischmeier (7).
Two systems evolved for estimating soil losses from farm fields, one
system in the North Central States and another in the Northeastern States.
More than a decade of experience in the two regions proved the value of
empirical soil-loss equations to provide guides for effective conservation
farm planning. Recognized limitations of the earlier formulas were their
inability to reflect effects of differences in locality rainfall patterns, failure
to recognize significant factor interactions, and lack of flexibility for
differences in management and productivity level.
In 1954, a National Runoff and Soil-Loss Data Laboratory was established
by the U.S. Department of Agriculture at Purdue University. More than
8,000 plot-years of basic erosion-plot data were assembled from 37 locations
in 21 states and transferred to punched cards to facilitate classification
and machine computations. Concentrated efforts to develop a soil-loss
estimating equation free of regionalized base values, and therefore universally applicable wherever rainfall erosion is a problem, were begun at this
laboratory in 1956. Several developments which contributed to greater
accuracy in field soil-loss estimation were the derivation of a numerical
rainfall erosion index, the development of a method for evaluating the
cropping-management factor on the basis of localized conditions, and the
identification of significant factor interactions influencing soil erosion.
These developments were incorporated in the new erosion equation.
* Contribution from the Soil and Water Conservation Research Division,
Agricultural Research Service, USDA, in cooperation with the Purdue Agricultural Experiment Station.
** Analytical Statistician, USDA, Lafayette, Indiana, and Agricultural
Engineer, USDA, Beltsville, Maryland, respectively.
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A UNIVERSAL SOIL-LOSS EQUATION

The mathematical model for the equation is: A = R K L S C P, where A
is the computed average annual soil loss, R is the expected annual value
of the rainfall erosion index in the locality, K is a quantitative measure of
the erodibility of the soil, L and S are factors for length and per cent slope,
respectively, C is the cropping-management factor, and P is a factor for
special erosion-control practices. The respective factors are discussed
individually in subsequent paragraphs, and sources of data for their localized evaluations are indicated.
The rainfall factor, R, evaluates the capacity of expected rainfall in the
locality to erode soil from unprotected fields.
In regression analyses of the assembled basic data, storm soil losses
from cultivated continuous fallow plots were found to be highly correlated
with the product values of two rainstorm characteristics: kinetic energy in
hundreds of foot-tons per acre times maximum 30-minute intensity in
inches per hour (9). Without exception among the available sets of fallowplot data, this energy-intensity product explained a greater percentage of
the total soil loss variance than did the combination of any three of 41
other rainstorm characteristics and interaction terms studied. Because of
its consistent high correlation with soil loss, this product term provides a
valuable rainfall erosion index (abbreviated EI).
The EI is an interaction term which describes the effect of the particular
manner in which splash erosion and turbulence are combined with runoff
to transport dislodged soil particles from the field. Absolute accuracy of the
rainfall energy table (11) used for computation of storm erosion index
values is not essential to the validity of the EI term as an indicator of the
erosive capacity of a rainstorm.
The sum of the storm EI values for a given time period provides a numerical evaluation of the erosivity of the rainfall within the period. Period
soil losses from row crops were also very highly correlated with the corresponding EI values when the data were classified for uniformity of cover
and management. The relationship of soil loss to the EI was linear, but the
slope of the least-squares regression line varied with differences in soil
type, land slope, or management.
Rainfall erosion index values computed from 22-year recording-raingage
records of 158 locations in the humid and semi-arid regions of the United
States show significant geographic trends in the erosion potential of average
annual rainfall.
Regional iso-erodent maps, as illustrated by figure 1, will be published
in bulletin form. An iso-erodent is a line connecting points of equally-erosive
rainfall. The pertinent value of the rainfall factor, R, for solution of the
equation at any location in the region may be read from the map by interpolating between the delineated iso-erodents.
Annual values and maximum-storm values of the erosion index follow lognormal frequency-distribution patterns, which are usually well defined
by continuous rainfall records of from 22 to 25 years. Maps have been
prepared showing 2-year, 5-year, 20-year and 100-year probabilities,
respectively, of annual and maximum-storm values of the index at the
158 key locations. The quantity of soil loss that will be exceeded 1 year
in 5 or 1 year in 20, on the average, may be estimated by letting R in
the equation equal the 5-year or the 20-year probability value of the index.
The soil-erodibility factor, K, is the average soil loss in tons per acre per
unit of erosion index, from a particular soil in cultivated continuous fallow
and with length and per cent slope at unity or an arbitrarily selected base
419

Vl.2
value. The values of K for a series of benchmark soils will be evaluated
from actual rainfall and soil loss data. A few examples of K values for 9 %
slopes 73 feet long are: Marshall silt loam, 0.35; Fayette silt loam, 3.9;
Shelby loam, .45.

Figure 1. Average annual values of the rainfall erosion index in the Southeastern
States.
Topographic factors, L and S. The greater the field slope length and the
steeper the inclination, the greater is the expected soil loss per unit area
when other conditions are constant. The relationships of length and per cent
slope to soil loss are, however, not constant. Research data indicate significant interaction effects between the two topographic factors and with
soil characteristics, management level, and storm size. Methods of deriving
localized evaluations of the L and S terms are being further investigated.
A convenient chart for adjusting soil-loss estimates to any field combination of length and per cent slope, published in 1958 ( 11 ), was based on average
values of L and S computed from plot studies over the past 30 years. A
discussion of the variability in these factors is included in the referenced
publication.
The cropping-management factor, C, is the expected ratio of soil loss from
land cropped under specified conditions to soil loss from continuous fallow on
identical soil and slope and under the same rainfall. This term reflects a combination of effects of cover, crop sequence, productivity level, length of growing
season, cultural practices, residue management, and rainfall distribution.
Rainfall distribution is included in the cropping-management factor
because annual values of the rainfall erosion index are not in themselves a
complete measure of the effect of rainfall pattern on soil erosion. The normal
distribution of erosive rainstorms within the year, in relation to crop periods
without adequate vegetative cover, is highly important.
To provide convenient data on the expected monthly distribution of
erosive rainstorms in each locality, erosion index values at the 158 key
locations were computed for each month of the year. Cumulative average
monthly values of the index, expressed as percentages of average annual
values, were plotted against dates, as shown in figure 2 for three locations
with widely differing distribution patterns. The respective curves for the
420

Vl.2
158 key locations were compared to delineate geographic areas with essentially uniform monthly distribution of erosive rainstorms. Curves applicable
within these respective areas were then identified on key maps for publication on a regional basis together with the relèvent curves and iso-erodent
maps.
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Figure 2. Erosion index distribution curves for three locations with widely
differing monthly distributions of erosive rainstorms.
The more than 8,000 plot-years of basic soil loss and related data were
analyzed to evaluate influences of vegetal growth, crop sequence, tillage,
productivity levels, and residue management on erosion of soil by rainfall.
Data for each combination of these factors were classified on the basis of
five brief crop-stage periods selected for relative uniformity of cover and
residue effects within each: the rough fallow, seedbed, crop establishment,
maturing crop, and residue periods. For each of these, measured soil losses
under specific combinations of cover, crop sequence and management were
tabulated in terms of percentage of losses from fallow under identical
rainfall. A brief portion of a 10-column 100-line tabulation published in
1960 (10) is shown in the table. Tabulation of the data by crop-stage intervals provides flexibility in evaluating numerous possible crop sequences
and permits evaluation of the cropping plans under specific rainfall patterns.
The complete table was designed for use with*erosion index distribution
curves such as shown in figure 2. To derive a rotation C-value, each crop
year is divided into crop-stage periods. The inclusive dates for each period
are determined by local plowing, seeding, and harvest dates. Entering the
appropriate erosion index distribution curve with these dates, the percent
of the annual erosion index expected within each crop-stage period is obtained by subtracting point readings along the vertical scale. The anticipated
crop, sequence, residue management, and productivity level determine the
line from the table which is applicable within each period. The value obtained from the distribution curve for each crop-stage period is multiplied
by the corresponding value from the table, and the respective products are
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summed for the entire rotation cycle. The result is the expected ratio of soil
loss from the rotation to average annual soil loss from continuous fallow
under the specific rainfall pattern. This value divided by the number of
years in the rotation is the C-value for the soil-loss equation.
The erosion-control practice factor, P, takes into account the erosioncontrol benefits gained by farming on the contour, by strip cropping, or by
combining terraces with contouring. For farming on the contour, P assumes
a value within the range 0.5 to 1.0, depending upon the per cent land slope
(7). Contour strip cropping in a two grain and two meadow strip system
reduces the value of P to half of the value for contouring on a similar slope.
In recent years, the practice-factor value for terracing combined with contouring has been assumed approximately equivalent to that for strip
cropping. However, the effective slope length for terracing is the horizontal
terrace spacing, and the effect of this reduction in slope length is in addition
to the benefits measured by the practice factor, P. The effective slope
length is not reduced by strip cropping.
TABLE

1. Ratio of soil loss from crops to corresponding loss from continuous
fallow*
•
Crop Yields

Cover, Sequence and
Management

Mea- Corn
dow

tons
Corn, continuous, residues
removed
—
Corn, continuous, residues
left
—
lst-yr. corn after meadow,
<1
all residues left
lst-yr. corn after meadow,
3
all residues left
2
lst-yr. cotton after meadow
Small grain with meadow
seeding:
2
after 1st corn after meadow
2
after 2nd corn after meadow
Established grass & legume
3
meadow
*

•

Crop-s tage period**
F

1

2

3

4

bu.

%

/o

/o

%

/o

60

80

85

60

30

70

75

36

63

50

26

30

40

23

40

38

25

35

70
M

10
15

28
34

19
45

12
35

18
30

60
40

—
—

30
58

18
35

3
3

2
3

—

04

* Small portion of 100-line published table (10).
** Crop-stage periods: F-fallow, 1-seedbed, 2-establishment, 3-growing crop,
4-residue.
If deposition of soil in the terrace channels were ignored, the contouring
practice factor would be appropriate instead of the strip cropping factor.
This more conservative evaluation of the benefits of terraces would require
the use of less intensive rotations and would result in substantially less soil
movement to the channel and a higher degree of conservation on terraced
fields. Additional carefully designed studies are needed for more accurate
evaluation of this factor.
APPLICATION

On every field, a farmer is confronted with a given combination of basic
conditions which influence the rate of soil erosion. These include topography,
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soil characteristics, prior erosion, land-use history, length of growing season,
and rainfall characteristics and storm distribution normal t o t h e locality.
Upon this set of basic conditions he m a y apply a selected combination of
cropping system and management practices. The respective combinations
of the latter factors provide various degrees of erosion control. The first
four terms in t h e right-hand member of t h e erosion equation utilize knowledge of t h e combination of basic conditions as they exist on a particular
field to estimate a base soil-loss rate for the field. The other two terms apply
the knowledge gained from three decades of erosion-control research to
predict how much t h e estimated base soil loss would be reduced b y a n y
specific combination of elective cropping and management practices. Thus,
solutions of the equation provide a list of the alternative farm plans with
which soil loss from the specific field can be limited t o a selected level.
The major limitation of t h e universal soil-loss estimating equation is
lack of sufficient research d a t a for evaluation of some of the factors. Reliability of t h e procedure will be further enhanced as continuing studies, both under natural rainfall a n d under simulated rainfall, provide t h e needed
information. Prediction of specific-storm or specific-year soil losses would
involve numerous additional factors in complex formulas t o account for
differences in antecedent moisture, soil surface conditions, a n d m a n y other
extraneous variables. The procedure outlined above was designed to predict
longtime average soil losses for specific combinations of rainfall pattern,
topography, soil, cropping, management and productivity level. Extensive
field-plot measurements indicate that the predictions are sufficiently accurate
to provide reliable and very valuable guides for conservation farm planning.
The iso-erodent maps, erosion index distribution curves, a n d croppingmanagement table are not for operational use b y farm planners. Rather,
they are a source of information for preparation of handbook tables a n d
charts for specific geographic areas characterised b y relatively uniform
rainfall distribution and crop seeding dates.
Field application of t h e equation a n d t h e procedure t o guide conservation
farm planning was begun b y the Soil Conservation Service in Tennessee in
1959. Its adaptation to t h e other Southeastern States is now underway.
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SUMMARY

The soil-loss estimating procedure presented employs recent research
developments to provide more accurate guides for conservation farm
planning. The equation expresses field soil loss in tons per acre as a function
of rainfall characteristics, storm distribution, soil, topography, cover, crop
sequence, productivity, tillage, residue management, and erosion-control
practices. Measurements of existent climatic and physical conditions
provide evaluations of terms in the equation which estimate the basic
soil-loss rate for a field. Other terms apply information from 30 years of
erosion-control research in 21 states to estimate how much this basic rate
could be reduced with each of various feasible combinations of elective
cropping and management practices. Combinations which will hold soil
loss below an allowable limit can be considered in selecting a farm production plan that will maximize returns while safeguarding future production
potential. Sources of information for localized evaluations of factors in the
erosion equation are presented.
RÉSUMÉ

La méthode pour estimer les pertes de sol qui est présentée ici, fait appel
aux derniers développements de la recherche dans le but de mieux guider la
planification conservatrice des fermes. L'équation exprime les pertes de sol
en champ (en tonnes/acre) en fonction des caractéristiques des précipitations,
de la distribution des averses, du sol, de la topographie, du couvert végétal,
de la succession des cultures, de la productivité, du labour, de l'emploi des
résidus et des mesures anti-érosives.
La mesure des conditions climatiques et physiques existantes permet
d'évaluer les termes de l'équation, et donc d'estimer le taux "de base" des
pertes de sol pour un champ donné. Les autres termes font appel à des
informations récoltées au cours de trente années de recherches sur le contrôle
de l'érosion, effectuées dans 21 états dans le but d'estimer de combien ce taux
"de base" pouvait être diminué en appliquant les diverses combinaisons
possibles de méthodes culturales et de systèmes d'aménagement retenus.
Les combinaisons qui maintiennent les pertes de sol en dessous de la
limite permise peuvent être retenues quand il s'agit de choisir un plan de
production pour une ferme, qui, tout en assurant un rendement maximal,
doit sauvegarder le potentiel de production futur.
Des sources d'information pour l'évaluation locale des facteurs, intervenant dans l'équation d'érosion, sont présentées.
ZUSAMMENFASSUNG

Die hier gebotene Arbeitsweise zur Schätzung des Bodenverlusts wird
in jüngeren Untersuchungsstellen angewendet zur Gewinnung von genaueren
Leitlinien für Entwürfe von bodenkonservierenden Formen. Die Gleichung
gibt dem Bodenverlust auf dem Felde in tons/acre als Funktion der Niederschlagseigenart, Sturmverbreitung, Boden, Topographie, Bodendecke,
Gewächsfolge, Produktivität, Bodenbearbeitung, Abfallbehandlung und
praktischen Massnahmen zur Erosionsbeschränkung Ausdruck. Messungen
der tatsächlichen klimatischen und physischen Umstände ergeben Wert424
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Schätzungen verschiedener Glieder in der Gleichung, welche für eine bestimmte Gegend das Mass zur Schätzung des Bodenverlusts im grossen Ganzen
anzugeben erlauben. Andere Glieder geben Auskunft, an Hand von über
30 Jahren Untersuchungen, die Erosionsbeherrschung in 21 Staaten betreffend, zu schätzen, wie hoch die Basiszahlen reduziert werden konnten in
jeder der verschiedenen möglichen Kombinationen von dafür ausgewählten
Gewächsen und praktischen Massregeln. Kombinationen welche den Bodenverlust unter einer zulässigen Grenze halten, können bei der Auswahl eines
Produktionsschemas für eine Farm, welche neben maximale Erträge, das
zukünftige Produktionspotential sicherstellen, in Betracht genommen werden. Informationsquellen für lokale Wertschätzungen von bestimmten
Faktoren in der Erosionsgleichung werden angegeben.
DISCUSSION

T. K. SUBRAMANYAM: Apart from the 30-minute intensity, what other
intensities, such as 15-minute or 60-minute intensities, were considered for
the erosion equation?
W. H. WISCHMEIER: Maximum 5-minute, 15-minute, 30-minute, and 60minute intensities were tested both alone and as factors in a product term with
rainfall energy. The optimum intensity period is apparently between 15 minutes and 60 minutes, and is apparently nearer the former. Of the four intensities, the 30-minute was universally the most indicative of erosion.
PAUL J . ZWERMAN: Does the equation include soil loss due to melting snow?
W. H. WISCHMEIER: NO, the equation does not. It estimates rainfall-erosion
only. Soil-loss from thaw and melting snow will be estimated separately.
JOSE DULA: What are the units in the equation A = RKLSCP?
W. H. WISCHMEIER: A: Tons per acre, R: Energy-2 in foot-tons per acre
times maximum intensity in inches per hour times 10 . K: Tons per acre per
unit of R, L, S, C, P: Dimensionless ratios.
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I N F L U E N C E O F RAINSTORM CHARACTERISTICS ON
I N F I L T R A T I O N MEASUREMENTS *
by
W . C . MOLDENHAUER, W . C . BURROWS a n d D . SWARTZENDRUBER**

Infiltration of water into soil during rainstorms is important in determining the amount of rainfall likely to be stored in the soil for plant
use. The infiltration process also has important implications in design of
engineering structures for watersheds, and in estimation of water supplies.
Infiltration during rainstorms has been studied on small watersheds
(5, 12) and on runoff plots (1, 6, 10) where rainfall and runoff rates are
known. In the present study, infiltration velocities are estimated with an
index derived from rainfall rates and total runoff rather than rate of runoff.
The response of this index to several factors which affect infiltration is
then considered.
GENERAL INFILTRATION

CHARACTERISTICS

For one-dimensional downward infiltration into a uniform soil when a
shallow depth of water is ponded on the soil surface at time zero, the infiltration velocity, taken as the volume of water absorbed per unit time
per unit area, changes with time as indicated in figure 1A. This behavior
has been well verified experimentally. I t has also been demonstrated
theoretically, a recent example being t h a t of Philip (8). I t is important to
recognize t h a t the time decrease in velocity is first of all a direct consequence
of infiltration dynamics; particularly, of the overall decrease in hydraulic
gradient as the soil wets. It does not imply primarily t h a t changes in soil
particle orientation or microbial clogging are taking place, though admittedly these factors could hasten the observed decrease.
Since water is made freely available at the soil surface b y ponding, the
curve of figure 1A represents, at any given time, a maximum infiltration
velocity. This has been termed infiltration capacity by Horton (4). I t is
felt t h a t this choice of term is unfortunate since, as noted b y Richards (9),
an extensity is implied rather t h a n an intensity. Following Richards, curves
as in figure 1A will be referred to in this paper simply as infiltration rate
curves, it being understood t h a t depths of ponding are relatively shallow.
When water is applied to the soil surface at less t h a n the infiltration
rate, it has been common to presume, as in Linsley et al. (7) t h a t the
* Joint contribution of Eastern Soil and Water Management Branch, Soil
and Water Conservation Research Division, Agricultural Research Division,
USDA, Iowa Agr. and Home Econ. Exp. Sta. and Purdue University Agr.
Exp. Sta., Iowa Agr. and Home Econ. Exp. Sta. Journal Paper No. 3889,
Project No. 1064. Purdue University Agr. Exp. Sta- Journal Paper No. 1600.
* * soi 1 Scientist, Soil and Water Conservation Researcn Division, Agricultural
Research Service, USDA and Associate Professor, Agronomy Department,
Iowa Agr. and Home Econ. Exp. Station; Soil Scientist, Soil and Water Conservation Research Division, Agricultural Research Service, USDA, Morris,
Minnesota; and formerly Visiting Professor of Soils, Agronomy Department,
Iowa Agr. and Home Econ. Exp. Sta., presently Associate Professor of Soils,
Agronomy Department, Purdue University, Lafayette, Indiana; respectively.
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infiltration velocity is established by the application intensity. When the
application intensity exceeds the infiltration rate, runoff occurs and the
infiltration velocity equals the infiltration rate. Such behavior is illustrated
in figure IB. Infiltration velocity is shown as a function of application
intensity at various times taken from figure 1A. The curve OQQ' is the
relationship for time tit while OTT' is the relationship for time tt. Equality
between infiltration velocity and application intensity is indicated by the
line OQ which has a slope of unity. The plateau maxima, QQ', RR', SS',
and TT', are drawn as flat lines under the assumption that runoff ensures
relatively shallow ponding of water. It is also assumed that increasing
application intensities do not tend to seal the soil surface.
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Figure 1. (A) Relationship between infiltration rate and time.
(B) Theoretical relationship between infiltration velocity or rate and
application intensity.
Figure IB admittedly applies to an idealized set of conditions, but is
felt to be a fair expression of a concept rather generally used. Stated briefly
this is that the infiltration velocity equals the application intensity up to
the point where runoff begins, as at Q, R, S, or T, but beyond this point
equals the infiltration rate and is independent of the application intensity.
The validity of this concept will be examined in the sections to follow.
METHODS

Field Data
The data were obtained from 0.0175-acre plots 10.5 feet wide and 72.6
feet long on Ida silt loam, 12 per cent slope, on the Western Iowa Experimental Farm near Castana, Iowa. The plots were equipped with tanks
to catch water runoff and soil removed from the plots, but were not equipped
with devices to measure the rate of runoff. The plots were established in
1948 and data have been taken continuously from two crop rotations. For
the present study, the data were used for corn in a corn-oats rotation, with
the corn planted up and down hill. Rainfall characteristics were obtained
from recording rain gauge charts. A total of 88 storms was used, occurring
in the period 1948—1958.
Index of Infiltration Velocity
Since runoff rates were not available, the infiltration velocity was estimated as the so-called ?>-index discussed by Cook (2) and Linsley et al. (7),
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and used by Johnson and Howe (5). The principles of this approach are
illustrated in figure 2, the histogram of which is a typical storm hydrograph.
The horizontal broken line which establishes q> is drawn so that the area of
the histogram above the line is made equal to the total amount of runoff
observed for the storm. The time of excess rainfall, 2t, is the time period
during which the rainfall intensity exceeds q>.

5

10

15
20
T I M E , MIN.

Figure 2. Determination of the 99-index.
This procedure ignores the fact that the infiltration rate decreases with
time. It would be more correct in principle to use a curve as ZZ' in determining a histogram area to be matched with the total runoff. However,
this implies at least a partial prior knowledge of the infiltration rate curve.
It therefore seemed preferable to use the horizontal line of the usual procedure, to consider <p as an average over the time interval 2t, and then to
associate q> with t, the midpoint of the interval 2t.
The actual numerical procedure used to obtain <p for each storm was
provided by G. R. Free *. In brief, the amount of rainfall during each
intensity period is calculated, beginning with the highest intensity period
and working down to a point where all the runoff is accounted for. The
intensity is determined at this point by dividing the amount of rain involved by the fraction of an hour covered by the intensity periods used.
If this trial intensity is higher than any of the remaining intensity periods,
and lower than any intensity period already used, it is then taken as the
ip-index. If it does not fulfill these conditions, then successively lower
intensity periods and their respective amounts are used until the conditions
are met.
x
Other Factors
It is well known that antecedent soil moisture affects infiltration velocities and rates. Since soil moisture samples were not available, this
* Personal communication. Agronomy Department, Cornell University,
Ithaca, New York.
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factor was estimated for each storm by an antecedent precipitation index,
P, defined as
P = S (0.8)'Af,

[1]

i-0

where Mt is the total rainfall on the *-th day prior to the storm. Equation [1]
was used b y Brakensiek *.
TABLE 1. Averages and range of values for variables used in equations 2, 3 and 4.
Variables

Average

Range

Infiltration rate; <p (in./hr.)
Time, 2t (min.)
Antecedent precipitation index, P (in.)
Rainfall intensity, I (in./hr.)

1.27
28
.61
2.25

0.13-3.90
2-247
0-3.33
0.29-10.20

A third independent variable, I, was calculated for each storm as the
average rainfall intensity during the time interval 2t. Averages and range
of values for variables used in the analysis are given in Table 1.
Analysis

of Data

The index <p was considered first as a function of t alone, then of t and P,
and lastly of t, P, and I. The general form of the assumed empirical relationship is that of an exponential product. For <p as a function of t alone, the
equation is
<p = AtB
[2]
for t and P it is
<p = CtDPE
[3]
and for t, P and / it is
<p = FtGP"U
[4]
The basis for using the above relationships is three-fold. First, the
general formulation is flexible enough to allow either linear or curvilinear
responses. Secondly, correlation analysis as described b y Ezekiel (3) is
possible b y taking logarithms. Thirdly, the first member of the series,
equation [2], is similar to an infiltration equation used previously b y
Swartzendruber and H u b e r t y (11).
RESULTS AND CONCLUSIONS

Graphical results of the correlation analysis for <p as a function of time
alone are shown in figure 3, with A = 3.137 and B = — 0 . 5 2 9 . The magnitude of the correlation coefficient for log <p versus log t is 0.720, which
is significant at the 1 per cent level. It is seen t h a t <p is exhibiting the typical
time behavior of infiltration velocities and rates. Thus, the use of the
çp-index appears reasonably valid.
The multiple correlation analysis involving equation [3] for both time
and antecedent precipitation index, yields C = 3.472, D = — 0.513, and
E = — 0 . 1 0 3 . Since E is negative, this means t h a t <p decreases with P
* Brakensiek, D. L., Estimation of surface runoff volumes from agricultural
watersheds by infiltration theory. Unpub. Ph. D. Thesis. Iowa State University
Library, Ames, Iowa, 1955.
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as would be expected. The exponent of t is still negative as before. However,
the coefficient of multiple correlation for log <p versus log t and log P is
0.739, which is insignificantly increased from the previous value of 0.720.
This means that essentially no variation in q> is accounted for by including
P in the analysis.

Figure 3. Relationship between the çj-index and time.
Performing the multiple correlation analysis for equation [4], which
includes rainfall intensity I in addition to t and P previously considered,
yields F = 1.046, G = —0.231, H = —0.042, and / = 0.687. G and H
are still negative, but the positive value of ƒ indicates y to increase with
intensity I. Furthermore, the coefficient of multiple correlation for log q?
versus log t, log P, and log I, is 0.892, and this increase over 0.739 is significant at the 1 per cent level. Thus, inclusion of I in the analysis provides
an appreciable improvement in the correlation, whereas the inclusion of
P does not.
The relative contributions of t, P, and I in accounting for variation in <p
are given by the beta coefficients (3) of the correlation analysis. These are
— 0.314, — 0.070, and 0.646 for t, P, and 7 respectively. This means that
the relative contribution of I in determining the value of <p is twice that of
t and nine times that of P.
It is thus suggested that, contrary to figure IB, the infiltration velocity
is not independent of application intensity once runoff begins. Equation [4]
implies that the straight portion of the curve along OQ in figure IB should
continue as a curvilinear extension, concave downward, beyond the point
(as Q, R, S, or T) where runoff begins. It is not clear, however, how far
430
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equation [4] could be applied since it does not provide for a maximum
infiltration velocity a t a finite intensity I.
Cook (2) h a s also considered t h e dependence of infiltration velocity on
intensity as just discussed. H e suggested that t h e more complete ponding
of t h e soil surface which occurs with higher intensities could be t h e explanation.
Another consideration is t h a t in an area the size of a runoff plot t h e soil
permeability will not be absolutely uniform, a n d hence infiltration velocity
will vary with location in t h e plot. Some parts of t h e plot would then
yield runoff a t lower application intensities than others. If this early runoff
occurs near t h e bottom of t h e plot, it is not likely t o be absorbed b y t h e
other more permeable areas. However, if t h e application intensity is increased, these more permeable areas can absorb more applied water, a n d
so t h e increase in intensity does cause an increase in t h e average infiltration
velocity of t h e plot.
I t might be argued t h a t t h e implication of an increase of infiltration
velocity with intensity, beyond t h e point of runoff, is in this study a consequence of t h e use of t h e <p-index. T h e authors are aware of this possibility,
but if true it simply points out a limitation in t h e <p-index not previously
known. In any event it appears that there is need for more research in t h e
whole matter.
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SUMMARY

Infiltration velocities are estimated for runoff plots b y use of the «p-index
which is calculated from t h e rainfall histogram a n d t h e total amount of
runoff. Eighty-eight storms covering a ten-year period are used in t h e

study.
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The <p-index is then considered successively as a function of time, t\
of t and antecedent precipitation index, P ; and finally of t, P and rainfall
intensity, I. P accounts for very little variation in <p, but y decreases with
t in the manner characteristic of infiltration velocities. It is also found that
q> increases with I, even beyond the point at which runoff begins.
RÉSUMÉ

Pour des parcelles de ruissellement, les vitesses d'infiltration ont été
estimées au moyen de l'indice y qui est calculé à partir de l'histogramme
pluviométrique et de la quantité totale de ruissellement. Les données utilisées dans cette étude se rapportent à 88 averses, réparties sur une période
de 10 années.
L'indice est considérée successivement comme une fonction (a) du temps
t, (b) de t et de l'indice de précipitation précédent P, et (c), de t, de P et
de l'intensité de la précipitation I. P n'intervient que pour très peu dans la
variation de <p mais diminue avec t de la façon qui est caractéristique pour
les vitesses d'infiltration. Il a également été trouvé que <p augmentait avec I,
même au delà du point à partir duquel le ruissellement commence.
ZUSAMMENFASSUNG

Auf Feldern, die Bodenabtrag ausgesetzt sind, wurden Eindringungsgeschwindigkeiten geschätzt mit Behilf des 99-index, welcher aus dem
Niederschlagshistogramm und der totalen Abtragsmenge berechnet wird.
88 Wolkenbrüche während einer Periode von 10 Jahren wurden dazu in
dieser Arbeit benutzt.
Der y-index wird dabei der Reihe nach als eine Funktion von der Zeit,
t: von t und dem vorhergegangenen Niederschlagsindex P; und schliesslich
von t, P und der Niederschlagsintensität I betrachtet. P kommt dabei nur
für sehr kleine Variationen in <p in Betracht ; <j> nimmt j edoch mit t in der karakteristischen Weise der Eindringungsgeschwindigkeiten ab. Auch wurde gefunden, dass <p mit I zunimmt, sogar über den Punkt wo der Abtrag anfängt, hinaus.
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DEVELOPMENT OF A PORTABLE SPRINKLING INFILTROMETER*
by
ANSON R.

BERTRAND AND JAMES F.

PARR**

INTRODUCTION

Realistic planning of water management and conservation programs
require accurate information regarding the rates at which different soils
will take in water under different conditions. The rate of water entry
into the soil fluctuates widely between soil types, and also wide differences
can be found within a single soil type, depending upon the soil moisture
level and management practices employed.
In recent years m a n y types of infiltrometers have been designed and used
in an a t t e m p t to evaluate the infiltration characteristics of soil. However,
the fact remains t h a t most of the infiltrometers developed have been found
to contain certain undesirable characteristics which have seriously limited
their widespread utilization. Some of the undesirable features are the following: bulkiness of equipment, lack of portability, too small a plot size
in the case of both cylinder infiltrometers and sprinkling infiltrometers,
incomplete knowledge of the physical characteristics of artificial raindrops
from sprinkling infiltrometers, inadequate recording of runoff, inability of
the infiltrometer to provide reproducible results, failure of the infiltrometer
to provide enough determinations per unit time, and difficulties in the
installation of the infiltrometer.
The principle inadequacy of present day infiltration studies appears
to be the absence of a widely acceptable practical method for determining
soil infiltration rates.
Infiltrometers t h a t have been used in the characterization of soil infiltration rates m a y be classified into three groups as follows:
1. Infiltrometers in which infiltration is determined as the difference
between water applied and runoff.
2. Infiltrometers which impound water in a confined area, thus maintaining a head of water upon the soil.
3. Infiltrometers which allow the determination of infiltration from
runoff data.
In addition, infiltrometers m a y differ in the method of installation as
follows:
a. Installation methods t h a t encase the soil in various-sized containers,
such as tubes, cylinders, and compartments, which do not allow lateral
movement of the percolating water.
b. Installation methods t h a t allow unrestricted lateral movement of
applied water in the soil.
c. Installation methods t h a t provide buffer compartments in order to
compensate for lateral subterranean flow of water from the plot.
* 'Journal paper No. 1627, Purdue University Agricultural Experiment
Station, Lafayette, Indiana. Contribution from the Department of Agronomy
in cooperation with the Agricultural Research Service, U.S. Department of Agriculture under the Research and Marketing Act Contract No. 12-14-100-103 (41)'** Associate Professor of Agronomy and Instructor in Agronomy respectively.
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The number of research reports that have been published on the many
aspects of infiltration is voluminous. Davidson (1) compiled a bibliography in 1940 dealing with infiltration of water into soil, which contained over 200 references. A recent review by Parr and Bertrand (5)
included 200 references regarding specifically, the factors which influence
infiltration, and the methods that have been used to characterize this
phenomenon.
METHODS AND PROCEDURE

The primary objective of the research reported herein was to develop and
evaluate an instrument for determining the infiltration rate of water
into soil. On the basis of a thorough analysis of the advantages and
disadvantages of past infiltrometer designs the following minimum
requirements were established. An acceptable sprinkling infiltrometer must:
(a) provide data which are comparable with a known standard,
(b) be large enough to evaluate the effect of crop residue and growing
plants,
(c) be small enough that bulkiness will not seriously limit its usefulness,
(d) apply water in drops with a known amount of energy, and
(e) evaluate the vertical component of liquid flow throughout the soil.

Plot Frome
NOTE *— Arrows Indicote
Woter Flow

Schematic Diagram Showing A
Complete Experimental Set- up of
Tower and Accessory Units

Figure 1. Schematic diagram showing a complete experimental set-up of the
infiltrometer unit.

The instrument developed (Fig. 1) is a sprinkling type infiltrometer
with which infiltration is measured by determining the difference between
water application and runoff. The instrument was designed to maximize
portability, reproducibility, practicality, economy of construction, ease of
installation and shortness of time required for individual determinations.
The instrument consists of the following units:
(a) Metal plot frame equipped with a runoff collecting device and a
calibration pan
(b) Runoff reservoir and automatic water stage recorder
(c) Telescoping aluminum tower for mounting the nozzle, with a canvas
cover to prevent wind distortion
(d) Pressure tank
(e) Pump and power unit
(f) Water supply tank.
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An intensive study of previous infiltration methods, utilizing artificial
rainfall, indicated that a thorough investigation of rain drop properties
was a necessity prior to the design and development of a portable sprinkling
infiltrometer. A nozzle testing program was initiated which had as its
immediate objective the selection of commercially available nozzles which
would provide the following:
(a) Uniform drop size distribution over the plot area and also an adequate
buffer area around the runoff plot
(b) Reproducible results
(c) Realistic rainfall intensity ranges
(d) Artificial rainfall which would consist of a realistic range of drop
sizes (diameters) approaching that of natural rainfall
(e) Drop velocities approaching terminal velocity
(f) Total energy values approaching that of natural rainfall.
Twenty-four spray nozzles were initially tested in the laboratory at
various heights and nozzle pressures for uniformity of drop distribution.
The procedure involved measuring the quantity of water sprayed into one
quart containers placed in a one foot grid pattern with the nozzles oriented
to spray downward. Only six of the nozzles tested were found to behave consistently within the established criteria of distribution uniformity and
intensity. These nozzles were further tested to evaluate drop size distribution, drop velocity and kinetic energy of the artificial rainfall produced.
The flour method of Laws and Parsons (2) with modifications by Meyer
and McCune (3) was used to obtain the weights and diameters of the artificial
raindrops. The flour pellets were fractionated into nine size-fractions,
counted, and weighed. Then the average weight per pellet was calculated.
Relationships were obtained between the weight of flour pellet and the
weight of the water drop which produced the pellet by employing the methods
of Laws and Parsons (2). Thus, the average weight of the water drops falling
in each of the nine pellet fractions was obtained.
A relationship between pellet weight and water drop diameter was
obtained and used to calculate the size distribution of the water drops
and also the per cent of water falling as raindrops in each of the sizefractions.
Drop velocities were obtained by inverting the nozzles and measuring
the average height to which the raindrops were projected. Velocities were
calculated from basic physical relationships. Kinetic energy dissipated at
the soil surface was calculated by a summation of the kinetic energies of
the raindrops comprising the nine different drop size fractions.
Table 1 is a summary of the various evaluations which were made for
the three nozzles* finally selected. Based on overall performance of these
nozzles, it was decided to operate them at the heights, delivery rates and
nozzle pressures designated by the asterisks in table 1. Under the operating
conditions selected the diameter of the spray patter was approximately
10 feet. Therefore, the maximum plot size which would allow adequate
buffer area to insure the measurement of vertical flow was approximately
a 4 x 4 foot square in the center of the spray pattern. A plot size of 3.81 x
3.81 ft. (1/3000 acre) was chosen.
The water supply unit consists of a 680 gallon transportable tank which
is connected to a 1 \ inch centrifugal pump powered by a gasoline engine. The
* Nozzles Model 5B, 5D and 7LA Full Cone, Medium Angle, Center-Jet type,
manufactured by the Spray Engineering Company, Burlington, Massachusetts,
USA.
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pump is equipped with a by-pass unit which allows water in excess of that
used by the spray nozzle to return to the tank. Flexible pipe, 1 inch in
diameter, is used to transfer water from the pump unit to the nozzle which
sprays downward from a height of 9 feet. The water supply system is equipped
with a pressure gauge at the pump and at the spray nozzle.
The telescoping aluminum tower which supports the nozzle has a base
dimension of 12 x 12 feet and the top frame is 8 x 8 feet (Fig. 2). This
provides the tower with sloping sides which are of adequate stability under
field conditions. The canvas which encloses the tower during operation
is fastened by straps to the top and bottom members of the tower. The
telescoping legs allow levelling and height adjustments.
The special corner coupling plates used in the tower permit rapid assembly
and disassembly by two persons. Also two persons can move the tower
intact, for short distances, which is the normal operating procedure for
successive runs.
Speed-Rail- "Tee"- 1} in. I.D.
4 Required - Centered on
8 ft. Pipes

1 j in. O.D. Aluminum Pipe
8 ft. Long, 4 Required

NOTE-The ijfin. Pipe
Telescopes into the l)in.
Pipe. The Height Is
Adjusted by Moving the
Adjusting Collar and
Setting the Set Screw.

t i in O.D. Aluminum
Pipe -3ft. 10 in. Long
4 Required

Adjusting Collar

5_Corner Plate, 8
Required, 8 - -Jx
2 i in. Bolts
8--Lin. Wing Nuts

I ^in. Dia., ^- Wall Aluminum Pipe
12 ft. Long, 4 Required
TELESCOPING TOWER OF THE
PORTABLE SPRINKLING INFILTROMETER

*äg^>

Figure 2. Telescoping aluminum tower for the Purdue Sprinkling Infiltrometer.
Three sides of the plot frame are constructed of 12 gauge galvanized steel.
Each side is 3.81 ft. long and 6 inches wide. The fourth side is constructed
of 12 gauge galvanized steel which has a slot 2 in. wide and 44 in. long cut
in it and is fitted with a lip to facilitate transmission of the runoff water
from the plot surface to the flume which is attached to the plot frame. The
plot frame (fig. 3) is oriented with the slotted side down slope and driven
in the soil approximately 2 inches. Water then flows by gravity from the
plot through the slot in the plot frame, into the flume and is transmitted
by flexible pipe to the stilling well which is equipped with a portable water
stage recorder to record the quantity of runoff water with time.
Calibration runs are made before and after each field measurement by
placing a pan having the same dimensions as the plot frame over the plot
area while water is being applied. Thus infiltration is calculated from the
difference between the water applied and runoff water.
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Figure 3. Runoff and infiltration rates determined on Bedford silt loam in 3rd
year corn after Alfalfa. Measurement was conducted approximately 16 hours
after application of 2 inches of rainfall (Nozzle 5B at 9 ft. Height and 6 P.S.I.).
During t h e past t w o years, this equipment has been field tested a t five
locations in Indiana involving eight soil types a n d a variety of soil a n d crop
conditions. D a t a obtained compare favorably with d a t a from the Rainulator
(4). When measurements are conducted in close proximity on an area of
uniform treatment this portable sprinkling infiltrometer is capable of
characterizing soil infiltration rates in a reproducible manner.
The reproducible nature of infiltration d a t a obtained is illustrated in
figure 4.
T h a t the infiltrometer is capable of characterizing runoff a n d infiltration rates under different soil moisture conditions can b e seen b y a comparison of figures 4 a n d 5.
The general characteristics of this equipment which incorporate most of
the prerequisites for accurate rapid, a n d reproducible infiltration measurements appear t o make this a feasible method for determination of infiltration of water into agricultural soils.

0
10
20
30
40
50
60
TIME AFTER BEGINNING OF APPLICATION (MINUTES)

Figure 4. Runoff and infiltration rates determined in close proximity on Bedford
silt loam in 3rd year corn after Alfalfa (Nozzle 5B a t 9 ft. Height and 6 P.S.I.).
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Figure 5. Plot frame installed on plot with runoff flume ready for attachment.
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SUMMARY

A portable sprinkling infiltrometer has been developed which consists
of a single spray nozzle mounted on a telescoping aluminum tower, a plot
frame, a runoff collecting device, an automatic runoff recorder, and a
transportable water supply system.
Simulated rainfall is provided b y a nozzle which sprays downward on a
plot of 1/3000 acre. Nozzle spray characteristics evaluated include drop size,
drop distribution and terminal velocity. Procedures, methods and results
are presented. Intensities of water application are 2.5, 3.25, and 4.6 inches
per hour with water drops ranging in size from 0.5 m m to 4.5 mm in diameter. Terminal drop velocities range from 14.5 to 17.5 ft/sec.
Infiltration is measured by determining the difference between water
application and runoff. Automatic recording of runoff is obtained by use of a
portable water stage recorder.
Preliminary results indicate t h a t this equipment is satisfactory for
determining infiltration rates of Agricultural Soils.
RÉSUMÉ

Un infiltromètre-arrosoir portatif a été construit qui comprend u n seul
ajutage d'arrosage monté sur une tour télescopique en aluminium, un cadre
pour délimiter la parcelle expérimentale, un dispositif pour la collecte de
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l'eau de ruissellement, un enregistreur automatique du ruissellement et un
équipement mobile d'approvisionnement en eau.
La pluie artificielle est réalisée par un arrosage dirigé vers le bas sur une
surface de 1/3.000 de acre. Le diamètre, la distribution et la vitesse finale
des gouttes est estimée. La communication donne les modes opératoires et
les méthodes utilisées, ainsi que quelques résultats obtenus.
L'eau est appliquée avec des intensités de 2.5, 3.25 et 4.6 pouces à l'heure,
avec des gouttes dont les diamètres varient entre 0.5 et 4.5 mm. Les vitesses
finales de gouttes varient entre 14.5 et 17.5 pieds par seconde. L'infiltration
est mesurée en déterminant la différence entre l'eau apportée et l'eau évacuée
par ruissellement. L'enregistrement automatique se fait au moyen d'un enregistreur de niveau d'eau portatif.
Des résultats préliminaires indiquent que cet appareillage permet de
déterminer de manière satisfaisante les taux d'infiltration des terres agricoles.
ZUSAMMENFASSUNG

Es wurde ein tragbarer Brauseninfiltrationsmessapparat aufgebaut, aus
einer einzigen auf einem teleskopartigen Aluminiumturm montierten Brause,
einer Feldeinrahmung, einem Abtragssammler, einem automatischen
Abtragsanzeiger und einem tragbaren System um Wasser zu geben, bestehend.
Der Regenfall wurde nachgeahmt mittelst einer nach unten gerichtetem
Brause, welche eine Bodenfläche von 1/3000 Acre bestreicht. Die Streueinrichtung der Brause erlaubt verschiedene Tropfengrösse, Tropfenverbreitung und Endgeschwindigkeit anzuwenden. Die Arbeitsweise und Resultate
werden mitgeteilt. Die Bewässerungsintensitäten waren 2.5, 3.25 und 4.6
inches pro Stunde, mit Wassertropfen deren Durchmesser zwischen 0.5
und 4.5. mm schwankte. Die Tropfengeschwindigkeit beim Auftreffen auf
dem Boden lag zwischen 14.5 und 17.5 Fuss/Sek.
Das eingedrungene Wasser wurde gemessen als der Unterschied zwischen
dem aufgespritzten Wasser und dem Ablauf. Letzterer wurde von einem
tragbaren, automatischen Wasserstandsmesser aufgezeichnet.
Vorläufige Resultate ergeben, dass obige Aufstellung zur Bestimmung der
Einsickerungsgrösse landwirtschaftlicher Böden befriedigend ist.
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MODEL STUDY O F T H E D O U B L E - R I N G I N F I L T R O M E T E R
L A Y E R E D SYSTEMS *

VI.5

IN

by
TAMLIN C. OLSON AND DALE SWARTZENDRUBER**

The double-ring infiltrometer, apparently first suggested b y N. S. Nesterov (1), consists of two short, concentric cylinders driven a short distance
into the soil. W a t e r is ponded to the same depth in the inner circular and
outer annular compartments thus formed. It is then assumed t h a t the
outer compartment furnishes most of the water for lateral flow, so t h a t
the velocity of water flow from the inner compartment may be taken as the
one-dimensional infiltration velocity, or the infiltration rate as described
by Richards (2).
During the past 20 years m a n y field measurements have* been made
with this type of instrument, but relatively little effort has been made to
determine the ring sizes necessary to enable determination of the infiltration
rate. For this reason, the authors initiated a series of experiments designed
to obtain such information from a laboratory sand model. The first phase
of this work, dealing only with a uniform medium, was reported at the 1959
National Meeting of the Soil Science Society of America, Cincinnati, Ohio,
and appears in the Proceedings of that Society (3). This first paper contains
an annotated review of literature and a detailed description of methods and
results. The present paper considers these same methods as applied to
layered systems.
MATERIALS AND METHODS

Less permeable layer at 10-inch depth. A dry quartz material, classified

Figure 1. Diagram of wedge-shaped flow model (A), and generalized diagram
of n radial compartments (B).
* Journal Paper No. 1622, Purdue University Agr. Exp. Sta., Lafayette,
Ind. Contribution from the Department of Agronomy, and supported in part by
Research and Marketing Contract No. 12-14-100-1031 (41) of the Soil and Water
Conservation Research Division, Agricultural Research Service, USDA.
** Instructor and Associate Professor of Soils, respectively.
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as sand on the basis of a pipette analysis, was packed into the model of
figure 1A to a level 2 inches below the line HIJ. A finer dry material,
classified as silt on the basis of the pipette analysis, was placed on the sand
up to the line HIJ. The remaining model depth, d = 10 inches, was filled
with sand. The sheet-brass ring-arcs penetrated the top surface of the
sand to a depth of 1 cm. Then water was supplied to each radial compartment
from calibrated Mariotte bottles at a constant depth of 1 cm. on the top
sand surface, and the amount infiltrated from each compartment was
recorded with time. Measurements ceased when the wet front in the sand
reached either the outer periphery or the bottom of the model. Since the
model rested on a bed of gravel, air release from the wetted material could
occur both through the bottom of the model and laterally through the
unwetted sand surface. All flow experiments were conducted at an essentially
constant temperature of 23° C.
The volume of water infiltrated from each compartment was plotted
against time. The resulting curves were differentiated graphically to
obtain volume flow rates for each compartment at various times. On
the basis of figure IB, let i?* be. the volume flow rate at a given time for
the i-th compartment of cross sectional area a(. Then calculate the infiltration velocity, V, = (Rx + R2 + . . . + Ri)/{a1 + a2 + . . . + at),
which is the average velocity over the first * compartments beginning with
the centermost.
For each Vt, a corresponding infiltration rate, (F0),-, was determined
for the same layered system but limited in extent by placing an impermeable vertical plate at DEFG of figure 1A. Water was supplied to each
compartment as before, but the sixth sheet-brass ring-arc was removed
so that the sand surface was flooded out to DE; thus, one-dimensional
flow was forced. Then (V0)t = [{R^ + (R0)t + ...+
(/?„)<]/(«! + a2
+ . . . + at), where (R0)t represents the volume flow rate from the i-th
compartment under conditions of one-dimensional flow. Finally, then,
the ratio Vij(V0)i was formed to express the flow results.
Along with each F,/(F0),-, which for a given value of i corresponds to a
given value of rt and r„ in figure IB, there was calculated the buffer index,
b, given by b = (r„ — r^)\rn. The rt can be taken as the inner radius of a
double-ring system for which r„ is the outer ring radius. When » = n,
then rt = rn, there is no inner ring, and the buffer index, b, is zero; for
i < n, 0 < b < 1. By varying », and hence rit it is possible to determine
values of b which cause the velocity ratio, F,/(F„)t-, to be near unity.
Note that the wedge-shaped model is full-scale, but is only a portion of
the complete flow system. Nevertheless, the essence of the flow behavior is preserved because of the inherent radial symmetry of the complete flow system.
Impermeable layer at Q.5-inch depth. An impermeable horizontal plate was
placed at d = 6.5 inches to represent the limiting case of a layer of zero
permeability; the quartz sand described earlier was placed in the upper 6.5
inches. When the wet front strikes the layer of zero permeability,
vertical flow components approach zero and lateral components predominate.
This constitutes the severest possible test of the double-ring principle.
Since vertical flow components below a depth of 6.5 inches are zero, the
reference velocities, (V0)t, for this system cannot be obtained by having
the impermeable plate along HI in the one-dimensional system limited
by barrier DEFG as described previously. Hence, the (V„)i were determined
on a complete filling of sand but still limited by barrier DEFG. In this case,
the effectiveness of a given buffer index depends upon how nearly Vi/(V0)i
is reduced to zero.
Ring designs studied. These are shown in a self-explanatory manner in
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TABLE 1. Characteristics of infiltrometer ring arrangements.
Infiltrometer
ring
design

Radial size, in inches, of compartment
numbered from center outward
Comp. Comp. Comp. Comp. Comp. Comp.
2
3
4
5
6
1

Outer ring
radius,
rn, inches

I

4

4

4

II

4

4

4

12

III

4

2

2

8

4

4

4

24

table 1. All three designs were used for the silt layer at 10 inches. Only
designs I and I I I were used for the impermeable layer at 6.5 inches.
RESULTS AND CONCLUSIONS

Values of velocity ratio, F,-/(F0),-, are plotted against time for various
values of buffer index, b. Each Vt and (F 0 ), is the mean of two determinations, each obtained for a separate filling of the model. The wet sand was
removed, dried, and re-used after each series of rate measurements. When
the silt layer was involved, the wet silt was discarded and dry, fresh silt
was used for each determination.
Silt layer at 10 inches. These results are shown graphically in figure 2
for the three ring designs, which are identified in the figure by the maximum

O

100

200

0

100
200
T I M E , MINUTES

Figure 2. Velocity ratio as a function of time for three ring designs on sand
containing a silt layer.
ring radii rn. The times a t which the wet fronts reached the tops of the silt
layers are indicated by the vertical broken lines. In the absence of any
lateral flow effects or experimental error, all values of velocity ratio should
fall on the 100-per cent line. Since this does not happen, an assessment of
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experimental error is required. On the basis of the agreement between
duplicate determinations, it is felt that this might be as high as plus or
minus 25 per cent in the diagrams of figure 2. On this basis it is seen that
only the complete curves for b Ï: 0.500 in A of figure 2 can be taken as
equal to unity within experimental error. The curves for b = 0.333 and
0.167 are seen to be within the error interval initially, but are outside it
for times on the order of 100 minutes or greater. However, the most marked
separation of curves comes between those for 6 = 0 and b = 0.167. This
implies that the greatest improvement in causing the velocity ratio to
approach unity comes when the slightly buffered design is compared with
that of the unbuffered, even though b must be raised to 0.500 to obtain the
best results.
In B and C of figure 2 it is seen that the separation between the unbuffered curve and the curve for the first non-zero value of b actually
becomes greater. Even more important is the fact that for none of these
curves does the velocity ratio remain within the prescribed error interval,
except for a few initial values. Thus, it appears that for practical purposes
the infiltration velocities, measured in the inner rings of designs whose outer
rings are 12 inches or less in radius, cannot be taken as equal to the infiltration rate. On the other hand, infiltration rates are obtainable from the
design rn = 24 inches, and, if a 50-per cent error could be tolerated, the
inner ring radius could be as large as 20 inches. If accuracy within the prescribed error interval of ± 25 per cent is required, then the inner ring radius
would need to be reduced to 12 inches.

50

IOO

o

TIME, MINUTES

Figure 3. Velocity ratio as a function of time for two ring designs on sand containing an impermeable layer.
Impermeable layer at 6.5 inches. Velocity ratios are plotted against time
in figure 3. Again the vertical broken lines designate the critical times at
which the wet front first reaches the impermeable layer. It must be remembered here that for times less than the critical, the criterion for complete buffer effectiveness is Vtl{VB){ = 1; for times in excess of the critical,
the criterion becomes ¥{/(¥„)( = 0. The error interval again is taken as
± 25 per cent. In A of figure 3 prior to the critical time, all points equal
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unity within experimental error. This agrees with the first work reported
on uniform systems (3). However, when the wet front reaches the impermeable layer, the velocity ratios drop very markedly; those for b }t 0.167
are within experimental error of each other and appear to be centered at
Vtl(V0)i = 20 per cent. Admittedly this value is in excess of zero, but
inasmuch as the observed reduction in velocity ratio was 80 per cent as
compared with a maximum expected reduction of 100 per cent, it is felt
that the effectiveness of b Sä 0.167 is rather well demonstrated. The
curve for 0 = 0, even though it exhibits a sharp response when the wet front
reaches the impermeable layer, remains consistently higher than the others,
just as in figure 2.
In figure 3B, the initial velocity ratios equal unity within, or almost
within, experimental error when b 5: 0.250, but exceed unity for 6 = 0.
This again agrees with the first work reported (3) and also with C of figure 2.
At times greater than the critical, all curves of figure 3B respond when the
wet front strikes the impermeable layer, but for 6 = 0 the curve is never
lower than 140 per cent. Even for the maximum buffer index of b = 0.500
the curve comes no lower than 60 per cent. This behavior contrasts with
that of figure 3A, but is generally consistent with that of figure 2C compared with 2A.
Of further interest in figures 2 and 3 is the fact that for every rn, the
velocity-ratio curves for the larger values of b are relatively close together.
Furthermore, the greatest consecutive separation of curves is always found
between the curve for b = 0 and the curve for the smallest non-zero value
of b. This means that for every case studied there is a relatively large
central portion of the flooded surface over which the infiltration velocity
is essentially invariant, but near the maximum ring radius the velocity
increases sharply. However, as shown in B and C of figure 2, this invariant
central velocity may be much in excess of the infiltration rate.
Comparison with previous uniform case. The first work reported (3),
involving only the uniform quartz sand, showed infiltration rates to be
obtainable (that is, VJCVJi = 1 ) for b 2: 0.167 and rn = 24 inches, or
for b ^ 0.333 and rn = 12 inches. The present work with layers differs in
that the infiltration rate is not obtainable for r„ — 12 inches (fig. 2B),
and is obtainable for rn = 24 inches only for b 2g 0.500 (fig. 2A). However,
if somewhat more error can be tolerated, then b = 0.167 could also be used.
This same criterion of b = 0.167 and rn = 24 inches emerges rather satisfactorily from the extreme conditions represented by figure 3. Hence, it
is concluded that a double-ring infiltrometer with an outer ring radius
rn = 24 inches is worthy of field testing. Such an instrument, with an inner
ring of radius ft = 20 inches, has already been constructed, and will be
investigated under field conditions.
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KATCHINSKY,

SUMMARY

Infiltration of water was studied experimentally in a wedgeshaped sand
model built as a sectorial portion of the double-ring infiltrometer flow sys445
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tem. Measurements of infiltration velocity for localized portions of the
flooded sand surface permitted the assessment of buffer effects.
Results were obtained both for sand containing a thin horizontal layer
of silt, and for the same sand containing an impermeable horizontal layer.
In the case of the silt, the one-dimensional flow velocity, or infiltration
rate, was obtainable by buffering only in the system of outer ring radius,
rn, of 24 inches; for rn = 12 inches or less, the infiltration velocity exceeded
the infiltration rate regardless of buffering. For the impermeable layer,
the infiltration velocity in the system rn = 24 inches could be reduced
80 per cent by buffering; this compared with a theoretical 100 per cent
reduction expected after the wet front reached the impermeable layer.
All results suggest the utility of using large ring systems of rn = 24 inches,
and this agrees with conclusions previously made for uniform (non-layered)
flow systems.
RÉSUMÉ

L'infiltration de l'eau a été étudiée expérimentalement sur une maquette
en sable représentant une portion en forme de secteur du système d'écoulement d'un infiltromètre à double anneau. Des mesures de la vitesse d'infiltration à des endroits localisés de la surface sableuse submergée ont permis
de déceler des effets de tampon.
Des résultats furent obtenus pour un sable contenant une mince couche
horizontale de limon et pour un sable analogue dans lequel se trouvait
une couche imperméable horizontale. Pour le sable avec la couche limoneuse
on ne pouvait obtenir la vitesse du courant mono-dimensionel, c.à.d. le
taux d'infiltration, par tamponnage que dans le système dont l'anneau extérieur avait un diamètre rn de 24 pouces. Pour rn égal ou inférieur à 12
pouces, les vitesses d'infiltration dépassaient les taux d'infiltration, nonobstant le tamponnage. Pour le sable à couche imperméable, la vitesse d'infiltration du système rn = 24 pouces pouvait être diminuée de 80% par
tamponnage. Il convient de comparer cette diminution avec la diminution
théorique de 100% à laquelle on pourrait s'attendre lorsque le front humide
entre en contact avec la couche imperméable. Tous les résultats montrent
l'utilité de l'emploi de grands systèmes annulaires dont le rn égale 24 pouces.
Ceci concorde avec les conclusions auxquelles il fut arrivé antérieurement
pour des systèmes d'écoulement uniformes (non stratifiés).
ZUSAMMENFASSUNG

An einem keilförmigen Sandmodell, aufgebaut als ein sektorförmiger
Teil des Doppelring Infiltrometer Fliesssystems, wurde die Infiltration von
Wasser versuchsmässig studiert. Messungen der Infiltrationsgeschwindigkeit für lokalisierte Teile der durchflossenen Sandesoberfläche erlaubten,
Puffereffekte zu schätzen.
Sowohl für Sand, worin eine dünne horizontale Schicht Schluffy als für
denselben Sand, eine undurchlässige horizontale Schicht enthaltend, wurden
bestimmte Resultate erhalten.
In den Versuchen mit Schluff konnte die eindimensionale Fliessgeschwindigkeit, oder die Infiltrationsmenge, durch Puffern allein erreicht werden
wenn in dem System der äussere Ringradius rn gleich 24 inches betrug;
für rn = 12 inches oder weniger übertraf die Infiltrationsgeschwindigkeit die
Menge der Infiltration, ungeachtet die Pufferung. Für die undurchlässige
Schicht konnte die Infiltrationsgeschwindigkeit im System rn = 24 inches
durch Puffern 80% vermindert werden; dies im Vergleich zur 100%-igen
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Verminderung, die sich erwarten Hess nachdem die nasse Front die undurchlässige Schicht erreicht hatte.
Alle Resultate weisen darauf, dass Systeme mit grossem Ring, nämlich
rn = 24 inches, zu empfehlen sind, und dieses stimmt mit früher erhaltenen
Schlüssen für uniforme (nicht-schicht-verschiedene) Fliesssysteme gezogen,
überein.
DISCUSSION

A. N. E D E : Has the author any comments on the possibility of maintaining
a more vertical and parallel flow from the center ring by employing a slightly
higher hydrolic head in the outer ring or rings?
TAMLIN C. OLSON: This has not been done directly. However, data were
obtained for a four-inch ring radius inside an eight-inch ring radius, but for
which the water depth were 2.5 and 1.0 cm. respectively in the center and
outer compartments.
Velocities for the center compartment were not increased above those obtained when water depth in both compartments were 1 cm. On this basis we
are inclined to feel that a higher head in the outer (or buffer) compartment
would be of little value in causing velocities in the center compartment to be
brought closer to the one-dimensional velocity.
DAN ZASLAVSKY: Are you sure that the required symmetry is preserved
in a sector model that includes the axis of symmetry. It seems that there should
be a wall effect and differences in soil compaction.
DALE SWARTZENDRUBER: Difficulty was encountered when the sand was
packed into the model by only its own weight. We changed to a packing technique involving tamping of shallow layers, which appeared to essentially eliminate this difficulty. However, to further minimize effects in the tip of the
model, we did two things. First, the centermost compartment was not made
smaller than four inches in radius. Secondly', the velocity in the centermost
compartment, Vlt was always compared with the one-dimensional velocity,
(V0)i, also determined for the centermost compartment. Forming the ratio
Vl/(V0)1 thus tends to cancel any wall effects near the tip.
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A STUDY OF FINAL INFILTRATION RATES FROM CYLINDER
INFILTROMETERS AND IRRIGATION FURROWS WITH AN
ELECTRICAL RESISTANCE NETWORK *
by
HERMAN

BOUWER**

ABSTRACT

Analog studies with a graded network showed t h a t single and double
cylinders can greatly overestimate final soil infiltration capacities, depending on ratio of critical tension to cylinder diameter. The intake distribution in cylinders was among others governed b y soil unsaturated
conductivity characteristics so that measurement of this distribution m a y
yield in-situ information regarding the latter.
Field intake rates increased with furrow-stream width only u p to a
stream width equal to approximately one-half the row spacing. At t h a t
point the field intake rate was already very nearly the saturated conductivity,
which is the intake rate t h a t would be reached under full inundation.
The relationship between cylinder and furrow infiltration performance
appeared to be governed by a number of factors which reduces the usefulness of cylinder infiltrometer data for predicting furrow intake behavior
and makes standardization of techniques difficult.
NOMENCLATURE

<f>
y>
xpc
d
D
h
I
If
IT
K
K,
L
p
R
W

— potential head in cm water (pressure head plus elevation head)
= soil moisture tension in cm water
= critical tension
= diameter in cm of cylinder infiltrometer
= depth in cm of the water table
= depth in cm of water in cylinder
= final infiltration rate in cm/hr
= final furrow field intake rate (volume infiltration rate per unit furrow
length divided by the row spacing)
= final cylinder infiltration rate (volume infiltration rate divided by area
of cylinder)
— hydraulic conductivity in cm/hr
= saturated conductivity in cm/hr
= row spacing in cm
= penetration in cm of cylinder infiltrometer
= resistance of network resistor in ohms
= surface width in cm of furrow stream

* Contribution from the Agricultural Experiment Station of Auburn University, Auburn, Alabama.
** Southwest Water Conservation Laboratory, Soil and Water Conservation
Research Division, Agricultural Research Service, U. S. Department of Agriculture, Tempe, Arizona. Formerly Associate Agricultural Engineer, Auburn
University, Auburn, Alabama.
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GRADED NETWORK FOR RADIAL FLOW

Radial flow systems are frequently characterized by a concentration
of the streamlines near the symmetry axis and by a large or infinite radial
extent. A graded network that increases in density toward the symmetry
axis, therefore, seems advantageous. Such a network also provides a
graded termination zone for representing radial open boundaries without
the need of an abrupt termination surround (8).

Figure 1. Graded network for radial flow.
The criterion for the graded network used in this study is (figure 1
r

i "T" ri+l

or

6=

r{+1-rt

2+
r, ~~ 2 - Ö

(1)
(2)

If the flow rate measured with the network is q, the total flow rate Q is
2n
Q="T9
The angle 6 is determined by the equation
r

* - 1 2 + 6Y

r1~\2el
where rt and rn are the inner and outer limit of the flow system, respectively,
and n is the number of network intervals representing the flow system
in radial direction.
The electrical resistance Ä<-K+I between r{ and ri+1 can be expressed as
R*

C(-

K

(3)

where Çf+i*i is a multiplication factor applicable to the interval ri to ri+1.
The flow rate qr between r{ and ri+1 for a layer of thickness Az can be
written in terms of the radial flow equation as
qr = 6KAz

W
^lOg "

449

Vl.6
and in terms of electrical current as
IT

= ~p

(5)

Combination of equations (2), (4) and (5) gives

2+8
"log £ — e
c

i-+i+i =

ëzr~

(6)

The radial-resistance multiplication factor appears to be independent
of ff.

Similarly, the vertical-resistance multiplication factor Ct for the vertical
resistors at rt is derived as
Ci =

Az (4 - e2)2

16 e277~

(7)

Equation (2) shows that the first network point cannot be located at
r = 0. As indicated by Liebmann (8), this problem can be avoided by
taking rx as a small value so that the flow between the first network point
and the symmetry axis is insignificant.
Cylindrical solid boundaries parallel to the symmetry axis can be represented by resistances calculated as
2Az

for inner solid boundaries (rx in figure 1) and

for outer solid boundaries (rn in figure 1).
UNSATURATED CONDUCTIVITY

CHARACTERISTICS

The K — y relationships are hypothetical and consist of K equal to Ks
up to a certain tension where K drops linearly to a value 0.01 Ks for the rest
of the tensions. The tension increment over which this reduction takes
place was selected as 2 cm with the center of the increment representing
critical tension (4). This 'standard' K — y> curve is a schematic representation of the generally S-shaped character of actual curves where K is close
to Ks at the lower tensions and insignificantly small for most water management facilities at the higher tensions. y>c was varied to represent a range of
textures and structures (yc increases with decreasing pore sizes of the soil).
The network analyses were performed according to (3).
WATER

TABLE

DEPTHS

A horizontal water table was selected as lower boundary condition
for the systems in this study. Such a condition can be expected in cases of
an unrestricted disposal of the downward seeping water below the water
table. The latter may be natural, or perched upon restricting layers in the
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soil profile (6). A study by Evans et al. (7) dealt with infiltration in the
presence of a relatively shallow impermeable layer. With an infinite extent
of such a system and no water losses at the surface of the field, however,
Ir would be zero.

Figure 2. Flow systems with cylinder-infiltrometer, D = 100, y>e = 10 for the
upper system and ipc ^ 100 for the lower system. The potentials are with respect
to the level of the water table. Tension contours are shown as broken lines.
The network arrangement is indicated by the dots (dots a t r = 1 and r = 2 are
omitted in drawings.)
TABLE 1. I//K, for irrigation-furrow studies. Substituting 100 cm for L gives
the actual dimensions of y>e, D, and W used in the analysis.
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0.3
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0.75
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Figure 3. Results of cylinder-infiltrometer analyses in terms of I,jK, as a function
oiy>Jd for three values of D/d (indicated on curves), pjd = 0.312 and h/d —
0.078.
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Figure 4. Distribution of relative infiltration rates (I/K,) in the cylinder as a
function of distance from center for different y>Jd-values (indicated on curves),
pjd = 0.312 and h/d = 0.078.
DIMENSIONAL ANALYSIS

Dimensional analysis was used to generalize the d a t a (figures 3 and 4,
and table 1). This requires that geometric similarity and similarity of the
unsaturated conductivity characteristics be maintained.
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Cylinder penetration, depth of water in the cylinder, and furrow crosssection were held constant in the network analyses. Within a certain range,
however, the relative effect of these factors can be expected to be small,
so that generalization to systems that are not quite geometrically similar
regarding these factors does not seem prohibitive.
For similarity in the unsaturated conductivity characteristics, the
tension range over which K drops from Ks to 0.01 Ks must be proportional
to the geometric scale. As long as this tension range is small in relation to
Vc, however, its actual magnitude tends to be of little significance.
CYLINDER-INFILTROMETER STUDIES

The radial network arrangement for the cylinder-infiltrometer analyses
consisted of rx — 0.5 cm, rn = 512 cm, and 9 = 2/3. The vertical resistances
at rn were calculated with equation (7), so that the actual radial extent
of the flow system was 768 cm. This distance was sufficient to yield static
conditions at r„ (tension equal to height above water table) within the
accuracy of the electrical instruments used.
The infiltrometer was a single cylinder with an inside diameter of 32 cm,
a water depth of 2.5 cm, and a penetration of 10 cm. This penetration was
simulated in the network by two resistors calculated as respectively an inner
and outer solid boundary.
Examples of completed analyses are shown in figure 2 for a case of
limited capillary conductivity (y>c — 10, top) and unlimited capillary conductivity (vc è D, bottom). The streamlines in these figures were constructed as orthogonals to the equipotentials.
A dimensionless plot relating IrjKs to yijd for three Djd-values is shown
in figure 3. IrjKs appears to approach unity when y>c/d -> 0, i.e. for very
low \pc (coarse soils) or large d (lakes, irrigation borders, buffered cylinders,
etc.). Lowering the water table (increasing Did) increases IrjKs up to a
certain point where full streamline divergence is apparently reached and
further lowering of the water table no longer materially affects Ir. The
lower yjd, the lower Djd where full streamline divergence can be reached,
so that the effect on IrjKs of lowering the water table ceases sooner for
coarse than for fine soils. This behavior" is substantiated by actual observations (11). Since tensions cannot exceed distance to water table at steady
conditions, the effect of y>cjd on Ir/Ks ceases when y>cjd à Djd, i.e. y>c ä D.
The general impression created by figure 3 is the serious overestimation
of the final infiltration 'capacity' Ks that cylinder data may give (1).
The distribution of the local infiltration rates within the cylinder (figure
4) shows that little improvement is obtained with a double cylinder, which
is in agreement with practical observations (5). The best way to obtain
reasonable measurements of the infiltration 'capacity', or to determine
above-water-table saturated conductivities, seems to be by using large
enough buffers so that ytJd^-Q and Ir/Ks-+ 1.
The distribution of I/Ks in the cylinder appears among others to be
affected by y>c (figure 4) so that measurement of this distribution with,
for instance, a multi-cylinder infiltrometer, may yield information as to
the in-situ unsaturated conductivity characteristics of the soil. This will
be in terms of an 'equivalent critical tension' which is defined as the y>c
of the standard curve that is equivalent to the actual K—y> curve of the
soil. The usefulness of the equivalent xpc as a parameter for expressing in-situ
K—y> characteristics seems to be mainly in the engineering fields where
it is frequently only of importance to know to what tension K remains
at a value that is not negligibly low compared to Ks.
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Another possibility for in-situ measurement of the equivalent y>c may
be by comparing field infiltration behavior under inundations of different
shapes to theoretical relationships obtained by network analog (for example,
figure 3 and table 1 for cylinder and furrow intake rates).
IRRIGATION FURROW STUDIES

The infiltration from irrigation furrows was studied in relation to y>c,
W, and D, where D is measured from the top of the ridge between adjacent
furrows. A triangular cross-section with 1 : 5 side slopes was selected as the
furrow shape. The direct effect of the furrow shape and also of the stream
depth (10) on If is small. These factors, however, are of indirect importance
through their relation with W, which is the main controlling above-theground factor of If.
At small values of W and y>c, an appreciable area exists under the row
that is excluded from the main flow region (area enclosed by 11 cm tension
contour in figure 5 left). This area reduces in size by increassing W and/or
y>c and in figure 5 right it is no longer present. Knowledge of this behavior
is important for several aspects of irrigation, for instance, in connection
with leaching, or irrigation of shallow root zones.

Figure 5. Flow systems with irrigation furrows, D — 100. W = 20 and xpc = 10
for the left system, and W = 60 and y>c ^ 20 for the right system.

The results of the analyses are presented in dimensionless form in table 1.
Since with furrow irrigation the opportunity for streamline divergence is
limited to the planes of symmetry extending vertically through and under
the crop rows, the effect of y>c and D on If must be considered in relation
to W and L. The effect of y>e/L on IfjKs appears to be most pronounced
at small WjL, where the opportunity for streamline divergence is greatest.
Increasing DjL beyond 0.5 has its greatest effect on IfjKs for combinations
x
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of small WjL (narrow streams) and large tpJL (fine soils). A t y>JL < 0.1,
full streamline divergence is apparently reached when DjL = 0.5, since
increasing DjL beyond 0.5 did not materially affect IfjK$.
The effect of WjL on IfjK8 is most pronounced a t the narrower streams.
In all cases of table 1, IfjKs is already close t o unity when WjL has reached
a value of 0.5. Consequently, increasing t h e stream width t o get more
infiltration during t h e final stages of t h e irrigation tends to be effective
only u p t o a stream width equal t o one-half the row spacing. At this point
the infiltration is already very close t o t h e maximum infiltration reached
under full inundation. If yiJL^O.1
(i.e. coarse soils or large row spacings),
IfjK, will approach WjL.
Combination of figure 3 with table 1 yields correction factors for converting cylinder-infiltrometer data into furrow intake rates. In view of
the many factors involved, standardization appears difficult a n d cylinder
data should not be practical for predicting furrow intake rates. The latter
can better be estimated b y using sections of actual furrows or furrow infiltrometers (2).
Final infiltration behavior in soils of unlimited extent is theoretically
reached in infinite time. Under t h e conditions of the limited extent of t h e
media in this study and the usually increasing moisture content a t greater
depths, which causes the rate of advance of the water front to increase with
time (9), the results in this study m a y apply t o t h e flat portions of infiltration versus time curves.
The magnitude of initial infiltration rates is largely determined b y
the initial moisture content (9). The initial field intake rate, however,
can be expected t o vary not more, and probably less, than in direct proportion t o W.
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SUMMARY

In the design of a furrow irrigation system, optimum degrees of adequacy,
uniformity, and efficiency of irrigation are obtained by proper selection
of the length and slope of the furrow, the stream discharge in relation
to the infiltration characteristics of the soil, and the desired application.
Some of these factors are dictated by the dimensions and topography of
the field for reasons of economy. This would leave the stream discharge as
the only variable at the designer's disposal. The analyses in this study
show, however, that the furrow shape, through its effect on W, is another
variable t h a t may provide an additional tool for achieving optimum irrigation performance.
RÉSUMÉ

Un système d'irrigation par rigoles sera d'autant plus adéquat, uniforme
et efficace que l'on aura bien choisi la longueur et la pente des rigoles, le débit
d'alimentaion en fonction de la perméabilité du sol et l'application désirée.
Quelques-uns de ces facteurs sont imposés par les dimensions et la topographie des champs, pour des raisons d'ordre économique. Dans ces cas, le
débit d'alimentation reste donc la seule variable que l'auteur du projet d'irrigation peut faire jouer. Toutefois les analyses reprises dans cette étude montrent que la forme des rigoles, par sa répercussion sur le terme W, constitue
une autre variable, fournissant ainsi un moyen supplémentaire pour atteindre le comportement optimal d'un système d'irrigation.
ZUSAMMENFASSUNG

Beim Entwurf eines Graben-Bewässerungssystemes erreicht man die
beste Gleichmässigkeit und Wirtschaflichkeit der Bewässerung durch
passende Auswahl der Grabenlänge, der Böschung der Gräben und des
Wasserzuflusses in Beziehung zu der karakteristischen Versickerung des
Wassers in den Boden und der gewünschten Nutzanwendung. Einige dieser
Faktoren werden von vornherein aus Wirtschaftlichkeitsgründen durch die
Ausmasse und die Topographie des Feldes bestimmt. Dies würde den Wasserzufluss dem Entwerfer als einzigen variabelen Faktor zur Verfügung stellen.
Jedoch zeigen die Analysen dieser Arbeit, dass das Grabenprofil, durch
seinen Einfluss auf die Oberflächenbreite des Stromes im Graben, ein weiterer
Faktor ist, welcher ein zusätzliches Mittel zur genaueren Feststellung der
optimalen Bewasserungsleistung bildet.
DISCUSSION

W. R. GARDNER: Would you care to comment on the validity of your conclusions when applied to soils for which a 'critical tension' is difficult to assign?
HERMAN BOUWER: Although 'standard' curves with pronounced critical
tension were used in the paper, the method can be applied to any shape of the
conductivity-tension curve. For any given curve, however, there is a 'standard
curve' that would yield the same intake rates, so that, in this respect, the
results are applicable to other curves. It is obviously difficult to determine
what the critical tension of such an 'equivalent standard' curve would be.
Therefore, the results can, without further analyses, at most be extended in
a qualitative manner to soils that do not exhibit pronounced critical tension.
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SOIL AND W A T E R CONSERVATION R E S E A R C H W I T H T H E
RAINULATOR *
by
L.

DONALD MEYER and

J E R R Y V.

MANNERING**

The development of runoff- and erosion-control principles and techniques
requires an understanding of many relevant factors such as soil, slope, crops,
and management. The rainulator, a field-plot rainfall simulator, is a research
tool which is used to supplement soil and water conservation investigations
with natural rainfall.
BACKGROUND

Current erosion control methods for agricultural lands are largely based on
research results from runoff plots and watersheds. Treatments are subjected
to natural rainfall for periods of sufficient length to obtain representative
samplings of rainfall patterns. Such studies have effected major advances
toward a better understanding and evaluation of the soil and water conservation features of many land-use conditions. Many other conditions for
which information is needed have not been studied because of the cost and
time involved and the unlikelihood that conclusive results could be obtained
for less than 10 to 20 years after initiation.
With rainfall simulators, runoff and erosion research information can be
obtained more rapidly and efficiently. Various types have been developed
(see discussion in References 3 and 4), but most were developed primarily
for infiltration studies. No readily portable designs were found which were
well suited for conventional-sized runoff plots and capable of producing
drop characteristics closely approaching those of intense natural rainfall.
The rainulator resulted from an investigation to develop an apparatus with
the above properties plus other features which are desirable for soil and
water conservation research.
RAINULATOR

DESIGN

The design of the rainulator was preceded by an extensive investigation of
past rainfall simulators and tests of various types of possible methods and
equipment (2). The selected method for producing simulated raindrops
includes flat-type spray nozzles which spray downward from a height of
8 feet as they move across the plots. The flow of water to groups of nozzles
which spray intermittently is controlled by solenoid valves. The valves are
activated b y a system of relays and switches and are powered by an automobile battery. The intensity and energy of the simulated rain m a y be
varied by changing the portion of the time the nozzles are spraying or the
size of nozzle used. The present design applies intensities of approximately
1\ or 5 inches per hour at approximately 80 per cent of the kinetic energy
of intense natural rainfall. Accurate reproducibility of simulated storms is
* Contribution from the Soil and Water Conservation Research Division,
Agricultural Research Service, U.S. Department of Agriculture, in cooperation
with the Purdue Agricultural Experiment Station, Journal Series Paper No.
1619.
** Agricultural Engineer and Soil Scientist, respectively, USDA, Lafayette,
Indiana.
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possible. Moderate wind velocities do not seriously affect rainulator characteristics.
The rainulator was designed in units so that the number and length of
plots covered simultaneously could be varied. Plots which are most commonly used are 10 or 12 feet wide by 35 or 75 feet long with borders between
plots which are 6 to 8 feet wide. A small irrigation pump supplies water
through portable aluminum pipe to the rainulator with a pressure of 40 psi
at the flow rate required. Other details of the rainulator and its use have
been previously presented (3, 4). Six rainulator units are shown in operation
on three fallow plots in Figure 1.

Figure 1. Six units of the rainulator applying simulated rainfall to three
fallow plots. Each plot is 35 feet long and 12 feet wide.
The rainulator does not embody the mechanical simplicity which was
initially anticipated for it. Necessarily, some relatively complex components
were used rather than sacrifice desired characteristics. Also, intermittent
spraying of the nozzles was necessary in preference to much lower rates
of kinetic energy or much greater application intensities. Close observation
of this intermittency of application has not indicated undesirable effects.
All rainulator components were designed for rapid assembly and ease of
transportation. Weight and corrosion were minimized by using aluminum
wherever possible. Associated equipment is also completely portable and
readily assembled.
OPERATION

During a rainulator study, each plot is subjected to a series of simulated
storms, or runs. These are applied at desired periods and are of selected
durations corresponding to storms with high recurrence intervals. The series
of runs most commonly used are a 60-minute 'dry' run at the existing moisture condition, a 30 minute 'wet' run approximately 24 hours later, and a
30-minute 'very wet' run beginning 15 minutes after the end of the wet run.
The intensity of 2\ inches per hour is used throughout the three runs.
This series of runs covers a wide range of moisture conditions, is efficient
to apply, and can be accurately reproduced on other treatments or studies.
Based on existing information, combinations of intensities offer no known
important advantages for most studies.
The water applied during rainulator runs is determined by samples from
small aluminum channels placed diagonally across each plot. Runoff is
recorded by a water level recorder on a small calibrated flume. The soil
content of the runoff is determined from samples of the runoff which are
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periodically collected by a sampling slot on a small rotating wheel. The
equipment used for these measurements is shown in Figure 2. Photographs
of each plot are taken prior to each study and at other appropriate times
for later reference concerning conditions not noted at the time of the runs.

Figure 2. The equipment which is used to determine the application intensity,
runoff, and soil loss during rainulator runs.
For treatments involving row crops, the rows are planted parallel to the
slope during the year of study. If rows were planted across the slope of the
relatively narrow plots instead, each row would act as a dam and would
pond a large amount of the potential runoff. The portion of water and
sediment retained plus the manner in which breakovers of the rows occurred
could influence the results more than the treatments involved. Rows which
are up and down the slope prevent major ponding, and treatment differences
are more precisely measured. Furthermore, treatments applied parallel to
the slope are the basic condition to which other conditions are compared
for current erosion prediction methods, and the treatments can be applied
and maintained more easily.
Many rainulator studies are conducted on farm fields which fulfill the
soil, crop, management, and topographic requirements of the experiment.
Plots which were established for yield or other types of comparisons but
which are also suitable for rainulator use are sometimes available. In such
cases, much of the time and expense of operating plots for a sufficient period
to attain the required study conditions is saved.
Rainulator studies can be replicated on soil conditions which vary widely
both physically and geographically and therefore are not limited to conditions available at field research stations. Where treatments are compared
459

vu
at different geographical locations, identical rainulator storms are reproduced at each location and confounding of the treatments with the storm
patterns of natural rainfall is eliminated.
The twelve rainulator units which are presently in use in Indiana will
cover three plots which are each 75 feet long or six plots which are 35 feet
long. The shorter length reduces the time and water required for each series
of runs. Use of the snorter plots also permits the study of six plots within
a few hours. Such use is particularly advantageous for comparison of up to
6 treatments. For this procedure, units are assembled to cover all treatments
of one replication, rainulator runs are made on three plots simultaneously,
a few rainulator components are moved, and runs are made on the remaining
plots! This procedure is repeated for the other replications. Witli plots
longer than 35 feet, no more than three treatments may be compared during
the same day with the present equipment.
A crew of four persons is required for most efficient operation of the
rainulator.
Although complete infiltration data is obtained during rainulator runs,
the recognition that the rainulator was designed primarily to study erosion
and not infiltration is very important. When the study of infiltration is
the only objective, other devices are available which will produce results
of comparable accuracy with less effort. However, such devices are not well
suited for accurate erosion research. Erosion studies require the application of high energy water drops to a sufficient length of slope so that enough
flowing water accumulates to readily transport erodible soil particles. The
rainulator was designed for such applications.
RESEARCH RESULTS

Each series of rainulator runs produces a large amount of data. The
collected data is analyzed during the period of the year when rainulator runs
cannot be conducted. The results are used to determine primarily the rates
and amounts of soil loss, infiltration, and runoff during each run. Various
other characteristics can also be studied.
Certain types of studies are better suited than others for rainulator
research. Studies of residue management, relative erodibility of soil types,
methods of tillage, crop sequences, and rainstorm energy and intensity effects
can be studied effectively. Other studies such as those involving freezing
temperatures or tall crops are less suited due to simulator or treatment
characteristics.
Numerous studies have been conducted using simulated storms applied by
the rainulator, and important research information has been obtained.
Brief summaries of some of the investigations follow.
A detailed study of various methods of minimum tillage (plow-plant with
and without smoothing and plow, wheel-track plant) as* compared to
conventional tillage (5) was initiated in 1959. Results from runs during the
initial year indicated that minimum tillage for corn increased the amount
of infiltration by 50 per cent shortly after planting, by 20 per cent after the
first cultivation, and by 10 per cent at harvest time. The minimum tillage
treatments had higher infiltration rates throughout all runs. Minimum
tillage also reduced the soil loss by 35 to 50 per cent during each of the above
periods. Soil losses at harvest were relatively minor as compared to losses
at the earlier crop stages. Differences between the various minimum tillage
treatments were not significant during the initial year. Cultivating the
minimum tillage treatments twice as compared to no cultivation was also
studied. The cultivations eliminated severe surface crusts, greatly increased
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the infiltration, a n d significantly reduced t h e soil loss. This study will be
continued for a total of five successive years of corn.
In another study, erosion from cornstalks as left b y a picker a n d from
shredded cornstalks (1) were compared. The shredded stalks reduced erosion
from t h e intense storms b y 60 per cent. Disking of t h e shredded stalks
increased the amount of infiltration, b u t soil loss was greater than from t h e
shredded-only treatment.
Other rainulator studies have indicated that 1. deep tillage is ineffective
in reducing erosion when the channels are not kept open to the surface, 2. a
small amount of surface mulch greatly decreases erosion, 3. the erodibility
of some soils is affected more b y management than b y soil type, 4. the first
year of corn in a rotation produces less erosion than the second year of corn
in the same rotation, 5. erosion from row crops following bromegrass is less
than erosion from row crops following alfalfa for the first 2 or 3 years, and 6.
benefits from previous meadow crops are insignificant after 2 or 3 years of
row crops. More detailed information will be obtained from further study
of these and other characteristics.
Efficient utilization of the rainulator necessitates runs at selected periods
instead of throughout t h e period of rainfall erosion. Rainulator results
will be of additional value if they can be used directly in an universal
soil-loss prediction equation (8). Therefore, methods b y which rainulator
results can be related to natural rainfall patterns and long-term runoff plot
studies are being investigated. Use of t h e respective erosion indices (6)
and t h e relative losses b y cropping periods (7) show t h e most promise.
Results from studies of inherent factors such as soil erodibility a n d land
slope are expected t o be more easily adapted for direct use in a prediction
equation.
In addition t o t h e original rainulator in Indiana, rainulators are now in
operation at Agricultural Research Service Stations in Georgia and Minnesota
and are in various stages of progress at other locations. The simulated rainfall approach t o runoff a n d erosion investigations promises t o provide a
wealth of information concerning the soil and water conservation merits of
many land-use conditions. The results are also obtained in a much shorter
time period than those dependent upon natural rainfall.
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SUMMARY

The rainulator is a research tool which produces simulated rainfall for
erosion studies on rectangular plots. Numerous characteristics which are desirable for runoff plot research were included in the design of the rainulator
and its associated equipment. Studies consist of a series of successive storms
on various treatments. The results supplement those obtained from natural
rainfall studies and are obtained more rapidly and efficiently.
Numerous studies have been conducted with the rainulator. I n one study,
minimum tillage for corn was found to significantly increase infiltration and
reduce soil loss as compared t o conventional tillage. I n another, shredded
cornstalks reduced erosion approximately 60 per cent as compared to stalks
as left b y t h e cornpicker. The soil a n d water conservation merits of various
other soil, crop, and tillage treatments have also been investigated. These
investigations assist in relating the various factors which influence methods
of conservation farm planning.
RÉSUMÉ

Le "Rainulator" est un outil de recherche qui imite les précipitations
pluvieuses et qui est utilisé pour étudier l'érosion sur des parcelles rectangulaires. De nombreuses caractéristiques, utiles a u x recherches sur le ruisselement ont été incorporées dans la construction du "rainulator" et de
ses accessoires. Les expériences faites au moyen de cet appareil, consistent
à appliquer une série d'averses successives à des parcelles traitées de manière
différente. Les résultats sont complémentaires à ceux obtenus au cours d'études sur l'effet des précipitations naturelles, mais on les obtient plus rapidement et de manière plus efficace.
De nombreuses études ont été conduites au moyen du "rainulator".
Dans une de ces études il fut trouvé que, comparativement au labour conventionnel, un labour minimal pour maïs augmentait de manière significative
l'infiltration et diminuait les pertes de sol. Dans une autre étude, des tiges
de maïs hachés diminuait l'érosion de 6 0 % par rapport a u x champs où
les tiges de maïs furent laissées telles quelles après le passage de la moissonneuse. La valeur conservatrice vis à vis de l'eau et du sol de divers autres sols,
récoltes et labours a également été étudiée. Ces recherches contribuent à
mettre en relation les divers facteurs qui exercent une influence sur les
méthodes de planification conservatrice des fermes.
ZUSAMMENFASSUNG

Der „ R a i n u l a t o r " (Beregner) ist ein Versuchsinstrument, welches den
Regenfall für Erosionsstudien auf rechteckigen Versuchsstellen nacha h m t . Zahlreiche Eigentümlichkeiten welche für Untersuchungen des
oberflächlichen Wasserablaufs wünschenswert sind, wurden in den Rainulator mit zugehörigem Gerät mit eingebaut. Die Versuche betreffen
eine Reihe von einander nachfolgenden Platzregenfällen mit verschiedenen
Behandlungen. Die Resultate ergänzen solche, welche bei natürlichen
Regenfällen erhalten wurden; sie wurden aber schneller u n d zweckmässiger
erreicht.
Die Versuche mit dem Rainulator waren viele und vielerlei. In einem
Versuche z.B. wurde gefunden, dass Bodenbearbeitung für Mais die Ein462
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sickerung bedeutend vermehrt und der Bodenverlust ebenso vermindert
wurde, dies im Vergleich zu der konventionellen Bearbeitung. In einem
andern reduzierten zerfaserte Maisstengel die Erosion um annäherend 60 %
gegen die Maisstengel wie sie der Maispflücker zurücklässt. Die Bodenund Wasserkonservierungsvorteile mancher Boden-, Ernte- und Wiederbearbeitungsmethoden wurden ebenfalls untersucht. Diese Untersuchungen
sind wertvoll beim Zusammenstellen der verschiedenen Faktoren, welche
die Methoden der den Boden konservierenden Arbeitsweisen für die F a r m
beeinflussen.
DISCUSSION

P. EKERN: Is precision sufficient to separate effects of depth of surface
film of water, drop momentum, or drop kinetic energy as factors in soil loss ?
L. DONALD MEYER: Studies of such effects are not planned with the rainulator
since they can be more precisely studied in the laboratory or smaller areas.
If field studies are desired, the drop size distribution, drop velocities, and intensities produced by the rainulator can be varied by using different nozzles
and nozzle pressure.
DAN ZASLAVSKY: HOW do you expect to gain quantitative information for
actual field use from measurements on furrows that go down slope, where we
believe contour furrows are the proper practise.
L. DONALD MEYER: AS dicussed in this paper and Reference 3, we feel that
contour rows on narrow rectangular plots often give improper comparisons.
Each row acts as a small dam and ponds much of the potential runoff unlike
contoured fields. When, where, and how the breakovers of the rows occur often
seriously distort treatment differences. Furthermore, current erosion prediction
methods are based on up and down slope tillage with modifying factors for
contouring and other conservation practices.
Other types of research studies can better compare the various conservation
practices to up and down slope tillage. Rainulator studies are primarily planned
to study differences among cultural practices.
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W A T E R MOVEMENT R E S T R I C T I O N BY P L A N T R E S I D U E S IN A
S I L T LOAM SOIL *
by
VERNON C.

JAMISON**

Fertilization and improved management practices in recent years have
generally increased crop production. Where large quantities of straw, stover
or other residues are plowed under, questions arise as to what effect these
m a y have on moisture transmission and air-water relations in the soil.
Partial severance of capillary contact between surface and subsoil by
barriers of plant residues m a y have a profound influence on soil moisture
relations until these materials decay sufficiently to re-establish contact.
The increase in the use of minimum tillage practices in production of
corn raises questions as to the effects of large quantities of shredded cornstalks turned under with little fitting of the loose soil over the heavy
barrier of litter. Also the manner of turning the materials into the soil may
affect the results. If the furrow slice is turned on edge the effect m a y be
somewhat different than with complete inversion.
I t is the purpose herein to report some results from a laboratory soil
model designed to get some fundamental information t h a t would be difficult
to obtain b y field experimentation.
METHODS AND

PROCEDURE

Silt loam soils are dominant throughout the midwestern United States.
Hence, a silt loam surface soil (Mexico series) from McCredie, Missouri,
was used to simulate the 'plow layer' and a loessal silt from Wilton, Missouri,
was used for the 'sub-soil' material. These soil materials were used since
considerable information on their physical properties has been obtained
in previous studies. The model consisted of 6 columns of soil contained in
cells 110 cm high and 30.5 by 7.6 cm in horizontal cross section. One wall
of each cell was of clear plastic to permit observation during packing or
wetting the soil. Except for the clear plastic the inside wall surfaces were
coated with asphalt paint to waterproof the joints and dusted with silt to
reduce wall-transmission of effects. Rubber gaskets were used to seal the
joints between the clear plastic and edges of the end wall of each cell. A
small opening between the base and the clear plastic wall allowed air to
escape as water entered the soil surface. Polyethylene plastic sheeting
spread over the opening on the inside before packing the soil columns
prevented evaporation loss from the base.
Loessal silt was passed through a 1 m m screen to remove lime concretions and mixed to provide a uniform 'subsoil' material. The moisture
content was adjusted to about 17.4 % or about 0.5 atmosphere suction.
To accomplish this the silt was first moistened b y stirring it in a thin layer
on a concrete floor while adding water from a fine spray nozzle. The material was then allowed to dry while being stirred frequently. A 100-gram
sample was taken for moisture every hour during the drying process.
* Contribution from Eastern Soil and Water Management Research Branch,
Agricultural Research Service, U.S.D.A.; and the Missouri Agricultural Experiment Station, Columbia, Missouri. Mo. Agric. Expt. Sta. Jour. Series No.
2142.
** Soil Scientist.
464

Vl.8
These were spread in a thin layer in a tray and dried in a forced draft oven
for 30 minutes. When the results showed the moisture content was near the
desired value, the silt was placed in a metal drum and covered with a plastic
sheet for about 24 hours.' Several soil moisture tube samples were then
removed from the drum to determine the value to be used in subsequent
calculations. This material was then packed in 5 cm layers to a bulk density
(Db) of 1.4 gm/cc and a depth of 95 cm in all the sections. Shredded cornstalks at the equivalent rate of 6 tons of dry matter per acre (5440 kg/ha)
were placed on 4 of the sections. The cornstalks were spread evenly over the
silt surface of two sections and over 3/4 of the surface of the other two.
Screened Mexico silt loam surface soil was packed to a bulk density of 1.3
and a depth of 15 cm on top of the silt and/or the cornstalks on one of
each pair of the sections and the same amount was placed loose on each of
the others. The moisture content of the surface was adjusted to 22.4 % (about 0.5 atmosphere suction) before packing in the same manner as used
with the silt. This moisture condition may be considered near the wet
limit of the plowing range (1).
Mercury tensiometers were mounted on one wall of the model with the
porous cells inserted into the soil through holes drilled in the wall. The
tube connections of the cells were inserted through one-hole rubber stoppers
which were used to seal the openings from leakage or evaporation loss.
The cells were placed horizontally at 2 cm above and at 8, 18, and 38 cm
depths below the loessal silt surface. The temperature in the laboratory was
controlled at 22.0 ± 0.5° C.
The soil surface was covered with a piece of towelling and water applied
to each column to a depth of 2 cm above the surface from a constant level
burette until 10 cm of water had been applied. The total time for complete
entry of the water into the surface of each column was observed and the
average intake rate calculated. The wetting front positions at various time
intervals were marked on the clear plastic wall of the columns. Tensiometer
readings were made each day after the application of water. From the
tensiometer readings and height positions the hydraulic gradients and
direction of flow could be determined as drainage and evaporation progressed. Also from the readings and the moisture-release curve, changes in
the air-water volume status of the surface soil were determined for the
different treatments. Several test runs were made. On one the effects of
making a second 10 cm application 14 days after the first were determined.
CALCULATIONS

To estimate the moisture transfer rates across the various contact or
barrier conditions, duplicate columns were sampled at 7 and 29 days after
water application. From differences in water content for the duplicates the
average flow rates were determined. From charts of the hydraulic head
with soil depth each day the direction of flow across the contact boundaries
could be determined. The change from downward to upward direction of
flow across the contact boundaries occurred between the fourth and sixth
day for the various treatments. The average flow rates across the boundaries
during the later period were small in comparison with earlier drainage flow
rates.
The first moisture samples were taken one to three days after the time
of reversal in flow direction. It was assumed that the upward flow rates
during this short interval were about the same as the average estimated
from the two moisture samplings. The errors involved in this assumption
are small since the flow rates would be small near the time of reversal of
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flow direction. At this time the low pressure gradients would favor low
rates of flow in comparison with the more rapid downward flow during and
shortly after water was applied. From the assumed rates of flow for the
short time intervals between the first sampling and the reversal of flow
direction, the amounts found below the boundaries were corrected. From the
corrected values the downward flow rates and conductivities were calculated.
The values reported here are averages for the time and soil depth intervals
given.
The average hydraulic conductivity was computed from the generally
accepted relationship (3).
* - '
"

i

where v is taken as the average rate of flow and i is the average hydraulic
gradient in the direction of flow. If v is expressed in cm/sec and i in cm of
water per cm, then Kh is in cm/sec. If the average hydraulic gradient is
expressed in ergs/gm, then the average hydraulic conductivity is given by
K = Khlg
where g is the acceleration due to gravity. The dimension of K is time.
For flow in unsaturated soil, Kh (or K) is not constant for a given soil,
but varies with moisture-suction changes in the soil (2).
RESULTS

The average intake rates for the various treatments are shown in Table 1.
For the first 10 cm application of water the initially loose soil absorbed the
water more rapidly than the compacted. The cornstalk barriers did not
reduce intake except where the soil surface was moderately compacted.
TABLE 1. Average Intake Rates for Different Contact Boundary Conditions Tested.
Contact Boundary Conditions

Water Applications**

Soil Surface

Contact
Barrier*

First 10 cm
cm/hr

Second 10
cm cm/hr

Initially loose
Initially loose
Initially loose
Moderately compact***
Moderately compact
Moderately compact

None
75%
Full
None
75%
Full

8.0
8.9
10.1
4.2
2.5
1.3

1.7
1.7
1.7
1.7
1.8
0.5

* Nature of soil-silt contact: no barrier, full soil-silt contact; partial barrier
and full barrier, 75 % and full contact severance by shredded cornstalks at
6 tons dry matter per acre (5440 kg/ha).
** Second 10 cm application 14 days after first.
*** Soil surface layer (15 cm) compacted to bulk density of 1.3 gm/cc.
Where the surface soil was initially loose, it settled upon wetting to about
the same density as the compacted treatments. The rates for the second
application were lower and more nearly the same. There is no doubt t h a t
residual effects from the first application were partly responsible for the
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results. The partial- or full-barrier treatments would be drier in the surface
14 days after the first application than those with full contact. The effect
of the barrier on intake would be partially offset by a drier soil surface.
It is noteworthy that the lowest intake rate was for the initially compacted
soil having full barrier at the contact. Thus, moderate compaction of the
soil above the barrier appears to reduce rather than accelerate flow of water
into the soil.
Wetting front advance was consistent with the intake rates. The front
had advanced down to about 10 cm below the contact level for all three
initially loose treatments after 0.5 hour. The front in the moderately compact
no-barrier treatment was at about 8 cm below the contact. The front in
compact partial- and compact full-barrier sections had just passed through
the contact into the loessal silt at this time. The differences in advance were
progressively less with time. After 34 hours the wetting front positions for all
the barrier treatments were at about 55 cm and those for the no-barrier
treatments were at about 60 cm below the contact level.
The calculated air-space percentages for the soil layer (5 cm) just above
the contact boundary are shown in Figures 1 and 2 for the first 10 cm
application of water. For the initially loose soil the air-filled porosity was
critically low for only a few hours. The full barrier evidently did restrict
flow after the larger voids were drained. Rapid increase in air-space for
this treatment after about 50 hours can be attributed to severance of capillary contact with the subsoil and loss of moisture from the surface by
evaporation. Where the soil was initially compacted to a bulk density of
1.3, the air-space remained critically low for the barrier treatments for
5 to 10 hours after the application. Thus moderate compaction of the
surface soil seemed to increase rather than decrease the isolating effect of
the plant residue barriers.
Since the results for the initially loose and moderately compacted surface
soil were similar for the second application the results for air-space percentages are shown only for the compacted soil (Figure 3). The air content
was critically low for more than ten hours for the no-barrier, for more than
15 hours for the partial-barrier and for more than 50 hours for the fullbarrier condition. Even after 14 days of drainage and drying there were
residual effects from the first wetting. These were probably due in part to
biological activity in the cornstalks with some plugging of the voids in the
soil near the barriers.
The average flow rates and hydraulic conductivities for the contact
interval and also the upper layer of silt below the contact were determined.
The results for the period when the hydraulic gradient and flow through the
contact were downward are shown in Table 2. Note that the average gradient is many times greater in the contact one than below it. The hydraulic
head values just below the contact were estimated by extrapolation of
hydraulic headdepth curves from the upper tensiometer level in the silt to
the top of the silt layer (Figure 4). The values obtained were consistent
with the moisture determinations at sampling. The moisture content of
samples in the upper (0—5 cm) layer of silt was about the same as that in
the next interval below (5—10 cm). On the other hand the samples taken
from the interval above the contact were somewhat drier (in terms of
equivalent suction). It is clear that the greatest change in hydraulic gradient
usually occurred near the contact boundary. Only in the short time interval
during which flow reversed from downward to the upward direction
across the contact boundary would the gradient at the contact be little
different than in the body of silt below or in the soil above.
The average hydraulic gradients in the contact interval above the silt
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TABLE 2. The Effects of Shredded Cornstalk Barriers and Soil Compaction on
Downward Movement of Moisture into a Silt Loam Soil.
Surface Soil Treatments
Transmission
Terms

Initially Loose

Moderately Compact*

Contact Barrier**
None

Partial

Full

Contact Barrier**
None

Partial

Full

Average flow through boundary interval (2 cm)
v, 10 - 7 cm/sec.
i, cm/cm
K», 10-'cm/sec.

315
15.8
19.9

226
25.0
9.0

221
23.5
9.4

204
19.1
10.7

132
29.3
4.5

127
23.5
5.4

Average flow through upper silt layer (1 cm)
v, 10~' cm/sec.
i, cm/cm
K„ 10-' cm/sec.

289
3.0
96

207
2.0
104

201
2.0
100

186
2.0
93

119
1.5
79

115
1.5
77

* Initially compacted to bulk density of 1.3 gm/cc.
** Nature of soil-silt contact: no barrier, full soil-silt contact; partial barrier
and full barrier, 75 % and full contact severance by shredded cornstalks at 6
tons dry matter per acre (5440 kg/ha).
during downward flow were a little higher with t h a n without the cornstalk barriers (Table 2). Since the average downward rates of flow across
the boundaries were also lower with cornstalk barriers present, the hydraulic
conductivity values were lower.
The average flow rates and hydraulic conductivities for the upward
movement of moisture across the contact intervals and the silt layer below
the boundaries are shown in table 3. Note t h a t the average gradients are
much greater in the contact zone t h a n below it. Although the gradients

10 •

10
50
100
DRAINAGE TIME (HOURS)

500

Figure 1. The changes in calculated air-space percentages with time after the
first 10-cm application of water for the treatments with initially loose surface
soil.
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TABLE

3. The Effects of Shredded Cornstalk Barriers and Soil Compaction on
Upward Movement of Moisture Due to Evaporation at the Soil Surface.
Soil Surface Treatments

Transmission
Terms

Initially Loose

Moderately Compact

Contact Barrier
None

Partial

Contact Barrier
Full

None

Partial

Full

Average Flow Through Boundary Interval (2 cm)
v, 10"' cm/sec.
i, cm/cm
K4, 10"'cm/sec.

15.5
86
0.18

10.8
296
.036

6.7
526
.013

11.3
77
0.15

8.0
456
.018

6.1
635
.010

Average Flow Through Upper Silt Layer (1 cm)
7

v, 10" cm/sec
i, cm/cm
KA, 10-' cm/sec.

15.2
5.6
2.7

10.1
3.6
2.8

5.6
2.4
2.3

10.9
3.0
3.6

7.2
1.9
3.9

5.1
1.73
2.9

Average Total Loss from Profile
v, 10-' cm/sec.

18.9

17.9

16.4

16.6

16.3

17.1

Average Proportionate Loss from Surface Soil
v, 10-' cm/sec.

3.7

7.8

10.8

5.7

9.1

12.0

were increased somewhat by cornstalk barriers, they were high across soil
to silt contacts with no cornstalks. The initial compaction of the surface
soil seemed to reduce rather than increase contact through the barrier.
It is interesting that the rate of evaporation loss from the total profile
(surface soil plus silt) was not appreciably affected by the cornstalk barriers. The greater proportionate rate of loss of water from the surface soil
above the barriers than that in capillary contact with the silt will account
for this. Partial isolation of the surface soil retained more moisture in this
layer so that total evaporation losses from the surface were about the same
for the measurement period. If measurements had been made for a still
later period after the surface had dried, the barriers would doubtless have
reduced total loss from the soil.
CONCLUSIONS

It is evident that during unsaturated flow hydraulic gradients in the
contact zone between different types of porous materials may be somewhat
greater than in the materials themselves. Even with a silt loam soil in
contact with a loessal silt the estimated values were often large. Such
differences may exist between a plowed layer and the unfilled subsoil
immediately below. The presence of plant residues in the contact zone may
further increase hydraulic gradients and the degree of isolation of two soil
layers.
Moderate compaction, such as resulting from harrowing or rolling, may
not improve contact between soil layers through a plant-residue layer.
In fact, moderate compaction reduced the rate of flow across a cornstalk
barrier, especially during drainage from the surface soil into the silty subsoil
material. Movement of soil particles from loose surface soil into a relatively
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5*

10

DRAINAGE TIME

50

100

(HOURS)

Figure 2. The changes in calculated air-space percentages with time after the
first 10-cm application of water for the treatments with the surface soil initially
compacted to 1.30 gm/cc.

10
20
DRAINAGE TIME (HOURS)

Figure 3. The changes in calculated air-space percentages with time after the
second 10-cm application of water (14 days after the first). Surface soil initially
compacted to 1.30 gm/cc.

loose mat of plant materials during drainage may be more effective in
establishing contact than compacting the soil above the barrier.
The hazard of poor aeration during wet weather due to isolation by a
trash barrier may be reduced by turning a furrow slice on edge so as to
achieve partial contact between the plow layer and the subsoil. The critical
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HYDRAULIC HEAD
-3

(IC* CM WATER)
-2

- I

A7

SOIL ABOVE CONTACT

20

SILT BELOW CONTACT
Db-

10

SOIL SURFACE

Db • 1-30

1.40

30 £
TREATMENT
40

NO-BARRIER, COMPACT SURFACE
DAYS AFTER WETTING

Figure 4. The changes in hydraulic head with soil depth below the contact and
with time after a 10-cm application of water to the surface.
period of low air-content in t h e surface soil after wetting m a y be greatly
reduced with as little as 25 % soil to subsoil contact (Figures 1, 2 a n d 3).
However, t h e average reduction in flow rates across t h e boundaries b y a
trash barrier during drainage a n d drying of t h e soil appears t o be roughly proportional to the amount of contact severance b y the barrier.
LITERATURE
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SUMMARY

Soil models were used t o study t h e transmission of moisture across
barriers formed b y turning under plant residues. After a heavy application
of water the air-filled porosity of Mexico silt loam was very low only a short
time where the surface was initially loose. If compacted t o 1.3 gm/cc t h e
time was increased. T h e presence of a shredded cornstalk barrier further
increased the time of low air content. Hydraulic gradients in the contact zone
between surface and subsoil was usually greater t h a n in t h e soil body. This
was increased b y plant residues severing contact. Moderate compaction of
the soil surface reduced flow across t h e barrier a t low suctions. The average
reduction in conductivity across t h e boundary b y a trash barrier was much
greater a t high than a t low suctions.
RÉSUMÉ

Des 'modèles' d e sol ont été utilisés pour étudier la transmission de
l'humidité à travers les barrières que constituent les débris végétaux enfouis.
Après application d'une forte dose d'eau, le volume total des pores remplies
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d'eau d'un limon (Mexico silt loam) ne restait très bas que pour un temps
relativement court quand au début de l'expérience sa surface était meuble.
Quand celle-ci avait préalablement été compactée à 1.3 gm/cc, ce temps
était plus long. Cette période de faible teneur en air était encore prolongée
par la présence d'une barrière constituée de paille de maïs hachée. Le
gradient hydraulique était généralement plus grand dans la zone de contact
entre la couche superficielle et le sous sol que dans le restant du profil.
Ce phénomène s'accentuait encore là où des résidus végétaux interrompaient
le contact direct entre les deux couches. Une compaction modérée de la
surface diminuait le passage d'eau à travers la barrière sous l'influence de
faibles suctions. La diminution moyenne de cette conductivité pour l'eau
à travers la limite précitée, causée par cette barrière de déchets végétaux
enfouis, était beaucoup plus grande pour les hautes valeurs de suction que
pour les basses.
ZUSAMMENFASSUNG

Zum Studium der Wasserdurchlässigkeit durch Versperrungen, aus
eingegrabenen Pflanzenresten gebildet, wurden bestimmte Bodenmodelle
benutzt. Nach einer tüchtigen Wassergabe war die lufterfüllte Porosität
von Mexico-Schlufflehm nur kurze Zeit sehr niedrig dort wo die Oberfläche anfänglich lose war. Wenn auf eine Dichte von 1.3 g/cc zusammengepresst, wurde die Zeit verlängert. Die Gegenwart einer Hemmungsschicht
von zerfaserten Maisstengeln verlängerte deutlich die Zeit eines geringen
Luftgehaltes. Hydraulische Gradienten in der Kontaktzone zwischen Oberfläche und Untergrund waren gewöhnlich grösser als im Bodenkörper.
Durch Pflanzenreste welche den Kontakt erschwerten, wurden sie verlängert. Mittelmässige Zusammendrückung der Bodenoberfläche verminderte die Wasserströmung durch die Barrière bei niedrigem Ansaugen.
Die mittlere Verringerung der Leitfähigkeit durch die Grenze einer Pflanzenabfallschicht war viel grösser bei hohen als bei schwachen Absaugungen.
DISCUSSION

M. DE BOODT: I want to point out that a barrier, even if it is of manure
or of lime, has a large practical influence. In Belgium, during a dry summer,
1959, when the manure was not mixed through the soil, by lack of biological
activity due to dryness, the drop in wheat yields was 10—20 per cent.
V. C. JAMISON: I agree, certainly the isolating effect of a trash barrier increases as the soil gets drier. I might add that under some conditions such a
barrier may be beneficial, especially if plants have roots penetrating and ramifying the subsoil before the surface dries. Water may be conserved under some
conditions.

/
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U T I L I Z I N G A SAND T A N K MODEL TO STUDY SOME
MOISTURE F L O W P R O B L E M S IN D R A I N A G E *
by
THOMAS J. T H I E L and

GEORGE S.

TAYLOR**

Tank models have been used b y investigators to study the removal of
water from soils by subsurface drain tubes. Experiments utilizing t a n k
models are relatively inexpensive and yield d a t a more rapidly than field
experiments. Many of the variables encountered in the field can be controlled in t a n k studies, and models can also be used effectively to study
problems which lack sufficient information for numerical or analytical
analysis. The use of a tank model places some limitations on the experiment
but not on the theory: For example, a soil m a y differ greatly from t a n k
media with regard to hydraulic conductivity and pore size distribution;
however, the basic principles affecting drainage will apply equally well
for both.
Tank models of various sizes have been used by investigators to examine
some aspects of drainage. Childs and Youngs (2), Luthin and Worstell (5),
and Donnan (3) have used rather large tanks whose volumes ranged from 120
to 5200 cubic feet. Large tanks are somewhat inflexible, particularly when
interchange of flow media is desired. Kirkham and co-workers (4) have used
small tanks of approximately one cubic foot capacity; however, no provisions were made to measure fluid pressures.
Uniform packing of the flow medium is of particular importance when
small tanks are used. An easy method of obtaining uniformity is to use an
inert material such as sand or glass beads. When such relatively coarse
materials are used with water, however, the resulting drawdown rate is
quite rapid. Fast drawdown rates result in two difficulties: One is the
rapidity with which experimental measurements must be taken. The other is
the lag in the pressure recording system if fluid interchange occurs between
it and the conducting medium (i.e. feedback). While these difficulties can
be overcome by using null-type sensing elements and suitable instrumentation, the large number of pressure sensing elements necessitates a considerable expenditure in equipment and personnel.
The purpose of this report is to describe (1) a small laboratory t a n k
model for conducting drainage studies, (2) a flow system utilizing a viscous
fluid (glycerine) and inert media (sand), and (3) a method of obtaining
reliable fluid pressures without using null-type tensiometers. Examples of
the types of studies which can be conducted with this system are presented.
T H E TANK MODEL

The t a n k h a d inside dimensions of 120 b y 46 b y 10 cm. and was constructed of 1/4 inch plexiglass to permit visual observation (see figure 1A).
Semicircular drain tubes were 1.6 cm. in diameter and constructed of
* Contribution from the Soil and Water Conservation Research Division,
Agricultural Research Service, USDA, and the Ohio Agricultural Experiment
Station.
** USDA, Columbus, Ohio, and the Ohio State University, Columbus,
Ohio, respectively.
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40-mesh brass screen. During drainage these tubes emptied into a 100 cc.
buret via two small outlet tubes extending through the end of the tank.
While only two drains were used in the tank, others could be located similarly
along the opposite end of the tank. Variations in drain spacing were accomplished b y use of a vertical plexiglass barrier sealed with calking compound.
Tensiometers were located a t forty-two positions in the face of the tank.
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Figure 1. Schematic drawing of the tank model: (A) Side view of the tank
showing the position of drains, tensiometers, filler tubes, and the tank cover;
(B) The outflow recording device as positioned for use with one of the drains;
and (C) a pressure sending element located in the tank.
The pressure sending element of t h e tensiometer was made of a oneinch square section of 96-mesh copper screen and two similar sized sections
of sheet fiberglass (see figure 1C). T h e screen was rolled compactly over
the fiberglass sheets until t h e unit would fit inside a 2 inch length of 1/4
inch copper tubing. I t was then lightly soldered a t the t i p a n d a t t h e
junction with the copper tubing. T h e tensiometers were sensitive to small
changes in fluid pressures for suctions u p to 25 cm. of glycerine. This
system provided rapid observation of fluid pressures, requiring only 2—3
minutes to record pressures a t t h e 42 locations.
Errors resulting from feedback were minimized b y using capillary-size
tubes of 1 mm. diameter. This size was selected because it was t h e smallest
which would permit fluid levels in t h e manometer to adjust quickly to
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pressure changes at the element. Use of smaller tubes would result in errors
due to frictional losses between the fluid and the manometer tube walls
during adjustment. Corrections were made for capillary rise of glycerine
in the manometers.
To evaluate the effect of feedback on fluid pressures, comparisons were
made between pressures obtained with the tensiometers described above and
those utilizing null-type sensing elements (5). Fluid pressures as recorded
by the null-type tensiometers were 1—2 cm. lower during the first half-hour
of drawdowns. (Normally, drawdown required from 12 to 24 hours with fine
and coarse textured sands.) After one-half hour the maximum differences
observed were less than 0.5 cm. The latter discrepancy was of similar
magnitude to errors in reading fluid levels in the manometers, and feedback
was not considered a major source of error.
FLOW SYSTEM

In this study a flow system consisting of sand and glycerine * was
used. Although good results were obtained with sand, other materials
such as glass beads should give better results because of greater uniformity
in size. Motor oils and mineral oil were also considered for these studies.
Glycerine was selected because it was odorless, was not a fire hazard, and
permitted visual observations of the flow system. Glycerine is also soluble
in water and washing and drying of the sand could be easily accomplished.
The fluid conductivity-suction and drained porosity-suction relationships
of the flow medium can be accurately determined in a laboratory study.
Conductivities can be obtained with fair accuracy by steady state, saturated
flow in a vertical column. Because of inevitable variations in packing, a
better method is to first measure drain flow during ponded, steady state flow
and then to calculate the conductivity by either the equations of Kirkham
(4) or the approximate ones of Vimoke and Taylor (8). The latter method has
been followed almost exclusively in our work. Fluid content-suction relationships can be determined by incremental drainage of a sand column (7),
while unsaturated conductivities can be evaluated from fluid content-suction
data by using the method of Childs and Collis-George (1). Examples of the
types of fluid conductivity-suction and drained porosity-suction relationships obtained with glycerine and fine or coarse textured sand are shown in
figure 2. As one can observe from this, striking contrasts can be obtained in
conductivity-suction and drained porosity-suction relationships. Thus the
use of glycerine and sand-sized particles yields systems with a wide variety of
flow properties of small suctions.
EXPERIMENTAL PROCEDURE

The studies were conducted in a constant temperature room to avoid
significant changes in fluid viscosity. With the tensiometers removed from
the tank, dry sand was added slowly while tapping the tank walls to bring
about settling. After adding the sand, the tank cover was sealed and glycerine introduced through the three filler tubes at the tank bottom (see
figure 1A). The tank was covered and atmospheric pressure maintained in
the system by permitting air exchange through columns of a drying agent.
This was required so that appreciable water vapor would not be absorbed
in the glycerine. The filling operation was done slowly and required from
* The products used in this study were Flint shot, Banding, and Crystal
Silica Sands, Ottawa Silica Co., Ottawa, 111., USA., and Armour's Chemically
Pure Glycerine, Armour and Company, Chicago, 111., USA.
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1 to 2 days. After glycerine was ponded on the surface the drains were
opened for several days to further settle the sand, and the ponded conditions
were maintained b y now introducing glycerine from the top of the tank.
The pressure sensing elements were then filled with glycerine, inserted
into the tank, and a ponded steady state flow into an opened drain was
obtained. The drain was then closed and the free surface lowered to an
equilibrium level of 0.5 to 1.0 cm. below the sand surface to assure complete
removal of ponded fluid.
Drawdown was then initiated b y opening a drain. Periodic measurements
were then made of drain outflow and of fluid pressures at the 42 locations in
the tank. For fine- and coarse-textured sands, from 12 to 24 hours were
required to lower the free surface * to within a few centimeters of the drain.
After drawdown was completed, the sand and glycerine were removed and
new sand added for the next study. This procedure was necessary since large
amounts of air became entrapped in the media and could not be removed on
resaturation.
EXAMPLE OF F L O W PROBLEM STUDIED

To illustrate the type of flow problem which can be studied with this
system, the equipotential surfaces, free surfaces, and drain outflow rates
are shown in figure 3 for drawdown in homogeneous media. The characteristics of the two sands used in this study are given in figure 2. Potentials
are obtained directly from the height of the manometer fluid levels above the
d a t u m . The position of the free surface is the potential in the uppermost
tensiometers indicating positive pressures.

SUCTION - CM

Figure 2. Drained porosity-suction and conductivity-suction relationships of
glycerine and coarse and fine textured sands at low suctions.
* The authors are using the terminology of Muskat (6) in which the free
surface is defined as the fluid surface that is in equilibrium with the atmosphere. If the conducting fluid were water, the free surface would be the water
table.
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Figure 3. Equipotential surfaces and free surface positions during drawdown
by drains in fine and coarse textured sands. The upper graphs represent ponded
flow, while the other graphs represent flow at successively lower positions of the
free surface. The drain is shown on the left at zero elevation, and its circumference is the zero equipotential. The numbers beside the curve give the magnitude of the equipotential. Drain flow rates Q are indicated for different drawdown times T.
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As one can observe from figure 3, such studies reveal t h e shape a n d
location of t h e free surface during drawdown, t h e direction of flow, a n d t h e
effect of drawdown on drain flow rates. Of particular interest in this study
is t h e effect of a capillary fringe on t h e direction of flow. I n t h e fine sand
the capillary fringe extends to t h e sand surface throughout most of t h e
drawdown, while t h e coarse sand has a somewhat more distinct capillary
fringe about 10 cm. in height. Assuming t h a t streamlines are orthogonal to
the equipotential surfaces we can see t h a t flow above t h e capillary fringe is
primarily vertical in direction while flow below the upper boundary of t h e
fringe is essentially horizontal.
The t a n k model has been used successfully in our laboratory in other studies of drawdown b y buried drains a n d b y open ditch drainage facilities in
both homogeneous a n d stratified media.
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SUMMARY

A small t a n k model is described for studying subsurface drainage problems.
Provisions are made for varying drain depth and spacing. Glycerine-sand
flow systems are used, and fluid pressures are measured a t 42 locations
during drawdown. B y using capillary manometer tubing, reliable measurements of fluid pressure are obtained without using null-type tensiometers.
Experiments are conducted in a constant-temperature room a n d a t low
humidity to avoid significant changes in fluid viscosity. An example of t h e
type of problem which can be studied is illustrated b y some experimental
findings for drawdown in homogeneous media.
RÉSUMÉ

Cette note décrit u n petit modèle de cuve, construit pour étudier les
problèmes du drainage souterrain. Des espacements et des profondeurs de
drainage variables ont été prévus. Il est fait usage d'un système glycérinesable, et les pressions des fluides sont mesurées à 42 endroits pendant le
ressuyage. E n utilisant des manomètres en tubes capillaires on peut mesurer
de manière suffisamment exacte la pression du fluide sans avoir recours à
des tensiomètres capables d'indiquer des valeurs zéro. Ces expériences sont
effectuées dans u n local à température constante où le t a u x d'humidité
est peu élevé, afin d'éviter des variations significatives de la viscosité
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du fluide. Un exemple du type de problème que l'appareil permet d'étudier
est illustré par quelques résultats expérimentaux sur le ressuyage en milieu
homogène.
ZUSAMMENFASSUNG

E s wird ein kleines Tankmodel beschrieben zum Studium von unteroberflächlichen Drainproblemen. Zur Variierung der Draintiefe und Drainentfernungen waren Vorsehungen getroffen. Es wurde ein Durchströmungssystem von Glyzerin durch Sand benutzt, wobei an 42 Stellen während des
Abfliessens der Fliessdruck gemessen wurde. Durch Benutzung von Kapillarmanometerröhren konnten zuverlässige Messungen des Fliessdrucks
erreicht werden ohne auf Nulltype-Spannungsmesser zurückgreifen zu
müssen. Die Versuche wurden in einem auf konstante Temperatur gehaltenen R a u m und bei niedrigem Feuchtigkeitsgrad ausgeführt, wobei
demnach bedeutende Änderungen der Viskosität der Flüssigkeit vermieden
wurden. Ein Beispiel eines Problems, welches auf diese Weise studiert werden
kann, findet man in einigen Versuchsdaten für die Durchströmung homogener Medien.
DISCUSSION

DON KIRKHAM: Your drawing showed a water column in your drain tube
outlets, extending below the level of the drain tubes. This would indicate a
spurious suction at the drain tube outlets. Did such a spurious suction exist
or is this an error in the drawing?
T. J. THIEL: Neither. A hydraulic head equal to the drain radius was maintained in the drain. A close examination of the figure will shows this.
RAJINDER PAL GUPTA: 1. What was the flow period for the saturated case?
2. Was there any decrease in hydraulic conductivity of sand with time in saturated flow? 3. What was the size of the sand grain?
H. J. THIEL: 1. The saturated case was continued for periods up to 3—5 days.
2. Hydraulic conductivity decreased during the initial period of compaction
of the sand (3—5 days). No change was observed during the actual study.
3. Coarse and fine textured sands according to the international classification
system.

479

7 T H INTERN. CONGRESS OF SOIL SCIENCE, MADISON, W I S C , U.S.A., 1 9 6 0

Vl.10

P O N D E D W A T E R F L O W IN L A Y E R E D SOILS
by
GEORGE S. TAYLOR, ROBERT V. WORSTELL, AND
JAMES N. LUTHIN

College of Agriculture, University of California U.S.A.
INTRODUCTION

There are extensive land areas which require subsurface drainage and
which appear to have soil hydraulic conductivity profiles similar to those
shown in Figure 1. The profiles shown are typical of the Gray-Brown
Podzolic and Humic Gley great soil groups found in Ohio, Indiana, and
Illinois. However, similar soil profiles occur in many other parts of the
world under b o t h humid and arid types of climate.
The following question is raised concerning the location of the drain:
Should the drains be placed in a shallow, permeable horizon or at a greater
depth in a less permeable one? The purpose of the study reported here is
to analyze a limited number of cases of ponded water flow through stratified
soils. No consideration is given to the effect of deep placement of drains
on improved soil drainability due to shrinkage of the soil.
Relative
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Figure 1. Hydraulic conductivity profiles as estimated from morphological
characteristics according to the criteria of O'Neal (3). The highest conductivity
in each soil is arbitrarily assigned a value of 100.
EXPERIMENTAL

PROCEDURE

The resistance network described by Worstell and Luthin (4) is used
for the study. The network consists of fixed resistors mounted in a series
of interconnected square grids. The analog has the scale of one resistor
per linear distance of 0.0125S, where S/2 is the half spacing between drain
lines. The following physical dimensions are simulated in the study: Drain
line spacing S = 80 feet; drain radius r = 1/2 foot; and distance from
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ground surface to impermeable layer h = 9 feet. Thus the network consists
of 40 vertical and 9 horizontal rows of resistors, [making a total of 360 resistors. For a detailed description of the procedure used in arranging the
analog, see Lu thin (2).
Each soil studied with the analog is assumed to consist of three horizontal
layers of equal thickness. The examples used in the study should be considered as idealized representations of actual field conditions. The electrode
representing the soil surface and the tile drain are maintained at constant
potential to represent steady-state ponded conditions. The applied voltage is
zero at the drain-electrode and equal to Ä0 at the ground surface electrode,
where A is a constant and 0 is the hydraulic head.
The drain flow Q for a homogeneous soil of hydraulic conductivity k
is given by Q = Ik/A<r, when I is the total current flow in the analog and
a is the electrical conductivity. The units of Q are cubic feet per foot of
drain per day. For stratified soils, Q is given by nlk/Aa where n is a constant
depending on the particular layer from which k and a are selected. The equipotentials are obtained by interpolating the voltage readings at the grid
points. Streamlines are drawn orthogonal to the equipotentials. The intersection of the streamlines with the ground surface are obtained by first
summing the measured currents passing through the uppermost row of
vertical resistors. The streamlines are expressed as a percentage of the total
current by interpolating between the summed values.
The procedure followed is to place the tile at various depths, d, in the
profiles and determine current flow I, equipotentials, and streamlines.
Five profiles are studied having conductivities in the bottom, center, and
top layer, respectively, given by the ratios 1 : 1 : 1, 1 : 2 : 3, 1 : 2 : 10,
1 : 5 : 10, and 1 : 5 : 50.
R E S U L T S AND

CONCLUSIONS

A. Effect of Stratification on Flow Nets
The flow nets for the various cases studied are presented in Figure 2.
A flow net for the uniform soil is included for comparison.
Examination of Figure 2 indicates that placement of the drain in a less
permeable soil layer increases the hydraulic gradient in the vicinity of
the drain. The hydraulic gradient near the drain increases as the conductivity of the less permeable layer decreases.
The increase in hydraulic gradient near the drain causes the streamlines to be displaced towards the drain. For example let us consider the
90 % streamline. In the uniform soil it intersects the soil surface at 14 feet
from the drain. In the 3 : 2 : 1 soil it is 10.8 feet from the drain. In the
10 : 2 : 1 soil it is 8.3 feet from the drain, in the 10 : 5 : 1 soil it is 9 feet
from the drain and in the 50 : 5 : 1 soil it is 7.2 feet from the drain. With
the drain located in the center layer, the displacement is in the same order
as the ratio k3 : k2.
The displacement of the streamlines means that for the ponded water
case leaching is less effective when the drain is placed in a less permeable
layer since most of the leaching water passes through the soil only a few
feet on either side of the drain.
Also we can infer from the flow nets that the drawdown near the center
line of the drain will be more pronounced in the case of a layered soil (as
studied here) than in a uniform soil.
Increasing the drain depth causes the streamlines to intersect the ground
surface at greater horizontal distances from the drain (see Figure 2). The
displacement is greater in layered soils than in homogeneous soils. In481
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creasing the drain depth causes the streamlines to be more nearly vertical
in the top layer.
B. Effect of Stratification on Drain Flow
The effect of drain depth on flow rates is shown in Figure 3. Comparisons
cannot be made between soils having different conductivity ratios since
only relative values are significant. Considering first the homogeneous
soil, one sees t h a t flow rates are approximately linearly related to drain
depth until the drain is within one foot of the impermeable layer as pointed
out b y Kirkham (1). For a soil in which the conductivity ratios are 1 : 2 : 3 ,
maximum flow occurs when the drain is located at the lower boundary of
the center layer. When the ratios are 1 : 5 : 10, flow rates are highest for
drains located in the center layer but decrease rapidly if the drain is placed
below this layer. For conductivity ratios of 1 : 2 : 10 or 1 : 5 : 50, flow rates
increase as the drain is placed at greater depths in the upper layer. There is
a sharp reduction in flow rates when the drain is fully embedded in t h e upper
portion of the center layer, while the flow rates decrease slowly at greater
drain depths.
DRAIN FLOW

IMPERMEABLE LAYER

Figure 3. Drain flow rates as a function of drain depth in homogeneous and
layered soils.
When the conductivity ratio of two adjacent layers is less t h a n 5 then
placement of the drain in the less permeable lower layer does not significantly reduce the drain flow. If the conductivity ratio is greater t h a n 5 the
drain flow is greatly reduced when it is placed in the less permeable layer.
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SUMMARY

An analog study of ponded flow into drains was conducted in layered
soils. When the drains are located in a layer whose conductivity is low
compared to the other two layers, a high percentage of the potential is
dissipated very close to the drain.
Without exception, the stream lines intersect the ground surface at
smaller horziontal distances from the drain center line in the layered soils
than in the homogeneous soils. This displacement of the stream lines indicates
that a greater percentage of the total flow enters the medium at a small
horizontal distance from the drain.
For a particular conductivity profile, an increase in drain depth causes a
stream line to intersect the ground surface at greater horizontal distances
from the drain.
When the conductivity ratio of two adjacent layers is less than five,
then placement of the drain in the less permeable lower layer does not
significantly reduce the drain flow. If the ratio exceeds five, drain flow is
greatly reduced when the drain is placed in the less permeable layer.
RÉSUMÉ

Une étude par analogie a été conduite sur l'écoulement de l'eau vers
des drains dans des sols stratifiés. Quand les drains se trouvent dans une
couche dont la conductivité est faible par rapport à celle des deux autres couches, un important pourcentage du potentiel se perd à proximité immédiate
du drain.
Dans les sols stratifiés, et cela sans exception, les lignes de courant entrecoupent la surface du sol à des plus faibles distances horizontales de la ligne
centrale du drain que ce n'est le cas pour les sols homogènes. Ce déplacement des lignes de courant indique qu'un plus grand pourcentage de l'écoulement total entre dans la couche à une faible distance horizontale du drain.
Pour un profil de conductivité particulier, une augmentation de la
profondeur de drainage fait que la ligne de courant entrecoupe la surface
du sol à des distances horizontales plus grandes du drain.
Quand le rapport des conductivités de deux couches avoisinantes est
inférieur à 5, le placement du drain dans la couche inférieure moins perméable ne réduit pas d'une manière significative l'écoulement du drain.
Quand ce rapport dépasse la valeur 5, l'écoulement du drain est fortement
réduit quand il se trouve dans la couche moins perméable.
ZUSAMMENFASSUNG

Es wurde in geschichteten Böden die unteroberflächliche Wasserströmung
nach Drainröhren studiert. Wenn letztere sich befanden in einem Horizont,
dessen Leitfähigkeit gering ist im Vergleich mit der in dem überliegenden
und in dem unterliegenden Horizont, geht ein hoher Prozentsatz des
Potentials erst in nächster Nähe der Drainröhre verloren. Die Stromlinien
schneiden ohne Ausnahme die Bodenoberfläche in kleinerer horizontalen
Entfernung von der Drainmittellinie in geschichteten Böden als in homogenen Böden. Diese Verschiebung der Stromlinien gibt an, dass prozentisch
ein grösserer Teil des totalen Stromes in die Mitte eindringt, je näher man
horizontal der Drainröhre kommt.
Für ein besonderes Leitfähigkeitsprofil verursacht eine Verlegung der
Dräns nach grösserer Tiefe, dass die Stromlinie die Bodenoberfläche in
grösserer horizontalen Entfernung von der Dräneinmündung schneidet.
Wenn das Verhältnis der Leitfähigkeiten von zwei an einander grenzenden
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Schichten kleiner ist als 5, dann vermindert Einbringen der Dräns in die
weniger durchlässige, untere Schicht den Ausfluss nur unbedeutend. Ist
das Verhältnis grösser als 5, so wird der Dränstrom stark vermindert, wenn
die Dräns in die weniger durchlässige Schicht angebracht werden.
DISCUSSION

E. G. YOUNGS: What were your reasons to chose a ponded water surface in
your experiments rather than a sub-surface water table with steady rainfall
conditions?
J . N . LUTHIN: The primary purpose of our study was to determine the effect
of strafication on hydraulic gradients. Both the ponded water solution and the
steady state in equilibrium with rainfall will give a satisfactory solutim. For
our purposes it seemed more convenient to use the ponded water case.
DON KIRKHAM: Comments: The three-layered solution as obtained with
the model, may now be amenable to analytical solution by methodology of
Mr. Dan Zaslavsky given as part of his Ph. D. thesis, Iowa State University,
Ames, Iowa, and soon to be published. I t would be of interest to see if the theory
checks this interesting case.
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AN U P P E R LIMIT F O R T H E H E I G H T O F T H E W A T E R T A B L E I N
D R A I N A G E DESIGN FORMULAS *
by
DON

KIRKHAM

INTRODUCTION

Thus far in the scientific development of the theory of the artifical drainage of land there have been derived only approximate values for the height
of the water table above equally spaced drains in homogeneous soil under
steady rainfall conditions when drainage is impeded b y an impervious
horizontal layer at a finite depth. The most recent theory is t h a t given
b y the author (1, esp. eqs. 84 a n d 85) who gives the result

2sR 1 r
k

nV

sin (nxßs)
sin (nrßs)
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where (Fig. 1A) r = radius of tiles or semiradius (semi-width) of ditches;

RAIN

:SOIL:::::::::.:SHEET::META|L
f(E- :: : STRIPS

IMPERMEABLE LAYER

®

IMPERMEABLE

LAYER

-WATER-LEVEL

Fig. 1. Geometry of the (A) real and (B) fictitious drainage systems considered.
2s = distance between tile centers; z = height of the water table above
a plane passing through the tile centers; x = horizontal distance from
a drain center t o the position where z is measured; k = hydraulic conductivity of the soil; R = steady rainfall rate; h = depth below the tile
centers of the impervious layer; m = 1, 2, 3, . . . oo; In = natural logarithm,
cos = cosine a n d coth = hyperbolic cotangent. The above formula
agrees with field data (1, 3) b u t it still is only an approximate formula
because in the derivation of the formula, the hydraulic head loss in t h e
soil above the plane of the drain centers is neglected. I t is the purpose of
this paper to p u t the approximation on firmer ground b y considering the
* Contribution from the Department of Agronomy, Iowa State University.
Journal Paper No. J-3904 of the Iowa Agricultural and Home Economics
Experiment Station, Ames, Iowa. Project No. 998.
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loss of head above the drain centers. In fact it will be shown that multiplication of the right hand side of equation (1) by the factor 1/(1 — Rjk) will
give an upper limit for the height z to which the water table will rise for
any given value of x.
By 'upper limit' is meant that the water table will not stand that high
at equilibrium for the rainfall soil and geometric conditions considered.
Since equation (1) when modified will yield an upper limit of water table
rise, it will be clear that the modified formula will be one which the technician
or engineer should be able to use safely in drainage design. It will also be
obvious, since in practice the factor 1/(1 — Rjk) is usually very close to
unity, that equation (1) without the addition of the factor should be a
suitable formula for drainage design.
ANALYSIS

The factor 1/(1 — Rjk) is derived as follows.
Suppose as did Kirkham in deriving equation (1), that the region (Fig.
IB) ABCDEFA above the plane of the drain centers and below the
water table is penetrated by a large number of vertical strips of sheet
metal, such as the strips BF and CE. Suppose further that the strips are
sufficiently close together that the water located between them makes
essentially a smooth curve AFED and that the water moves, while between
the strips, in a direction essentially vertically downward; and suppose
also that the strips are infinitesimally thin so that the space occupied by
them is negligible compared to the space between the strips which is occupied
by the soil.
Now suppose that the soil is removed from between the strips so that
there is no loss in head due to friction as the rain water seeps down between
them. Then, equation (1) as Kirkham showed, will give the exact height
z to which the water will stand between the sheets for any point x. This
height will be the approximate water table height since in practice the
distance BF (Fig. IB) of a typical water path FBP to the drain will be
small compared to the remainder of the path BP.
Suppose now we fill the space between the strips with soil. This will
cause the water table to rise. It will rise since additional hydraulic head
must be developed to overcome the loss in head along FB, EC, etc. which
previously did not exist. If the additional head were not developed the
rain falling between strips FB and EC and between the other strips could
not be forced into the drains at the needed rate R.
We now assert: If we find a formula which gives the new height, say z„,
to which the water table will stand between the strips when the soil is
added, then this formula will yield an upper limit of height of water table
of soil not disturbed by the sheet metal strips. It will be an upper limit
because the physical situation of strips and soil requires that the water
must flow along streamlines which are not the natural streamlines, and
for this unnatural condition it is known (compare analogous problems in
the flow of electricity in Smythe (2), etc.) that more head is required than
for the undisturbed (natural) streamlines.
We now proceed to find the height to which the water will rise between
the strips when the soil is added. In Fig. 2A let us consider the two adjacent strips FB and EC. These strips are assumed to be sufficiently close
together that the water table FE appears horizontal. Also, the strips are
assumed to be extended vertically upward; they can be so assumed without
changing the problem because, in the region above the water table, the
water seeps, under the pull of gravity, essentially vertically downward.
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Fig. 2. Section BCEF of Fig. IB as successive increments of soil are added.
Let us also take in Fig. 2A the water height between the strips B F and
CE to be the same height z above the plane passing through the drain centers
as in Fig. I B . Let the height z be indicated by a piezometer whose lower
end is at the level BC of the drain centers. The level BC of Fig. 2A, B, C, D
is the same as the level of BC of Fig. 1A.
Now suppose that soil is added between all the strips in Fig. I B to the
level where the water stood before soil was added. This added soil will
cause the water to rise between the strips B F and CE (Fig. 2B) to a height
(z + Aj) above the drain centers. The added height hL provides the additional head of water needed to drive the rain water falling between F and E
into the drains through the added soil resistance. Notice t h a t the height
of the water in the piezometer of Fig. 2B (and of Fig. 2C and 2D) is the
same as in Fig. 2A. This level should be the same for two reasons. First:
because we must obviously consider the rainfall rate to be the same before
and after addition of soil; and second: because we now assert t h a t the
streamline configuration below the plane of the drain centers (such as is
indicated in Fig. 1A by the streamlines B P and CQ) must have been constrained to remain the same before and after soil addition. The constraining
may be imagined to have been accomplished b y placing infinitesimally thin
sheets of sheet metal or plastic film along the stream surfaces as they were
in Fig. I B before adding soil. The reason for asserting that the constraining
sheets should exist along B P , CQ, etc. in Fig. I B is that their existence
enables us to use equation (1) in the analysis. In fact the height z in Fig. I B
(and in Fig. 2A—2D) is just the height z given by equation (1).
Now let us add more soil between the strips so that it will fill up the
height Aj of Fig. 2B and appear as shown in Fig. 2C, the water now rising
through the height h2. The rise h2 will be such t h a t the same amount of
water will flow out the base of the slots as flowed out for Fig. 2B or Fig. 2A.
Similarly if soil is now added u p to the level (zx + \ + h2) between the
strips B F and CE of Fig. 2C (and is added to corresponding levels in all the
other slots) the water will rise (Fig. 2D) to a new height z + hx -f- h2 + hs;
ans so on. Continuing the soil additions an infinite number of times, each
addition being smaller than the last, we see t h a t all the free water will
finally be displaced b y soil and t h a t the final height of the water table
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which we have indicated by zu will be

zu = z + hx + A2 + A3 + . . . + K,

n

-*• °°

(2)

We shall now evaluate the right hand side of equation (2) in terms of
z, R and k. In Fig. 2A let v be the water seepage velocity through the base
of the infinitesimally thin, and very closely spaced slots BF and CE. Then
at equilibrium we must have,
v= R
(3)
Let d be the distance between B and C in the figure and consider only the
vertical seepage for a unit length (perpendicular to the plane of the figure)
of the slots. Then the cross-sectional area A over which we shall consider
flow is
A = d-l
and the quantity of water Q0 passing out the area A per unit time will be
Q0 = vA
That is
Q0 = vd-1
(4)
Now consider Fig. 2B. The quantity of water Q1 passing per unit time
through the soil column of length z is by Darcy's law

ft-*M((*.+A)-•*)/'

(5)

where z + hx is the hydraulic head at the top of the soil column, z is the
hydraulic head at the base of the column, z is also the length of the soil
column, and where the expression ((hx + z) — z)/z is the hydraulic gradient
and where finally k is the hydraulic conductivity.
But, as we have hypothesized,
Qo - Qx
(6)
Therefore, equations (4), (5) and (6) yield
vd- 1 = kd- 1 {(z +hj) - z)jz
which yields, upon solving for hlt the result
hx = zvjk
or in view of equation (3) we find
hx = zR/k
(7)
which may be substituted for the second term in the right hand side of
equation (2).
Now let us consider Fig. 2C. The quantity of water Q2 passing per unit
time, through the soil column of length z + hx is by Darcy's law
(8)
Q2 = kd • 1 [(z +K+ h2) - z]l(z + hx)
But as we have said, we must have
<?2 = Qo
(9)
Therefore, equations (4), (8) and (9) yield
Vd' 1 — hi' 1 ((* + \ + Aa) - z)l(z + hx)
which may be reduced immediately to
v = k(hx + h2)/(z + hx)
which when solved for A2 yields, in view of equations (3) and (7), the result
A2 = z{Rjky
(10)
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which may be substituted for the third term in the right hand side of equation (2).
Now let us consider Fig. 2D and find, analogous with equation (8),
the quantity of water Q3 passing per unit time through the soil, as
Q3 = kd- 1- (z + hj. + A, + * , - * / ( * +ki+ h2)
(11)
But as before we have
Q» = <?o
(12)
Therefore, equations (11) and (12) yield, with the aid of equations (3),
(4), (7) and (10), the result
A3 = z(R/k)»
(13)
which may be substituted for the fourth term in the right hand side of
equation (2).
We now have from equations (7), (10) and (13)
hx •= zRjk
h% = z(Rjk)\
ha = z{Rjk)3
and continuing we find
K == z(Rjk)"
Therefore, equation (2) becomes
zu = z + zRjk + z{R/k)2 + z(Rjk)3 + . . . + z(R/k)n, n -> oo
That is
zu = *(1 + Rjk + {Rik)* + {Rjk)3 + . . . to oo)
(14)
But the quantity in brackets is an infinite geometric series with each
term being Rjk times the value of the preceding term. Also, as we shall
see, the ratio Rjk is less than unity. Therefore, as is shown in algebra books,
we have
1 + Rjk + (*/*)• + . . . = 1/(1 - Rjk)
(15)
and hence from equations (14) and (15) we have for zu the height to which
the water table will rise above the drain centers, and at distance x from
one of them, when all soil additions have been made,
zu = zj(l-Rjk)

(16)

So that finally from equations (1) and (16) we find
1
2sR 1 r, sin (n;x/2s)
^ 1/
mnr
mnx\l
, mnh
= T—nTL'-^r — In-—7—ÏS~T+ ^ — \COS
cos
II coth
1 — Rjk k J I L sin [7irj2s) m=\m\
s
s l\
s
which gives us the upper limit we set out to find.

, \"|
1
/J

CONCLUSIONS

Below equation (14) we said that Rjk was less than unity. When Rjk
is greater than unity the soil will not take water as fast as it rains even
if there is no impermeable layer; water would pond on the surface; the
situation would not apply to the problem we are considering.
Hooghoudt found the correction corresponding to our Fig. 2A (but
not for Figs. 2B, 2C, etc.) for the case that z = H, which is equivalent
to finding the first two terms in the left hand side of equation (15) (for
z = H). See his paper cited by Kirkham (1).
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We have neglected the capillary fringe: Even if the soil has a capillary
fringe of one or two feet above the water table, these one or two additional
feet of saturated flow path should in most cases introduce negligible friction loss. T h a t this is true is evident from the fact t h a t our addition of
soil to the space between the strips has changed the height of the equilibrium
water table b y only [zj{\ — Rjk)) — z which is essentially zero even when
z has its maximum value z = H in Fig. 1. For example if z = H = 4 ft.
and Rjk = 1/100, we find b y filling all the slots of Fig. I B with soil t h a t the
increased height will be
(4/(1 - 1/100) - 4 = (4/0.99) - 4 = 0.04 feet
Although the presence of a capillary fringe would not change appreciably
the height of the water table (that is phreatic surface, t h a t is surface
where the pressure is atmospheric), we note t h a t the presence of the fringe
m a y make it desirable to choose a smaller value of H for design use in
equation (17).
For use of equation (17) in drainage design see a paper b y Toksöz and
Kirkham (1960).
I n equations (1) and (17) notice t h a t (coth.(mnhjs) — 1) is identically
equal to e-mnh's jsirih(mnhjs),
where e = 2.718 and sinh = hyperbolic
sine. The latter identity is useful if a table of hyperbolic cotangents is not
available.
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SUMMARY

A formula is derived for an upper limit of water table rise above a system
of drains which remove rain water or excess irrigation water at a steady
rate. The formula is the same as one derived b y the author in a cited previous paper, except t h a t the height, as earlier given, must be multiplied
b y a factor 1/(1—Rjk), where R is the rainfall rate and k is the soil hydraulic
conductivity, both in the same units. The earlier formula which is an approximation is, b y use of the factor, established on a firmer basis.
RÉSUMÉ

Une formule a été dérivée pour calculer la limite supérieure de la montée
d'une nappe phréatique au dessus d'un système de drains qui évacuent
l'eau de pluie ou l'eau d'irrigation en excédent d'une manière continue.
La formule est la même que celle proposée antérieurement par l'auteur dans
une publication citée dans le texte à cette différence près que la hauteur
indiquée antérieurement doit être multipliée par un facteur 1/(1—Rjk),
où R est le taux de précipitation et k la conductivité hydraulique du sol,
tous les deux exprimés dans les mêmes unités. L'inclusion de ce facteur
établit l'ancienne formule, qui était approximative, sur une base plus
solide.
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ZUSAMMENFASSUNG

F ü r die höchste Höhe des Wasserspiegels, zu welcher das Wasser steigt
über einem Drainsystem, welches das Regenwasser oder einen Überschuss
an Bewässerungswasser regelmässig abführt, wird eine Formel abgeleitet, welche dieselbe ist als eine vom Verfasser in einer früheren Arbeit
aufgestellt; mit Ausnahme jedoch, dass die Höhe, wie früher angegeben,
multipliziert werden muss mit einem Faktor 1/(1—Rfk), worin R die
Regenhöhe ist und k die hydraulische Leitfähigkeit des Bodens, beide in der
gleichen Einheit. Durch diesen Faktor wurde die frühere Formel, die bloss
eine Annäherung ist, auf eine festere Basis gesetzt.
DISCUSSION

C. VAN DEN BERG: In the Netherlands Ernst has developed a new formula
in which hydraulic head (h) is split up in three resistances, i.e.:
1. vertical resistance, 2. horizontal resistance, 3. radial resistance.
Especially the introduction of radial resistance seems to be an improvement.
DON KIRKHAM: Ernst's results will be approximations. If he can put a limit
on the error in his approximations they will be more valuable. In the paper
I have just presented it has been gratifying that an upper limit of error could
be established.
E. G. YOUNGS: HOW well does your equation agree with the hodograph
approach of Van Deemster and Engelund in the case when the permeable soil
extends to an infinite depth.
DON KIRKHAM: The hodograph solution has never been obtained for the case
of an impermeable layer at infinite depth, the situation here specifically considered. However, the factor 1/(1—Rjk) can be applied to my case 'g', or any
other case, of my 1958 paper. With the correction applied to the case 'g', and
with 'h—c' in that case approaching infinity, the hodograph case would be
available and the results could be compared. They should check too within the
factor 1/(1—R/k).
H. BOUWER: IS the analysis also applicable to drains installed close to the
impermeable layer, where the flow between the level of the drains, and the
water table is not vertical?
DON KIRKHAM: Yes, the result 1/(1—R/k) will be applicable provided the
drain tube is above the impermeable layer.
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SCHEME FOR THE ASSESSMENT AND DESIGN OF
FIELD DRAINAGE SYSTEMS ON A HYDROLOGY BASIS
by
A. N. E D E
Ministry of Agriculture, Fisheries and Food, London
1. OUTLINE OF THE PROBLEM

It is customary to divide our field drainage problems into two broad
groups, according to whether surface water or ground-water is the main
problem. This paper deals with the ground-water group for the case when
rainfall is responsible for maintaining the water-table, and applies to the
installation of tile drains in many of our soils of the sand, gravel, silt and
peat types, and to some extent to our more freely conducting clays. The
problems in these soils are as follows:
1. To ascertain the drainage condition of a field, i.e. prior to the installation of additional drainage the extent of the waterlogging effect in
relation to the local weather conditions must be found.
2. To know how any given design of installation will subsequently limit
the approach of the water-table towards ground level.
3. To be able to say whether that control is adequate for the type of
agriculture to be practised.
These problems have to be answered against a background of weather
conditions and farming system differing regionally, and of soil type often
variable from field to field. We have not in fact applied in Great Britain
any rigid method of design to our field drainage schemes in the past.
This paper deals with a method which is mainly aimed at 2, but which can

J

\

1

I

1 J

WATER TABLE POSITION

n SELECTED DISCHARGE RATE

2a

r
Fig. 1. Conditions illustrated for drainage design employing steady-state theory
(SOIL PERMEABILITY

fc)

and independent permeability measurements.
be linked with 1 and 3 in a practical manner and leads, therefore, to a
logical design. We can refer to Luthin, Chapter 2, for a general account of
drainage analyses, to which the paper of Watson (1959) is a useful supplement. In the common case of parallel lines of drains in flatfish land (Fig. 1),
the main quantities to be decided are the depth D and the spacing 2a of
the drains in relation to the soil permeability k and an arbitrary estimate
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of the run-off n to apply at a level of the water-table chosen to suit local
conditions. The difficulties of putting into practice published ideas on
water-table control are mainly due to the inadequate way in which the
underlying assumptions fit in field observations. For instance it is taken
that:
(a) We are in general faced with steady state problems, with the inference that the permeability is the only soil parameter of consequence.
(b) There is a single and constant figure for the permeability of each
field or stratum, which is independently assessable by field tests.
A drainage design can be of no higher degree of refinement than the
information which is utilised for it. It is therefore a matter of concern
that in the case of the shallow drainage now widely practised, steady
state conditions are found to be the occasional exception rather than the
rule, and also that the principle methods of measuring soil permeability
lead to highly scattered results in many soils.
2. FIELD MEASUREMENTS OF PERMEABILITY AND WATER-TABLE

Field methods of measuring permeability, which can be referred to in
Chapter 4 of Luthin, suffer from the defect that for drainage purposes the
sample of soil affected by the borehole or holes is very small in relation to
the field size. The test is therefore repeated laboriously many times, in many
cases this reveals a scatter of results in which the arithmetical mean has
no physical validity, and considerable interpretative experience is required to obtain a 'result'. This scatter is less in evidence in soils such as
silt which are relatively straightforward to drain, but is more serious in
soils such as clay and peat where large-scale structural features determine
their ability to transmit water, and where it is more important to replace
visual methods of estimation. Similar experiences have been reported by
others in this field of research. Those with direct experience of field drainage
who have quoted large variations, unreliability or erratic results, are
Schilfgaarde, Frevert and Kirkham (1954) and the authors of 4 out of
5 papers in a symposium reported by Donnan (1959) specifically on this
subject. The following surveys apply to peat fields in widely separated
districts in Eastern England.
TABLE 1. Field permeability measurements.
Site

Method

No. of
Measurements

Mean Standard
Permea- deviation
bility

Maximum,
minimum
readings

Centimetres per Second, x 10_*

Ingham,
Norfolk
(25 acres)

2 well
Auger hole
(drainage)

18
3
3

1.81
3.24
0.88

0.97
0.98

3.69
4.59

0.29
2.30

Denton,
Hunts.
(14 acres)

2 well
Piezometer
tube
auger hole
(drainage)

3

0.83

0.50

1.33

0.22

2
8
1

0.11
37.1*
0.67

0.11
94.4

0.22
281.0

0
0.04

* Mean of 7, omitting 1 reading) 1.43.
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Such a field when subjected to drainage does not show correspondingly
marked irregularities in the shape of the water-table (figure 3). The watertable assumes a position determined by the ease of water transmission
through the field as a whole. We might term the extensive soil parameter
controlling flow the 'effective' permeability. A figure for it may be determined by the application of one of the known steady-state theoretical or experimental relationships between discharge, permeability and the boundary
dimensions of whatever drainage system is present, following the idea
suggested by Kirkham in 1949. The errors which are likely even by the
unguarded use of one of these relationships, for instance, by the ignoring
of the underlying impermeable layer, are small in comparison with the
possible errors involved in attempting to obtain independent permeability
figures by bore-hole tests. Furthermore, if the same permeability figure is
to be used in the design of a more intensive system of drainage, the absence
of any quantitative consideration of soil layering, anistropy, or lateral
flow in the capillary fringe can be of no disadvantage to the design whese
both the inadequate drainage system as analysed and the system planned
to replace it are equally subject to these effects. The principle of designing
one drainage system entirely from the performance of its predecessor makes
use of the bare assumptions that the permeability of the field, which is not
necessarily required to be stated, and the soil parameter governing the
amount of the fluctuations, are identical both before and after the installation operation.
GROUND

LEVEL

CMS. ABOVE
DITCH LEVEL

Fig 3. Water table shapes across Ingham field, measured from water levels
in auger holes.
The essential difficulties to be overcome by a field method are as follows:
1. To estimate accurately the quantity of water passing through the
field under circumstances when it cannot be directly measured.
2. To take quantitative account of the fluctuations in drainage performance which follow the normal irregularities of rainfall.
The hydrology method is being tested and developed as a working solution for both problems, to assist the drainage investigational work of the
Ministry.
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3. T H E HYDROLOGIC PROPERTIES OF THE FIELD

Soil water balance
The quantities which must be taken into account in making a hydrologic
survey of an individual field during a period of drainage stress are:
R
W,
E
Sunsat
Ssat
N
Wd

Rainfall, to include surface irrigation where applicable.
Water lost by surface run-off.
Water lost by evaporation and transpiration.
Water storage per unit area in the soil above \ Totalled as S
the water-table
J
Water-storage below the water-table
J Increments, A S
Water lost to land drains or ditches
Water gained or lost by seepage

The symbols refer to centimetres of water per unit surface area of the
field relevant to a period T, conveniently stated in days.
It is impracticable and unnecessary to measure all the quantities referred to in order to eventually ascertain N by difference. Some can be
eliminated from consideration b y choice of the period over which a water
balance is computed. This can be done provided that a satisfactory recording meter is used to measure the water-table and rainfall. W, can be
eliminated normally b y inspection of the record to ascertain whether
the water-table has been well below ground level at all times, and to check
t h a t no storms of very intense precipitation have occurred. Any likelihood
of appreciable loss due to Wd can be detected once and for all by observation
as to whether the curve of the water-table height as it falls with time is
asymptotic to the level of the base of the drains during a period free from
appreciable rain and evapo-transpiration. Often it is possible to get an
immediate answer b y knowledge of the site conditions, without having
to resort to piezometer tests.
Where the conditions of zero run-off and seepage are thus proved to
be applicable the water balance can be expressed without approximation
by the following equation:
N = R Rainfall

and

E - AS

(1)

Evaporation

There is no great problem in the measurement of rainfall which merits
any discussion here apart from to state t h a t it is essential to measure it
in the immediate vicinity of the field in question. Evapo-transpiration
in a temperate climate is more evenly distributed with respect to both
district and time than rainfall, but is less direct in the means of measurement, although there is research proceeding on this subject. It is beyond
the scope of this paper to enter into the merits of the various methods
which have been considered or tried in connection with on-the-site measurements of evapo-transpiration, and it is sufficient to indicate here that a
direct-reading potential evapo-transpiration device is under development
as an adaptor to our water-table meter; it is at present satisfactory for most
non-research purposes to make use of Penman (1948) results calculated on
a county-wide basis and corrected for such seasonal and crop affects as are
known. Our field work is much simplified b y the normal concurrence of
drainage activity with evaporation rates which are extremely low relative
to the winter precipitation.
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Soil water storage
The moisture content of the soil below the water-table is a quantity
which is generally taken as a constant, the errors which arise due to temperature changes and the trapping of gases are not important to us at
this stage. We may thus express the moisture held per unit area between
the water-table and some datum level distant c below it as follows:
^ s a t — SB
(2)
•Well above the water-table the moisture content attains the more or
less constant value sunsat whenever drainage is proceeding in the absence
of appreciable rainfall or evaporation. Immediately above the watertable is the capillary fringe zone where the soil is held at almost saturation
moisture content. Figure 4 shows an example of the draining down of a
silt soil in which the profile does not differ appreciably according to the
stage of drainage. This is a common observation, but does not apply to
conditions of
(a) very rapid water-table movement associated with the transient
state occurring immediately after rainfall, or during the initial recession
from ground level of the saturated zone; and
(b) the very slow rate of water-table movement which is accompanied
by the redistribution of moisture above the water-table during a prolonged
period of no drainage activity.
„ CMS. DEPTH
Or

3 DAY

120% VOL.

MOISTURE

50

Fig. 4. Dynamic profiles after short and long periods of draining down following
a storm rise in the water-table. (Tank test on Wingland silt.)
Neglecting any minor variations in moisture content due to evaporation
or showers we can say that during a steady draining down period the
moisture stored above any given water-table level denoted by c is always the
same, within limits, and is given by
C) Sunaat -|- O e
Sunsat — V^n
(3)
where Scap is the total amount of additional water held in the fringe.
The total moisture stored above datum per unit area of the field is obtained by combining 2 and 3.
o =

(S s a t

Sunsat/ ^

r Ssat . C m a x ~f~ >^cap

\^)

Still retaining the reservations (a) and (b) we can now calculate the net
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transfer to or from unsaturated storage between any two draining down
states.
Change in storage per unit area of the field
AS = (sBa,

Ac = 8. Ac

(5)

where the storage function ß can be expressed in centimetres of water per
centimetre of soil, and is numerically equal to the moisture content difference
below and well above the water-table. We can observe from figure 3 t h a t
the successive stages of the water-table movements are made without
losing their substantially similar and parallel shapes across the field. Thus,
a movement of c need be only measured at a single reliable station, and
not throughout the field in order to be representative of change in storage
of the entire field. A similar example for the case of tile drainage is provided
b y the experiments of Schilfgaarde (1954).
It will be noted t h a t ß is similar to the constant termed by Maasland
(1959) the 'effective perosity' of the soil, to the 'storage factor' referred to
b y Visser and Bloemen (1958), and to the volumefraction fi assumed b y de
Leur, 1958. It is implied in equation 5 that it may also be used to calculate
a rise in the water-table following storms occurring in the drainage season.
This m a t t e r is dealt with in section 6.
I t is one thing to suggest the valid use of a soil parameter and another
to say how to conveniently obtain it. The record obtained by the watertable meter makes it possible to obtain a reasonable estimate of ß without
resort to separate measurements. It is first necessary to establish in the
field the general form of the relationship between drain discharge and
water-table height between drains above drain level, expressed for convenience as c.
0-65 ACRES
(355)

*siO- 62 ACRES
(5)

DISCHARGE
20

-£/MIN.

20 {./MIN.

Fig. 5. Relationships between water-table height, measured by auger hole levels,
and drain discharge, by use of electrical flowmeter. Points calculated independently by the hydrology method are shown enlarged.
4. T H E DRAINAGE — WATER-TABLE HEIGHT RELATIONSHIP

Rigid drainage theory, such as t h a t due to van Deemter (1950), indicates
t h a t the most usual theoretical relationship between cja and njk is not one
of proportionality except for the exceptional circumstances of drainage by
means of extremely wide open ditches. The laboratory results for special
cases provided for instance by Childs and Youngs (1958), show relationships which also differ from proportionality. B u t a season's records of
drainage discharge and water-table height given in figure 5 for widely
differing soil types indicate t h a t nothing is to be gained in practice b y
considering this relationship as other than proportional. I t is thus possible
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to write:
cja = y. njk
(6)
where y is a parameter which lies between 2 and 3 according to the details
of the drain or ditch installation, and k is the effective permeability. For
any regularly spaced drainage scheme we like to examine a and k are
fixed, and a yjk can be lumped together as a field constant. We can then
integrate each of the remaining variables with respect to time,
c .it = « - M
J t=o

k

n .it = N

(7)

J t=0

and we find that the right-hand summation term amounts to the total
amount of water which has passed through the field, which for certain
circumstances of low evaporation we can simply add up from our net rainfall
data, and the left-hand summation term represents the area in cms. days
under the water-table/time graph, which on squared paper it is a matter of
a few minutes inspection to ascertain.
5. APPLICATION

Let us consider the problem of water-table control in a field or area
in which some sort of inadequate drainage system can be seen, generally
found in the form of marginal ditches or occasional tile drains. A preliminary is to obtain a record of the rainfall and water-table movements
mid-field at a time when the evapo-transpiration is low and drainage is
taking place. The bare details of the necessary water-table meter are that
it should self-record the water-table movements without appreciable lag
to an accuracy of 1 or 2 cms. over a range of one metre, and that it should
run for a week or more without attention, with the rainfall or net rainfall
record preferably superimposed on. the same chart. The records are maintained for a period which from experience so far would seem to be preferably at
least a month, although a shorter period is possibly acceptable if the weather
is favourable. Examples of the type of record are given in figure 2. The
procedure carried out at Denton (a) is given as an example.
Site
Peat field drained by relatively long parallel tile drains with drowned
outfalls to open ditches. Records taken at mid-points between tile drains
well away from ditches. No reliable permeability figures. Spacing 33.6
metres. Depth 90 cms.
Perioi
17th December—14th January, 1958/9. No surface run-off. No deep
seepage. No foreign water. Low evapo-transpiration estimate.
1. Obtain irainage — water-table height relationship
Select from the record as long a period as possible between two instants
at the same water-table height and both on a falling water-table.
Period

Days

Rainfall

Evapotranspiration

Water-table
change

17th December12th January

25.8

10.28 cms.

0.23 cms.
(on a basis of
mean monthly)

0

(Equation 1) N = 10.28-0.23-0 = 10.05 cms. water.
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Fig. 2. (a) Denton, Huntingdonshire.

(b)

Wingland, Norfolk. Rainfall and movements of water-table as
measured by auger hole level recorder. The rate of arrival of water
at the water-table is computed in each case on the basis that the
moisture profile of the type shown in fig. 4 is effective.

Take the area under
the water-table time curve
(Equation 7) .

S c.dt = 888 cms. days.
£

-

S

^

-

«

|

-

88.4.

2.

Compute storage parameter
Select a second period during which there is a substantial change in the
water-table with both start and finish on a falling water-table.
Period

Days

Rainfall

Evapotranspiration

Water-table
change

8-14th January

6.0

0.07 cms.

0.04 cms.

19 cms.
(fall)
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In this case iV is at first unknown and has to be computed by use of
equation 7 and the value of ayjk already found. T> c .dt = 210 cms. days.
(Equation 7) N = 2 —

= ~-=
V

2.37 cms. water.

88.4

We can now proceed to establish the transfer from storage.
(Equations 1 and 4) ß.Ac = /5.19 = 2.37 - 0.07 + 0.04 = 2.33 cms.
2.33
and ß
0.12.
19
The calculation of the drainage and storage for other sites has been carried
out similarly, and the results have been tabulated as follows:
TABLE 2. Measured and calculated water balance quantities.
DrainSite

Ingham 173
Peat
Wingland 4
Silt
Bradfield
355 Gravel
Bradfield 5
Gravel

Date
(see fig. 2)

Jul 16-Aug 6
J u l 4 - J u l 19
Dec 17-28.5
Jan 25-Feb 10
Jan 21.2-24.9
Jan 21.2-26
Jan 19-24.2
Jan 19-26

age

Rainfall

CalcuEvapotrans- Storage Water- lated
Mean
pira- Change table Storage rainfall
tion
change coeffi- rise for
cient storms

N

R

E

S

Ac

cms.

cms.

cms.

cms.

cms.

1.40
1.29
1.70
2.70
0.98
1.18
1.33
1.68
1.47

5.79
0.56
1.81

4.39
2.47
0.11
0.30
0.04
0.03
0.04
0.06
0.06

0

0
28

0.114

0.16

0
51

0.047

0.036

0.21

0
8.4

0.025

0.035

0

0

0.036

0.036

(By

meter}

0

1.01
1.01
1.37
1.37
1.37

3.20
0

2.40
0

0.37
1.16
Mean
0.26

7.2

ß

* Note effect of summer conditions.
6. RAINFALL RISE AND THE STORAGE

It is noticeable that throughout all our records where there is a sizeable
bout of rain the corresponding water-table fluctuation can be fairly easily
identified, and even the effect of a light shower can be noted once the upper
soil has been prewetted by rain. For the Denton site the storm rainfall
related to the accompanying rise in the water-table gives the average
ratio 0.105, which compares with 0.12 for the value of ß calculated on a
falling water-table. The final two columns of Table 2 give the equivalent
figures for other sites. If we examine the record in more detail for the two
distinctly different soils, peat and silt, table 3 gives a record of individual
storms expressed as a fraction of the corresponding water-table rises.
The correlation even in these sparse results between the rainfall/rise
values and the respective ß for each of these soils is too obvious to be
ignored. The important implication is not so much that the amount of the
expected rise can be spotted from inspection of the water-table fluctuation
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TABLE 3. Individual Values of

i
for successive storms exceeding 0.2 cms.
water-table rise

Site

Calculated
storage
coeff.

Date Storm

Denton
Peat

0.12
(high
capacity)

rainfall
rise

Wingland 4
Wingland 5
Silt

0.047
0.047
(low
capacity)

Dec. 1 Dec. 6 Dec. 19 Jan. 1 Jan. 6 Jan. 18
H and
E
F
F
K
0.09

0.09

Date
Storm

Dec. 18 Dec. 20
L
M

rainfall
rise

0.036

0.038

0.12

0.08

0.16

0.09

Dec. 10 - Jan. 4
(Wingland 5)
0.036
0.046

0.030
0.028

0.038
0.031

0.025
0.027

plot, but rather that we can deduce that the winter soil moisture profile
remains such that a quantity of water equivalent to the total amount of
every marked rain-storm is able to pass rapidly and without substantial
loss toward the water-table, thus causing it to rise sharply to accommodate
this additional water. Because our present evidence obtained with shallow
drains is that the rise is similar to the fall which one expects when that
amount of water is withdrawn, one can say that the variation from the
'draining down' shape of the profile as shown in figure 4, must have been
so ephemeral that to the calculation of drainage performance it is not of
serious consequence. In our examples the drainage run-off during the brief
time of the rise of the water-table can only be very small, the amount
of the rise is therefore dependent on the properties of the soil and the
incidence of the rainfall. One can therefore conclude that if the degree of
variability in the ratio of the rise/rainfall proves to be acceptable, the
calculation of a depth allowance in the soil to accommodate fluctuations
and to act as a buffer zone can be made on a basis of the storage coefficient
computed by the procedure in section 5, in conjunction with data on the
probability of severe rain storms in the area, a meteorological matter
which is fairly well documented. If Rs is the amount of the most severe
rain storm which is to be guarded against, then the depth F of soil to
accommodate it is given by the equation:
F= §

(8)

7. DESIGN CRITERIA FOR FIELDS WITH A WATER-TABLE

As we can determine the conduction of the water through the field
correlated with the water-table position during rainy periods, and the
ability to take in rain storms, and on the meteorological side can refer
to long-term records of the mean rainfall and the likely departures from
the mean at various times of the year, we have the essential information
to estimate the drainage capabilities of the field. Whether.this condition
is satisfactory or not for agriculture is a question which invites a great
deal of research, but meanwhile our recording procedure affords two
lines of approach which place the designer in some sort of position to assess
the degree of control required.
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1. By comparison of the drainage properties of the field with the records
of these properties obtained in other fields under similar agricultural
management, which are known b y long-term usage to be adequately drained.
2. By use of the recorded measurements of rainfall and water-table
in conjunction with direct observations of the agricultural effects in t h e
particular field, in order to assess the allowable limiting conditions in terms
of a maximum water-table height. (E.g. the water-table should not extend
into t h e cultivated layer in order to avoid a check in root growth).
Our work in the Ministry involves the use of method 2 at present, b u t
when a considerable number of records comes to be built u p we intend to
make use of method 1, noting trends of ß and R in relation to successful
drainage schemes.
Owing to the variability of weather it is also necessary to make a decision as to the percentage of years one is prepared to allow very stormy
periods to exceed the designed conditions. It is impracticable to give drainage
protection to cater for all possible weather conditions. We lack t h e means
to give the exact economic answer, b u t discussions with farmers indicate
that a system of control involving a probability of successful functioning
nine years out of ten on the average would be acceptable as a commencing
proposal. On this basis, continuing with our local problem as a n example,
the maximum monthly rainfall to be handled can be ascertained as being
just twice the mean monthly rainfall, (Glasspoole 1923). We can also find
from a plot of the frequency of storms on individual days that there is a
probability of a storm or storm sequence totalling one inch of rain in one
day approximately once a year, and of half an inch in one d a y just under
once a month. With this frequency the half inch rainfall is likely to be of
the orographical or cyclonic type, and it is therefore fair to have to reckon
with a single storm of this amount coinciding with the 'bad weather'
monthly rainfall. We m a y apply this reasoning with numerical variations
to other areas.
8.

INSTALLATION DEPTH AND SPACING

We have to position the drains at depth D (fig. 6) so t h a t :
D = du+F
+cm
(9)
where du is the depth to be kept free from waterlogging and cm is the
'bad month' mean height of water-table above t h e drain base. If D is fixed
by practical considerations, such as the economic or physical limitation
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Fig. 6. Design scheme based on previous drainage record, allowing margin for
fluctuating conditions.
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on the depth of trenching, then cm is decided by equation 9 and it remains
to determine a for the designed installation by the application of equation 6
with the appropriate value of the bad month mean rainfall inserted as ».
On the other hand, if practical considerations allow a range of installation
depths, the hydrologist is only in a position to state from equation 6 the
ratio cmja to be adopted, and the final choice has to be made mainly on
the relative costs of more frequent shallow drains as opposed to less frequent
and deeper drains. Where there is no significant difference in cost the farmer
would do well to call for the deeper installation on account of the greater
depth allowed for fluctuations under all the drainage conditions less severe
than the bad month mean.
9. T H E ROLE OF DRAINAGE ANALYSIS IN ENLARGENING THE APPLICATION

Mention was made in section 5 t h a t the value of the parameter can alter
according to the type of installation. Van Deemter has shown on a theoretical basis that the types of system which we most commonly have to
deal with, i.e. narrow open ditches in the early stages of land reclamation
followed b y tile drains at a later stage, function in an almost identical
manner, which fortunately provides an easy basis for much of our practical
work by enabling us to assume y is constant throughout. Any differences
in performance with which we m a y have to reckon between different types
of drainage installation are to be associated with disturbances to a flow
pattern in the soil caused respectively by:
1. The presence of adjacent layers of distinctly different permeability,
e.g. clay beneath peat soil.
2. Reduction in performance due to an installation cause, e.g. the possible effect of the concentration of flow towards the gaps in the drain wall.
3. Simultaneous flow to the drain-lines in several directions, e.g. flow
to ditches or drain tiles on adjacent sides of a rectangular field of various
proportions, leading to reduced water-table height.
Progress in the laboratory made on the questions (1) and (2), for instance
by Childs and Youngs (1958) and b y Bouwer and Little (1959), is sufficient
to demonstrate t h a t the compilation of information for our purpose concerning the relative water-table height/discharge performances of drainage
systems can probably as well be done by steady-state laboratory methods
as by any other, the values of c/a having only to be scaled or corrected
and not calculated outright from doubtful interpretations of njk. The same
confidence could equally apply to the laboratory investigation of 3, and
with the object of filling this gap in our knowledge the author has drawn
attention in a recent report * to this essential work.
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SUMMARY

The difficulties in applying rigid design methods to water-table control
are connected with assumptions which have to be made as to the steady
state, and to the ineffectiveness of permeability measuring methods.
To obviate these a method is being tested of arriving indirectly at figures
for the water conducted through inadequately drained fields under known
water-table conditions, and the changes in water storage accompanying
fluctuations in water-table height. In the subsequent drainage design the
depth of drains allows a definite 'buffer' zone in the soil to accommodate the
likely peak storms.
RÉSUMÉ

Les difficultés rencontrées lors de l'application de méthodes d'étude
rigides au contrôle de la nappe phréatique, trouvent leur origine dans les
hypothèses qu'il est nécessaire d'admettre pour tenir compte du régime
permanent et de l'inefficacité des mesures de perméabilité. Dans le b u t
d'éviter ces difficultés, une méthode qui doit permettre d'obtenir de manière
indirecte des chiffres concernant les quantités d'eau conduites à travers
des champs mal drainés dans des conditions de nappe phréatique connues,
et sur les variations des quantités d'eau emmagasinée qui accompagnent
les fluctuations de la nappe phréatique, est actuellement en voie de vérification. Dans le projet de drainage, établi d'après les données ainsi obtenues, la profondeur à laquelle les drains seront installés prévoit une zone
'tampon' suffisante dans le sol pour qu'il puisse absorber les averses 'de
pointe' qui peuvent se produire.
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ZUSAMMENFASSUNG

Die Schwierigkeiten bei der Anwendung starrer Zeichenmethoden auf
die Kontrole von Grundwasserspiegeln hängen zusammen mit Annahmen
die man zu machen hat über den beständigen Zustand und über die Erfolglosigkeit der Messungsmethoden der Durchlässigkeit. Um jenen Schwierigkeiten entgegenzukommen wurde eine Methode erprobt um indirekt Zahlen
zu erhalten für die Wasserführung in ungleichmässig drainierten Feldern
bei bekannten Wasserspiegelverhältnissen, sowie für die Änderungen der
Wasserspeicherung, welche Schwankungen im Wasserspiegelniveau begleiten. Im daraus hervorgehenden Dränageprojekt lässt die Dräntiefe
eine bestimmte 'Pufferzone' im Boden zu um den möglichen Spitzenstürmen
angepasst zu sein.
A NEW PLOUGH FOR MAKING MOLE DRAINS
D. S. PENTTI KAITERA from the Finland Institute of Technology, Helsinki, showed a film of a new plough for making mole drains in the peat
soils. A great plough (picture la) makes a cut with depth of 60—100 cm
and raises it so much (lb) that a smaller plough (lc) can make a furrow
(Id) in the bottom of furrow of the great plough. The depth of the lower
furrow is 30 cm and the breadth is 20 cm. The soil from that furrow moves
to the bottom of the upper furrow (If). When the plough moves on, the
upper cutting slides backs in its original place and a moledrain has been
constructed by that the soil has been moved away from the drainhole.
In experiments in 1959, about 35 km drains were made with an average
of 700 m per hour. The plough was drawn by winch and caterpillar D6
bandtractor. The woods and roots in the soil to 10—15 cm diameter were
cut off with plough shares (lg). When there were larger roots or stones,
the plough was lifted up with a winch. Then the plough was backed and by
crossing the constructed drain the obstacle was parried (picture 2). The
crossing was later cleaned with a spade.
Plough in working position

crossection of drain
b

new drain

crossing
Fig. 2.
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CATION E X C H A N G E IN ACID SOILS UPON T R E A T M E N T WITH
SALINE SOLUTIONS
by
J.

LUNIN and

A.

R.

BATCHELDER*

Saline water is available for supplemental irrigation in some of the
humid areas of eastern United States. In view of this, there is need for a
better understanding of changes in exchangeable cation composition t h a t
occur when a saline solution is added to an acid soil. It is the purpose of
this paper to determine some of the factors which affect ion-exchange
equilibria between an acid soil and a saline solution.
Several ion-exchange equations have been proposed for soils (1, 5, 7, 8, 9)
dealing with both ion pairs of equal valency and mono-divalent systems.
Most of the literature, however, has dealt with base-saturated systems.
In acid soils, exchange reactions are complicated b y the presence of hydrogen
and aluminum ions. Difficulties involved in introducing these ions into
ion-exchange equations have been recognized b y m a n y investigators
(3, 4, 6, 8). Harward and Coleman (6) found t h a t the statistical equation
of Krishnamoorthy and Overstreet (8) was not too satisfactory with very
dilute solutions. In general, simplified equations have a certain utility,
but, as pointed out by Davis (4), they are not satisfactory in certain 'unfavorable' cases.
Since existing equations are not readily applicable to acid soils, the
following study was designed to determine some of the factors affecting
ion-exchange in acid soils treated with dilute saline solutions.
EXPERIMENTAL

PROCEDURE

A Norfolk fine sandy loam, a Woodstown loam, and a Bladen clay,
were ground to pass through a 2 mm. screen and acidified by leaching with
dilute HCl. Excess acid was removed by leaching with distilled water until
the leachate showed no trace of chlorides. Varying amounts of CaC0 3
were added to portions of the acidified soil to produce a series ranging
between 0 and 100 percent base saturation. The mixtures were made up to
a paste with demineralized water and incubated for one week, after which
time they were air dried. The exchangeable cation composition of some of
the resulting soils is shown in Table 1. An excess of CaC0 3 was avoided;
therefore, none of the samples attained complete calcium saturation.
The solutions used were mixtures of sodium chloride and calcium chloride,
the exact compositions being shown in Table 2. In Group I, the ratio of
sodium to calcium was the same as the ratio of sodium to calcium plus
magnesium found in sea water. The four solutions represent a simple dilution effect. In Group II, the four solutions were prepared with a constant
sodium concentration, and calcium varied to give the same SAR values**
(10) as Group I. In Group I I I , the four solutions had the same sodium
* Soil and Water Conservation Research Division, Eastern Soil and Water
Management Research Branch, and the U.S. Salinity Laboratory, Agricultural
Research Service, USDA, Norfolk, Va., in cooperation with the Virginia Truck
Experiment Station.
** SAR = sodium adsorption ratio = Na+/-\/Ca + +/2, with solution concentrations expressed as me./l.
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concentrations as Group I, but the calcium concentration was varied so as
to maintain a constant SAR value of 15.
TABLE 1. Exchangeable cation composition of soils used in equilibration study
Expt'1.
number
1
2
3
4
5
6
13
18

E x c h a n g e a b l e c a t i o n s - m e . / 1 0 0 g.
Soil
Norfolk
Norfolk
Norfolk
Norfolk
Norfolk
Norfolk
Bladen
Bladen '

pH

Ca

Mg

Na

K

% Base
saturation*

2.92
3.59
4.38
5.18
6.01
6.71
2.71
7.00

0.13
1.70
3.28
4.73
6.28
7.79
0.13
20.03

.0
.0
.07
.07
.08
.11
.0
.25

.06
.09
.11
.12
.12
.14
.06
.14

.02
.02
.02
.02
.02
.02
.05
.05

2.2
18.6
35.7
50.7
66.7
82.7
1.0
83.3

* Based on following cation exchange capacities: Norfolk = 9.75 me./100 g.
and Bladen = 24.60 me./100 g.
The soils were treated with the various solutions in a manner similar
to that described b y Bower (2). Ten-gram portions of soil were placed in
50 ml. centrifuge tubes and 30 ml. of saline solution added. The tubes were
then placed in an end-over-end shaker and shaken for 15 minutes. After
centrifuging, the supernatent solutions were decanted and analyzed.
This process was repeated with successive portions of the solution until
the composition of the supernatent solution was approximately the same
as t h a t of the original solution. Exchangeable cations were determined on
the resulting soil by extraction with ammonium acetate (pH 7.0). Correction
for soluble salts was made by determining the chloride content of the
ammonium acetate extract, the relative proportions of calcium and sodium
in the equilibrium solution having been previously determined.
TABLE 2. Composition of solutions used in equilibrium studies
me./l.
Group

II
II
II
II
III
III
III
III

Solution

S.A.R.*
Na+

Ca++

a
b
c
d

60.0
30.0
15.0
7.5

16.0
8.0
4.0
2.0

21.2
15.0
10.6
7.5

e
b
f
g
h
b
i

30.0
30.0
30.0
30.0

4.0
8.0
16.0
32.0

21.2
15.0
10.6
7.5

60.0
30.0
15.0
7.5

32.0
8.0
2.0
0.5

15.0
15.0
15.0
15.0

]

* Sodium Adsorption Ratio = ——^—
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Several assumptions were made in this study. I t was assumed t h a t Ca and
Na were the only exchangeable bases involved. Small amounts of magnesium determined were included with the exchangeable calcium, and the
very small amounts of exchangeable potassium present were omitted
from the calculations. The acid-washed soils were probably mixed hydrogenaluminum systems, although the exchangeable aluminum was not readily
extractable with N ammonium acetate (pH 4.8). The concentrations of
hydrogen and aluminum were very low in the solution phase when they
were treated with dilute saline solutions.
EXCHANGEABLE

CATION

COMPOSITION AS I N F L U E N C E D B Y T R E A T M E N T
VARIOUS SALINE SOLUTIONS.

WITH

Soil samples were treated with the different saline solutions until the
composition of the supernatent solution was almost equivalent to t h a t of
the initial solution. The exchangeable cation composition of the treated
soils was then determined. The data for the Woodstown and Bladen soils
were very similar to t h a t of the Norfolk, and therefore only the d a t a for
the Norfolk soil are presented (Table 3). After treatment with the saline
solutions, the percentage base saturation increased at the lowest initial
base saturation level and decreased at the highest. The degree of cation
adsorption at the lowest base saturation level was greatest at higher solution concentrations and the degree of desorption at the highest base
saturation level was greatest at the lowest solution concentrations. Considering only the adsorbed Na and Ca in these soils, the ratio Na ads /Ca a(ls
decreased with decreasing SAR values at a given level of base saturation
even though solutions in Group I differed considerably in total salt concentration and composition from the solutions in Group I I . Soils treated
with Group I I I solutions (all having SAR values of 15) had Naa<is/Caa<is
ratios which tended to decrease with decreasing solution concentration.
The high ratios obtained at low base saturation levels with solution ' j '
probably resulted from the extremely low Ca concentration in soil-solution
system.
The U. S. Salinity Laboratory (10) has established a usable relationship
between the SAR value of a solution and the Exchangeable Sodium Percentage (ESP) of a soil in equilibrium with t h a t solution. Although true
equilibrium had not been attained, the SAR value of the solution used was
a more dominant factor in determining Na adsorption at a given base
saturation level than was either total solution concentration or actual Na
concentration. For a given solution, however, the E S P of the soil increased
with level of Ca saturation, thereby demonstrating the importance of the
nature of the complementary ion on cation adsorption. When treated with
Group I I I solutions (SAR = 15), the amount of Na adsorbed decreased
with decreasing Na concentration in the solution.
From these data it is apparent that Na adsorption is governed to a
large extent b y the SAR value of the saline solution, but is modified by
solution concentration. The initial level of base saturation is a major factor
in determining the ratio of ions adsorbed under non-equilibrium conditions.
R A T E OF EQUILIBRATION AS INFLUENCED BY INITIAL LEVEL OF BASE SATURATION.

As previously stated, after repeated treatments of a soil with a given
solution, the composition of the supernatent solution closely approached
t h a t of the initial solution but never quite attained true equilibrium.
In some instances the Ca concentration of the supernatent solution would
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approach that of the initial solution within 0.1 or 0.2 me./l. This was primarily true for the highest and the lowest levels of base saturation. Deviations from the initial solution composition were less at intermediate
levels of base saturation. In order to determine the changes in adsorbed
cation content of the soil, as well as changes in the cation content of the
supernatent solution, the lowest and highest levels of base saturation of
the Norfolk and Bladen soils were carried through a series of 16 successive
treatments, with the equilibrium solution and adsorbed cation composition
being determined after 1, 2, 4, 8, 12, and 16 treatments. Solutions 'a' and 'c'
were selected to enable a comparison of solution concentration.
The data in Table 4 indicate that the Na in solution equilibrated much
more rapidly than did the Ca and that after the fourth extraction, no
significant changes occurred. The Ca concentration of the solution was
most affected by the initial level of base saturation, a marked decrease
from the initial solution occurring at the lowest saturation level and an
increase at the highest. After the fourth treatment, the Ca concentration
more closely approached that of the initial solution and only slight changes
in concentration occurred with succeeding treatments. By the sixteenth
treatment, deviations from the initial solution were very small but a true
equilibrium had not been attained. The same general trend was observed
for both solutions tested but the rate of equilibration was slightly greater
for the solution of highest concentration.
Successive treatments with these two solutions resulted in the adsorption
of Na by both soils, the adsorption of Ca at the lowest base saturation levels,
and a Resorption of Ca at the highest (Table 5). The greatest change in
exchangeable Na and Ca resulted following the first treatment. The ratio
NaadB/Caad8 decreased appreciably with successive treatments of the lowest
base saturation level of both soils, and increased very slightly at the high
saturation level. Solution 'a' treatments resulted in higher ratios than did
solution 'c', as would be expected from the SAR values for the two solutions.
Another significant factor is the continuous increase in the sum of exchangeable Na plus Ca with successive treatments with the saline solution
at the lowest base saturation levels. This increase was observed for both
soils but the sum of these cations adsorbed after a given number of treatments was less for solution 'c' than for solution 'a'. Furthermore, at the
highest saturation levels for both soils there was a small gradual decrease
in the sum of exchangeable Na plus Ca. Here, again, the sum of these
cations adsorbed after a given number of treatments was less for solution
'c' than for solution 'a'. Even though the composition of the supernatent
solution indicated that equilibrium was closely approached, the exchangeable cation data indicated that this was not so.
Similar studies * were carried out with different levels of Ca saturation of
a montmorillonite clay, a kaolin clay, and a Dowex-50 ion exchange resin.
The results indicated equilibrium was approached much more rapidly with
the resin and montmorillonite than with the kaolin, and that equilibrium
was approached more rapidly with the kaolin than with the soils tested.
CONCLUSIONS

Attempts to equilibrate acid soils with a given dilute saline solution indicated that after sixteen successive treatments with the saline solution,
true equilibrium had not been attained. It is apparent that the initial level
of base saturation is a factor in determining the rate at which equilibrium
is approached in these soils. The three soils studied were predominantly
kaolinitic and gave comparable results.
* Author's unpublished data.
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TABLE 4. The effect of successive saline extractions of two levels of base saturation of two soils on the Na and Ca concentration in the
equilibrium solution.
N u m b e r of e x t r a c t i o n s
Soil
number

1
Na+

2
Ca++

Na+

4
Ca++

Na+

Ca++

Na+

16

12

8
Ca++

Na+

Ca++

Na+

Ca++

16.00
16.24
15.94
16.24

61.0
60.5
60.5
61.0

16.02
16.18
15.94
16.26

3.86
4.16
3.76
4.16

15.50
15.60
15.50
15.50

3.93
4.14
3.83
4.15

Solution c o n c e n t r a t i o n s expressed a s me./l.
Solution a (Na+ = 60.5 me./l., Ca++ = 16.00 me./l.)
1
6
13
18

60.0
59.0
59.0
55.0

15.18
19.18
12.96
21.38

60.0
61.0
60.0
57.5

15.34
17.18
14.24
17.24

61.0
61.0
61.0
60.5

15.62
16.30
15.22
16.34

60.5
60.5
60.5
60.5

15.84
16.30
15.68
16.28

60.5
60.5
60.5
61.0

Solution c (Na+ = 15.50 me./l., Ca++ = 4.05 me./l.)
1
6
13
18

14.75
14.75
14.75
13.75

3.62
6.40
2.35
6.91

15.25
15.00
15.13
14.63

3.60
4.94
2.86
4.94

15.32
15.30
15.38
15.38

3.60
4.30
3.28
4.30

15.50
15.50
15.50
15.38

3.84
4.21
3.65
4.18

15.50
15.50
15.50
15.50

TABLE 5. The effect of successive saline extractions of two levels of base saturation of two soils on the adsorbed Na and Ca content.
N u m b e r of e x t r a c t i o n s
Soil
number

1
Naads

2
^«^ads

Naads

4
^3-ads

-Nciads

12

8
^^ads

Na»ds

Oäads

Na a t l s

16
v-'äads

Na a ( l 8

^3-ad s

1.04
1.12
2.91
3.94

1.94
6.12
6.85
16.75

1.09
1.22
3.13
4.08

2.09
6.10
7.49
16.59

0.36
0.57
1.34
2.17

1.60
6.55
5.45
17.19

0.37
0.55
1.32
2.09

1.76
6.26
6.17
17.22

A d s o r b e d ions expressed a s m e . / 1 0 0 g.
Solution a (Na+ = 60.5 me./l., Ca++ = 16.00 me./l.)
1
6
13
18

0.91
1.04
1.89
3.46

0.68
6.75
2.38
18.26

0.92
1.09
2.11
3.80

0.98
6.67
3.38
17.75

0.90
1.08
2.44
3.84

1.27
6.46
4.78
17.41

0.96
1.14
2.84
3.79

1.63
6.39
6.15
16.81

Solution c (Na+ = 15.50 me./l., Ca++ = 4.05 me./l.)
1
6
13
18

—

0.23
0.43
0.79
1.56

0.70
7.15
1.61
19.68

0.32
0.52
0.86
2.01

0.79
6.95
2.27
18.93

0.31
0.55
1.09
2.23

1.04
6.77
3.32
18.76

0.36
0.53
1.26
2.18

1.44
6.75
4.72
18.13
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Although equilibrium between t h e soil and a given solution h a d not
been attained, the data indicated that the degree of adsorption of Ca and N a ,
or desorption of Ca, was influenced b y t h e initial level of base saturation
and the concentration and composition of t h e saline solution used. At t h e
lower base saturation levels, total Na and Ca adsorption was influenced
primarily by total solution concentration whereas the ratio of Naa<is/Ca„ig
was determined to a large extent b y t h e solution composition (SAR value).
At the higher initial levels of base saturation, treatment of a soil with
saline solutions of the type described resulted in a decrease in exchangeable
Ca. Treatment of soils in field and greenhouse studies with dilutions of sea
water have also resulted in a decrease in exchangeable Ca.
The foregoing discussion has dealt with the adsorption of Na a n d Ca
from saline solutions consisting of mixtures of the chlorides of these elements.
Little has been said concerning exchangeable hydrogen and aluminum.
Very small concentrations of these elements were found in the supernatent
solutions after reacting with the acid-washed soil. Extraction of the acidwashed soils with NH 4 OAc (pH 4.8) yielded only small amounts of exchangeable Al. The exchange acidity (H + Al), determined b y titration
of a N KCl extract of t h e acid-washed soils, was only approximately 25
percent of the total exchange capacity (determined by NH 4 OAc — p H 7.0).
A better understanding of the role of H and Al in acid soils, especially
those consisting of predominantly kaolinitic clays, is necessary in order t o
be able to fully evaluate ion exchange equilibria in those soils.
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SUMMARY

Three soils were acidified with dilute HCl and then limed to give six
different levels of base saturation. These soils were treated with several
dilute saline solutions composed of mixtures of NaCl and CaCl2. The data
show that the SAR value of t h e saline solution (Na + /-v/Ca + + /2) is an
important factor in determining t h e amount of sodium adsorbed, b u t for
a given solution, t h e amount of sodium adsorbed increased with increasing
level of calcium saturation in the soil. After sixteen successive treatments
of a given soil with a dilute saline solution, equilibrium between t h e soil
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and the initial solution composition was not attained. The degree to which
equilibrium was attained was less at lower levels of base saturation than
at higher levels. At the highest levels of base saturation, treatment with
the saline solutions resulted in a decrease in exchangeable calcium as well
as a slight decrease in exchangeable Na -f- Ca. These soils were predominantly kaolinitic.
RÉSUMÉ

Trois sols rendus acides au moyen de HCl dilué furent ensuite chaulés de
manière à obtenir 6 niveaux différents de saturation en bases. Ces sols
furent également traités par différentes solutions salines diluées, qui
étaient des mélanges de NaCl et de CaCl2. Les résultats montrent que la
valeur SAR (Sodium adsorption ratio) de la solution (Na + /\/Ca + +/2) est
le facteur important qui détermine la quantité de sodium adsorbée par le
sol, mais que, pour une solution donnée, la quantité de sodium adsorbée
augmente avec la saturation en calcium du sol. Après seize traitements
successifs, par une solution saline diluée, l'équilibre entre un sol donné
et la composition initiale de la solution n'était pas encore atteint. On
s'approchait d'autant moins de la valeur d'équilibre que la saturation en
bases était plus basse. Pour les degrés de saturation en bases élevés, le
traitement par solutions salines donnait lieu à une diminution des teneurs
en Ca échangeable et à une faible diminution du Ca + Na échangeable.
Dans les sols étudiés les argiles étaient à dominance kaolinitique.
ZUSAMMENFASSUNG

Drei Böden wurden mit verdünnter Salzsäure angesäuert und dann mit
Kalk auf sechs verschiedene Basensättigungsstufen gebracht. Diese Böden
wurden mit einigen verdünnten Salzlösungen, aus Mischungen von NaCl und
CaCl2 gebildet, behandelt. Die Ergebnisse zeigen, dass der SAR-Wert der
Salzlösung (Na + /VCa + + /2) ein wichtiger Faktor in der Bestimmung der
adsorbierten Na-Menge ist; dass jedoch für eine gegebene Lösung die
adsorbierte Na-Menge mit steigender Ca-Sättigungsstufe im Boden zunahm.
Nach sechszehn aufeinanderfolgenden Behandlungen eines gegebenen
Bodens mit einer verdünnten Salzlösung war noch kein Gleichgewicht
zwischen dem Boden und der anfänglichen Lösungszusammensetzung
erreicht. Der erreichte Gleichgewichtsgrad war geringer den niedrigeren
Basensättigungsstufen gegenüber als zu den höheren Stufen. Auf den höchsten Sättigungsstufen hatte die Behandlung mit den Salzlösungen eine
Abnahme des auswechselbaren Ca, sowie auch eine schwache Abnahme des
auswechselbaren Na + Ca zur Folge. Diese Böden waren vorherrschend
kaolinisch.
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QUALITY O F I R R I G A T I O N W A T E R AND CHEMICAL
AND PHYSICAL P R O P E R T I E S O F SOIL
by
L. D.

DONEEN and

D. W.

HENDERSON

University of California, Davis
Dissolved minerals in irrigation water are a major contributing factor
in salt accumulation in soils of many arid areas of the world. The result
of prolonged use of a given irrigation water depends on the amounts and
t y p e of salts in irrigation water. This accumulation of salts in the soil
solution is the result of evapo-transpiration, and the concentration in the
soil may be many fold that of the irrigation water, unless copious quantities
of water are frequently percolated below the depth of plant rooting. If
this practice is followed, large quantities of water are required in excess
of evapo-transpiration requirements and in high water table areas the
drainage problem is magnified. Thus, the degree of accumulation varies
with the soil and drainage conditions, climate, and water management
practices.
In 1954 Doneen (1) proposed a hypothesis that, as salts accumulate in
the soil and as the soil solution becomes more concentrated, salts of low
solubility precipitate in this order: calcium carbonate, magnesium carbonate
and calcium sulfate. According to this concept these salts are not included
in estimating salination effects. The other highly soluble salts constitute the
'effective salinity' of an irrigation water, and potential salinity developing
in the soil under a high degree of accumulation depends on the concentration
of such salts. Some of these relationships have been studied in the laboratory,
greenhouse, in lysimeters, and in the field.
A greenhouse experiment consisted of irrigating plants in containers with
21 different irrigation waters. Various concentrations of calcium, sodium,
chloride and bicarbonate ions in the irrigation water were studied in relation to salt accumulation in the soil, exchangeable sodium, and infiltration
rates. The irrigation waters consisted of 3 concentrations for the sodiumcalcium chloride series and 2 concentrations for the sodium bicarbonatecalcium chloride series. Each concentration had waters of 50, 70, 80 and
90 per cent sodium as given in table 1.
Two crops of sunflower plants were grown in 6 inches in diameter containers which contained 18 inches in depth of Yolo clay loam soil. Three
TABLE 1. Composition of Irrigation
Concentration
Meq./L

Salts

2
10
20
2
10
10

NaCl-CaCl,
NaCl-CaCl2
NaCl-CaCl2
NaHCCvCaCl,*
NaHC0 3 -CaCl 8 *
CaCl2

Waters.
Per cent Sodium
50
70
50
70
50
70
50
70
50
70
No s>odium

80
80
80
80
80

90
90
90
90
90

* Per cent bicarbonate equal to per cent sodium
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replications were used for each water. The quantity of irrigation water applied
was 96 inches depth per container. No leaching of the soil occurred. During
the experiment infiltration measurements were obtained. At the termination
of the experiment, the containers were dismantled and the soil analyzed by
depth for salinity and exchangeable sodium.
The following is a summary of some of the pertinent data obtained.
A typical example of the accumulated salines in the soil profile is from
the waters containing 10 meq./L, 70 per cent sodium of the chloride and
bicarbonate series, figure 1A. The bicarbonate in the water has largely
precipitated as lime with the calcium from the water and the cation exchange. This is indicated by the small accumulation of salinity in the soil
profile, figure 1A. The salts of the chloride water have accumulated as
salines.
lOMeq/L, 70% No WATER

0

50

-—

NoCI-CoCI 2

---

NaHCOj-CoClj

100

TOTAL SALTS, Meq./L.

150

0

5

10

15

to

% EXCHANGEABLE SOOIUM

Figure 1 Accumulated salts and exchangeable sodium of the soil profile after
irrigating with 96 inches of water.
A. Total salts of the saturation extract
B. Exchangeable sodium
The exchangeable sodium of the soil profile is given in figure IB. The
exchange capacity of the soil is 20 milliequivalents per 100 grams. The
soil profile irrigated with bicarbonate water gave the highest, 20.4 per cent
exchangeable sodium, while for the chloride water it was 14.4 percent.
Al lime precipitated in the soil, the exchangeable sodium increased. Eaton
(3) indicates this cation exchange phenomenon results in the formation of
'Black Alkali' soil.
In the depth of wetting the soil is limited to the rooting zone, then
every irrigation is a leaching process in the surface soil with deposition
of salts at a lower depth. The top 8 inches of the soil column has increased
in exchangeable sodium, while the calcium and magnesium has been
leached from this area and accumulated in the lower part. Table 2 compares the exchangeable sodium in the surface 8 inches for the soils irrigated
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with NaCl-CaCl 2 and NaHC0 3 -CaCl 2 waters at the 10 meq. concentration,
70 per cent sodium. The NaHC0 3 -CaGT 2 series resulted in a higher per cent
of exchangeable sodium than the NaCl-CaCl 2 series. The 10 meq./L of
NaHC0 3 -CaCl 2 and the 20 meq./L of NaCl-CaCl 2 at the 50 and 70 per cent
sodium level resulted in nearly the same levels of exchangeable sodium.
TABLE 2. Exchangeable sodium in the surface 8 inches of soil irrigated with waters
of various compositions.
Irrigation Water
Concentration
10 meq.
10 meq.
20 meq.

Per cent Sodium of Irrigation Waters

Salt

50

70

80

90

NaCl-CaCl2
NaHC0 3 -CaCl 2
NaCl-CaCla

5.8
8.5
9.2

9.5
16.4
17.8

12.9
19.3
24.0

15.7
23.5
30.4

Infiltration measurements made near the end of the experiment for
the 21 waters are given in figure 2. For any single concentration, as the
sodium percentage of the water increases, a decrease in infiltration rate
occurs. For each sodium percentage of the water, increasing the concentration increased the infiltration rate. This relationship has been reported
for equilibrium studies b y Quirk and Schofield (5), Henderson (4) a n d
others. The important consideration in this work is the effect of the bicarbonate ion on decreasing infiltration. Two interrelated factors are
probably responsible; (a) as the bicarbonate precipitates with calcium the
per cent sodium of the exchange increases, which tends to disperse the soil,
and (b) this precipitation of lime maintains a low salinity of the soil solution
and thereby reduces the infiltration rate.

o'
50

1
70

1
B0

1
90

PERCENT SODIUM OF WATER

Figure 2. Infiltration of irrigation water containing NaCl —CaCl2 and NaHC0 3
— CaCl2 at various concentrations and per cent sodium. *CK, 10 Meq./L. CaCl,
518

Vl.14
Field studies were in the area growing lemons and oranges and irrigated
with waters of relatively high total salt content. These crops are considered
sensitive to salinity and according to most water quality classifications
(see reference (6) for example) these waters would be judged to have high
salinity potential, yet excellent yields are obtained from citrus trees 40
or more years old. A detailed investigation was made concerning the effects
of water quality on soil salinity, as well as observations on salt injury to the
trees (2).
The analyses of 375 irrigation waters from wells in this area gave an
average total salt concentration of 16.7 meq./L. The waters ranged from
10 to 36 meq./L. Applying the 'effective salinity' concept to these 375
waters gave an average effective salinity of 7.9 meq./L. or a reduction in
salt of 53 per cent.
A number of lemon and orange groves were selected for study of accumulation of salines in the rooting zone. Since most citrus roots are in
the top 3 feet of soil, this depth was sampled for analysis. The 8 groves for
which data are reported in table 3 are representative of the range in concentration of irrigation waters used.
TABLE

3. Accumulation of lime in Yolo loam and clay loam soil from various
irrigation waters.
Irrigation Water

Grove

1
2
3
4
5
6
7
8
Ck.

Effective
Total salts Per cent Na Salinity
meq.
meq.
11.3
56
7.7
50
6.5
13.1
27
7.0
14.1
27
19.4
11.5
26
25.1
12.9
36
27.2
16.2
21
30.4
15.2
29
34.4
19.8
j\ve. of non-irrigated areas.

Per cent Lime in Soil
Depth in feel
1

2

3

1.38
1.42
0.21
1.17
2.40
1.82
0.20
2.02
0.09

2.45
1.57
0.33
0.92
3.56
2.70
0.67
2.75
0.15

2.85
3.88
1.07
1.17
0.75
2.58
4.03
3.23
0.13

The groves are irrigated by a number of parallel furrows between the
rows of trees. The soil samples were taken at the periphery of the tree
and approximately 15 to 18 inches from the center of the outside furrow.
This is in the range of capillary moisture movement, and therefore, in the
area of salt and lime accumulation. In general, the salts at these locations
were relatively low considering the amount of salt in the irrigation water,
and the trees showed none to only moderate salt injury judging from foliar
symptoms. The soil is of the Yolo loam and clay loam series with a very
low lime content as indicated in the non-irrigated areas (table 3).
As the soil solution increases in concentration in the irrigated groves the
bicarbonates are precipitated as lime, and in some cases the precipitation
of gypsum has occurred. The precipitation of lime is indicated by an increased percentage in the soil, table 3. During dry years the rainfall is not
sufficient to wet the soil below depth of rooting and, in general, a shortage
of irrigation water occurs. Then the salt injury is more severe and widespread
than during years of normal and above average rainfall. In general, the
growers practice has been to apply sufficient water for leaching to control
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soil salinity, b u t allowing the accumulation of lime. On the gravelly and
very sandy soils where every irrigation unavoidably is a leaching process,
the accumulation of lime was small or essentially absent.
Undoubtedly successful growing of citrus in this area is due, in a large
measure, to the type of salts in the irrigation water t h a t do not produce
salines. These are the calcium and magnesium carbonates and calcium
sulfate and a low sodium content. There was no evidence t h a t the precipitation of lime increased the sodium content sufficiently to cause a
dispersal, or deterioration, of soil structure. For the 375 irrigation waters,
the average sodium percentage was 29 per cent, whereas, the per cent
sodium of the 'effective salinity' of these waters averaged 59 per cent,
which is not sufficiently high to produce a sodic soil. Some of the waters
precipitated calcium sulfate and the moderate solubility of this salt assures
a reasonable high level of exchangeable calcium.
CONCLUSION

Most irrigation waters are classified by the amount of total salts present
and the sodium percentage or the sodium-absorption-ratio (6). This m a y
be good criteria when the water consists mostly of chloride salts and they
are not allowed to accumulate in the soil. But under irrigation practice the
soil solution is frequently many times more concentrated than the irrigation
water. The bicarbonates of the water should not be included as a part of
the total salts producing salines. This precipitation m a y be beneficial in
reducing the total salines of the irrigation water when the calcium and
magnesium content is high, but if the bicarbonates and sodium are high
precipitation will increase the exchangeable sodium, cause soil dispersal
and aggravate the problems of leaching and tillage of the soil.
The concentration of electrolytes in the irrigation water influences the
permeability of the soil. At a n y given exchangeable sodium percentage
permeability increases rapidly with concentration, especially in the lower
ranges of concentrations and at low levels of exchangeable sodium. W a t e r
with a high concentration of electrolytes, and with the sodium increasing
above 70 per cent, increases the exchangeable sodium and rapidly decreases
the permeability of the soil.
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SUMMARY

Quality of irrigation water is evaluated on the salinity it will produce
in the soil, and its effect on exchangeable sodium and permeability of the soil.
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Upon concentration of the irrigation water, as the soil solution, the
bicarbonates waters will precipitate lime which will result in a decreased
salinity of the soil. W i t h sodium bicarbonate waters the precipitation will
increase the exchangeable sodium and reduce infiltration rates.
The concentration of electrolytes in the water has a marked effect on
infiltration. At any given exchangeable sodium percentage permeability
increases rapidly with concentration, especially in lower ranges of concentration and at low levels of exchangeable sodium.
RÉSUMÉ

La qualité de l'eau d'irrigation est évaluée par rapport à la salinité
qu'elle infligera au sol et à son effet sur le sodium échangeable et sur la
perméabilité du sol. Après concentration, les eaux d'irrigation bicarbonatées,
devenues solution du sol, précipiteront des carbonates calcaires, ce qui
augmentera la salinité du sol. Quand les eaux sont riches en bicarbonate de
sodium, la précipitation augmentera les teneurs en sodium échangeable
et diminuera les taux d'infiltration. La concentration d'électrolytes dans
l'eau a un effet marqué sur l'infiltration. Pour n'importe quel pourcentage
de sodium échangeable la perméabilité augmente rapidement avec la
concentration, surtout dans les basses concentrations et pour les faibles
teneurs en sodium échangeable.
ZUSAMMENFASSUNG

Die Qualität des Wassers einer Bewässerungsanlage wird nach dem im
Boden entwickelten Salzgehalt und nach dem Einfluss auf das austauschbare
Na im Boden und der Durchlässigkeit bewertet.
Wenn im Bewässerungswasser als Bodenlösung Bikarbonate konzentriert
werden, wird Kalk niedergeschlagen, was zu einem verminderten Salzgehalt im Boden führt. Mit NaHC0 3 -Wasser wird dieses Niederschlagen das
austauschbare Na erhöhen und die Einsickerung erniedrigen.
Die Elektrolytkonzentration im Wasser hat einen bemerkenswerten
Einfluss auf die Einsickerung. Bei irgendeinem gegebenen Prozentgehalt
austauschbaren Natriums nimmt die Durchlässigkeit mit der Konzentration schnell zu, speziell bei niedrigen Konzentrationsniveaus und solchen
Niveaus von austauschbarem Na.
DISCUSSION

D. H. YAALON: 1. Did you ascertain what percentage of the bicarbonate
ions were precipitated as CaC0 3 ? 2. Did this correlate with the amount of CaC0 3
found in the soil at the end of the experiment?
L. D DONEEN: In the greenhouse experiment approximately 95 per cent
of the bicarbonates were precipitated, and we have recovered these as lime
in the soil.
NORMAN J. ROSENBERG: IS there any experimental evidence to indicate
increasing osmotic effects on plants growing in saline soil as the soil solution
concentrates upon consumptive use?
L. D. DONEEN: AS the osmotic concentration of the soil solution increases in
the higher levels of salinity, that is, usually above six millimhos of the saturation
extract, there is a decrease in consumptive use of water. However, up to about
four millimhos we have little or no evidence that increasing osmotic concentrations decrease transpiration except for very salt sensitive plants.
D. O. ROBINSON: Of the 96" of water applied to the cylinders how much
drainage occurred?
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L. D. DONEEN: There was no drainage. The study as designed to show salt
accumulation in the rooting zone of plants.
L. O. F I N E : Are the salt concentrations indicated in the tables the concentrations of cations, or anions, or the sum of the two ?
L. D. DONEEN: The concentrations are based on equivalent weights of salts.
The anions and cations are of equal concentration and the figures in the tables
are not the sum of the two.
N. M. NIMGADE: Are there some methods to eliminate the toxic effects of
boron from the irrigation water?
L. D. DONEEN: There is no economical procedure for removing boron from
irrigation water.

I
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ENTRE pH SALINITE ET ALCALINISATION
DANS LES SOLS SALES
par
G . PASCAUD — P . M l N A R T *

Lors de l'étude des sols salés, la détermination du degré d'alcalinisation (pourcentage du sodium échangeable par rapport à la capacité
totale d'échange = 100 Na/T) est longue et délicate, par suite des difficultés rencontrées dans l'analyse du sodium échangeable.
Aussi a-t-on recherché s'il existait des corrélations entre le rapport
Na/T et d'autres caractéristiques analytiques plus simples, afin d'avoir
une méthode indirecte mais commode de détermination du degré d'alcalinisation.
La méthode américaine, basée sur l'utilisation du 'sodium adsorption
ratio' (SAR) est bien connue; mais elle donne parfois des résultats incertains. Ceci nous a conduits à rechercher une corrélation avec d'autres paramètres. Il nous est apparu en effet que, dans certains cas où le SAR conduisait à des résultats aberrants, la considération du pH s'avérait plus fructueuse.
On sait déjà qu'un pH très élevé ( > 9 par exemple) ou qu'un relèvement
du pH d'une unité ou plus, lorsqu'on augmente le rapport eau/sol de la
suspension, permettent de présumer le caractère à alcali, en première
approximation. Ce relèvement du pH est dû vraisemblablement à l'hydrolyse du sodium échangeable qui provoque la formation de soude.
Les variations du pH paraissaient cependant assez désordonnées et, dans
le cas des sols salins, on n'avait pas réussi à relier d'une façon satisfaisante le pH ou la variation du pH au degré d'alcalinisation.
Il nous a semblé nécessaire de faire intervenir la salinité du sol. En
effet, comme l'a écrit Demolon, 'le pH d'une suspension de sol dépend de
deux facteurs: la concentration en electrolytes libres et la quantité d'ions
H fixés sur le complexe absorbant'. En général, plus la concentration en
electrolytes augmente, plus le pH diminue; on sait par exemple que le pH
d'un sol en solution KCl est toujours inférieur au pH en solution aqueuse.
Dans le cas particulier des sols à alcali, ce sont surtout les ions Na qui
fixent la valeur du pH. Mais, pour pouvoir valablement relier le pH d'une
suspension aqueuse de sol à la teneur en sodium échangeable, il est nécessaire de tenir compte de la concentration en electrolytes de la suspension,
résultant de la salinité du sol. Et on doit obtenir, pour un degré d'alcalinisation constant, une valeur du pH qui diminue lorsque la salinité du sol
augmente. C'est ce que l'expérience confirme.
Si l'on représente les échantillons analysés en matière de pH, salinité,
alcalinisation, sur un graphique semi-logarithmique: pH en ordonnée,
salinité en abscisse et si on les différencie suivant qu'ils sont ou non à alcali (Na/T supérieur ou inférieur à 10 % ) , on constate que l'on peut séparer
les deux domaines par une courbe régulière: sols à alcali au-dessus de la
courbe, sols non à alcali au-dessous.
A titre d'exemples, les graphiques 1 et 2 ci-après ont été ainsi établis à
l'occasion d'études des sols salés de deux périmètres:
Plaine d'ABADLA dans le sud Algérien (Etude pour le compte du Bureau
d'Organisation des Ensembles Industriels Africains à PARIS): alluvions
* Ingénieurs à SOGREAH —

B.P.

145 à

GRENOBLE (FRANCE).
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récentes et actuelles, riches en calcaire, pauvres en matière organique.
Salure d'origine continentale.
Basses Plaines du Bas-Rhône et du Languedoc, dans le sud de la France
(Etude pour le compte du Ministère de l'Agriculture — Direction de l'Hydraulique et du Génie Rural): alluvions récentes, calcaires, plus ou moins
riches en matière organique (pas de corrélation en cas de forte teneur).
Salure d'origine marine.
Les méthodes d'analyse utilisées sont résumées en fin de communication.
Les courbes de séparation de ces graphiques, établies et vérifiées sur
un nombre suffisant d'échantillons, nous ont ainsi permis de déterminer facilement le caractère à alcali ou non à alcali d'un échantillon donné, connaissant son pH et sa salinité. On notera que les courbes 1 et 2 sont pratiquement identiques.
De manière plus générale, comme nous avons pu le vérifier à l'occasion
d'autres études, pour des salures de caractères divers, de telles corrélations se sont révélées valables pour des sols de nature comparable, d'autant
plus que varient peu les autres facteurs influant sur le pH, en particulier
teneur en calcaire, richesse en matière organique et nature de cette matière
organique; elles ne s'appliquent pas aux sols sableux, humifères ou tourbeux.
On conçoit également la possibilité de tracer d'autres courbes 'isoalcali' pour des valeurs de Na/T égales par exemple à 5 %, 15 % . . ., si l'on
dispose d'un nombre suffisant de résultats Na/T dans cette gamme d'alcalinisation.
Par ailleurs, des calculs complémentaires sont entrepris dans le but
de déterminer la loi de régression liant l'alcalinisation aux deux autres
variables: pH, salinité.
Cette méthode d'étude présente un intérêt économique certain, car elle
permet de réduire les travaux de laboratoire, en limitant le nombre d'analyses du complexe, délicates et coûteuses, au profit d'analyses simples
(pH, salinité).

MÉTHODES

D'ANALYSES

pH: mesuré dans une suspension terre/eau distillée dans le rapport
1/2,5 (les mesures du pH de la pâte saturée d'eau n'ont pas donné de
résultats significatifs. Il semble en effet qu'une certaine quantité d'eau
soit nécessaire, pour provoquer l'hydrolyse du sodium échangeable, donc
pour mettre en évidence la liaison entre pH et alcalinisation).
Salinité: mesurée ici par la conductivité de l'extrait de saturation
ou par la teneur en chlorures Cl Na°/ 00 en cas de salinité chlorurée.
Capacité totale d'échange T:

méthode Bower à l'acétate de sodium.

Sodium échangeable: après lessivage des sels de sodium à l'alcool éthylique
(et non par l'eau pour éviter l'hydrolyse du sodium adsorbé), extraction
par l'acétate d'ammonium N et dosage par photométrie de flamme, correction en cas de présence de sulfate de sodium (insoluble dans l'alcool).
Dans les exemples cités, la valeur Na/T égale à 10 % a été adoptée comme
seuil entre les classes de sols à alcali et non à alcali, compte tenu des observations de terrain.
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RÉSUMÉ

Compte tenu des corrélations existant entre p H , salinité, alcalinisation,
une méthode graphique simple permet de classer les sols suivant qu'ils
sont ou non à alcali, connaissant le p H ( H 2 0 ) et la salinité (exprimée ici
par la conductivité de l'extrait de saturation).
SUMMARY

B y using t h e correlationship between p H , salinity a n d alkalinisation,
the soils can be classified according t o their degree of alkalinisation by
means of a simple graphical method, working with t h e p H (H 2 0) a n d
salinity values.
ZUSAMMENFASSUNG

Gebrauch machend von der Korrelation zwischen p H , Salinität u n d
Alkalinisation können Böden mittelst einer einfachen graphischen Methode,
ja nachdem es Alkaliböden sind oder nicht, auf Grund des p H (H 2 0) und
der Salinität (hier in der Leitfähigkeit des Sättigungsauszugs) klassifiziert
werden.
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GYPSUM FINENESS IN RELATION TO RECLAMATION OF ALKALI
SOIL
by
HILMY E L

GIBALY

College of Agriculture, University of Alexandria, Egypt

Gypsum is used for the purpose of reclaiming alkali soil more than any
other amendment. The variation in gypsum reactivity is due to the difference
in the degree of fineness and other physico chemical properties of the
different samples. The question arises whether one particular form of gypsum
is better than the other. The rate of reaction is one of primary interest,
since upon this factor depends the rapidity with which the undesirable
conditions due to alkali can be corrected. This paper investigates the
effect of degree of fineness on rate of correcting alkali hazards and describes
a test which can determine the efficiency of different gypsum samples of
different characteristics. Much work about gypsum requirements (11),
method of application of amendments (3), improvements and reclamation
(2, 4, 5, 6, 9, 10, 13) were done. Tests for determining limestone efficiency
were proposed by many authors (1, 7, 12, 14).
McGeorge and Green (8) had shown in laboratory studies within the
usual particle sizes limits of agricultural sulphur the coarse grade material
was practically as effective in reclaiming alkali soil as the finer grades.
Nevertheless there is little information concerning the effect of fineness of
gypsum on rate of reclamation of alkali soil and about testing the efficiency
of gypsum samples.
MATERIALS AND METHODS

Large crystals of pure gypsum were ground in an agate mortar. The
sample was separated in different particle sizes by using a series of U.S.
standard sieves. The screens were 30, 60, 85, 100, 150, 200 and over 200 mesh
sieves. The different size particles were 10—30, 30—60, 60—85, 85—100,
100—120, 120—150, 150—200 and over 200 mesh sieve. Each separate
was aerated several times on its screen to get rid of the finer particles
attracted to its particles. Commercial samples from the Red Sea and ElBallah quarries were prepared as described before.
Egyptian alluvial loam soil of 26 m.e. per 100 grammes base exchange
capacity, was artificially turned in a black alkali by leaching'with 1 N NaCl
for every 100 gm. of soil. The soil then was washed with methyl alcohol
to get rid of the excess salt. The leachate was tested for any traces of chlorine.
The soil was then aerated to dryness. Distilled water was added to every
100 gm. soil till it reached its field capacity. Exactly then, 100 cc. of distilled
water were added to the soil sample, followed by accurately weighed 4 gm.
of gypsum to be tested. The soil with the gypsum on a Büchner funnel were
stirred for one minute. When about 100 cc. filtered through, another 100 cc.
water was added. That process was repeated ten times for each gypsum
sample to be tested. Sodium was determined in every 100 cc. filtrate as the
leachate volume increased.
The chemical proposed method for gypsum efficiency is summarized as
follows:
528
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Reagents:
1. Disodium ethylene-diaminetetraacetate dihydrate solution 0.05 N.
2. Standard magnesium sulphate (MgS04 • 7H 2 0) solution of 0.05 N.
3. Buffer solution of pH 10 was obtained by dissolving 67.50 gm. of
ammonium chloride NH4C1 in about 200 ml. distilled water with 570 ml.
of concentrated NH 4 OH and diluted to one liter with distilled water.
4. Solution of erichrome black T (F241) as indicator was prepared by
dissolving 0.2 gm. erichrome black T in 50 ml. of methyl alcohol containing
2 gm. of hydroxylamine hydrochloride. Freshly prepared solutions gave a
sharper endpoint.
Procedure:
Pipette 50 ml. of 0.05 E.D.T.A. in a dry pyrex tube of 150 ml. capacity.
Dilute exactly with 50 ml. distilled water. Place the tube deep enough in a
regulated temperature water bath that all the solution will be under the
water level of the water bath. When temperature of solution in the tubes
attain 45° C, start stirring with adjusted speed mechanical stirrer. Immediately add to the solution 0.2 gm. of the gypsum to be tested from an aluminium spatula and record the time.
After a given time add 10 ml. of the buffer solution and 10 drops of
eriochrome black T. Stop stirring and blow nitrogen bubbles through
solution. Titrate back fast the excess of E.D.T.A. solution with the
magnesium sulphate 0.05 solution. The endpoint is from blue to wine red.
The reaction was timed from the instant the gypsum was added until the
titration was finished. Determination should be triplicated for each sample
of gypsum. Time to finish a titration should not exceed 10 seconds. If
gypsum samples to be tested are contaminated with heavy metal ions,
ten drops of 1 % KCN should be added to every 50 ml. 0.05 N.N2E.D.T.A.
RESULTS

Sodium concentration was determined by Perkin flame photometer in
the leachate as the volume increases (Table 1). When the logarithm of
sodium concentration was plotted against the volume of leachate it happened to be a straight Une which had a negative slope. This relationship proves
to be true until the volume of filtrate is 400 ml.
This relationship could be expressed mathematically in the following
equation:
^ o g C2

2.303

Cj = the concentration of sodium when the volume of leachate is Vv
C2 = the concentration of sodium when the volume of leachate is V2.
V1 = 100 cc.
The constant (K) in the equation varies from one fineness to the other.
It was found that (K) average for 200 mesh size is 0.00253 while it was
0.00185 for 30 mesh size. As the volume of leachate increases from 400
to 900 cc. constant (K) in the equation drops to a smaller value. The drop
was relatively large when using finer material. On the other hand when
applying coarse material the drop was relatively small. It indicated that
the exchange of calcium by sodium slowed down.
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TABLE 1.

Effect of Fineness of Gypsum on Concentration of Sodium as Soil Leachate
Volume Increases.
Volume of leachate

mesh
size

100

200

p.p.m. p.p.m.
2250
2900
2070
2400
1820
2350
1710
1930
1300
1600

200
100
85
60
30

300

400

500

p.p.m.
1730
1700
1410
1370
1110

p.p.m.
1380
1340
1100
1110
900

600

700

800

900

p.p.m. p.p.m. p.p.m. p.p.m. p.p.m.
1120
940
810
640
710
1100
920
790
620
700
830
720
570
970
640
770
660
520
910
580
670
590
470
530
770

I t was clear t h a t the finer the gypsum the more active is the exchange of
calcium by sodium. Nevertheless the reaction constant (K) of the 200 mesh
and the 85 mesh for the first 400 ml. volume leachate is .of insignificant
difference, yet the total amount of leached sodium is higher when 200 mesh
particle sizes is applied to soil than the 85 mesh. No significant differences
between gypsum particles of 100, 120, 150, 200 mesh sieve and between
60, 85 mesh sieve in removing sodium from sodium clay were found. Calcium
TABLE 2.

Number of successive 100 ml. aliquot leachates
Mesh size

1

2

3

4

5

6

7

8

9

Milligrams of sodium in 100 ml. leachate
100
85
60
30

44
40
22

48
42
28

20

20

48
48
38
30

54
48
40
30

56
50
44
40

56
52
52
38

42
56
50
36

48
56
54
38

44
46
58
44

TABLE 3.

Effect of Concentration on Rate of Chelating Calcium by Na2E.D.T.A.
Gypsum.

from

Volume of
solution

Concentration
in Molarity

Reaction Time

Calcium chelated by Na 8 E.D.T.A.

ml.
50
100
150
200
250
400
50
100
150
200
250
400

M

Min.

mg.

0.0250
0.0125
0.0083
0.0063
0.0050
0.0031
0.0250
.0.0125
0.0083
0.0063
0.0056
0.0125

5
5
5
5
5
5
15
15
15
15
15
15

32.0
29.0
22.4
20.6
19.8
18.2
38.8
34.4
32.4
30.2
28.8
22.2
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was determined in the ten successive 100 ml. aliquot leachates. The first
four aliquots leachates had less calcium than the following four aliquots.
After eight teachings calcium amounts decreased sharply. (Table 2).
When applying gypsum of 100 mesh sieve to the alkali soil sample,
amount of calcium leached down in the fourth fifth and sixth aliquot is
56 mg. Ca per 100 cc. I t indicates t h a t the exchange reaction is very slow.
After the seventh aliquot the drop in amount of calcium leached down,
happens as result of the large decrease of the added gypsum.
The reaction of gypsum in disodium ethylenediamine-tetraacetate was
studied to establish a method for determining gypsum samples efficiency
in alkali soil. The rate of reaction increases as temperature, fineness and
concentration of Na 2 E.D.T.A. increases. (Table 3, 4).
TABLE 4.

Effect of Temperature on Rate of Complexing Calcium by NatE.D.T.A.
Gypsum.

from

Temperature

Molarity

Volume of
Solution

Calcium Chelated
by Na 2 E.D.T.A.
in 10 minutes

C
24
40
66
100

M
0.0063
0.0063
0.0063
0.0063

ml.
200
200
200
200

mg.
25.0
32.4
34.4
38.0

TABLE 5.

Calcium Complexed from 0.2 gm. Gypsum in 0.025 N Disodium
minetetraacetate at 45° C.
Reaction
time

Ethylenedia-

Milligrams of calcium complexed
I — Red Sea Sample

minutes

mesh
10—30

mesh
30—60

mesh
60—85

mesh
85—100

mesh finer
than 100

10
20
40
60

25.8
32.3
35.2
41.8

32.7
37.7
44.1
44.5

43.1
43.7
44.1
44.5

43.7
44.5
44.5
44.5

43.7
44.5
44.5
44.5

43.7
44.3
44.5
44.5

43.7
44.3
44.5
44.5

II — El Balah Sample
10
20
40
60

14.3
21.6
32.8
40.8

30.6
41.8
43.3
44.5

42.9
44.1
44.5
44.5

I I I — Crystalline Samph
10
20
40
60
531

12.9
23.3
36.0
40.3

37.4
42.4
44.5
44.5

43.4
44.3
44.5
44.5

i

44.1
44.5
44.5
44.5

44.1
44.5
44.5
44.5
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Commercial sample from El Balah quarries and Red Sea quarries are
compared in Table (5). It is clear that the smaller the particle sizes are
the more reactive gypsum is. There are significant differences among
10—30, 30—60, and 60—85 mesh sieve. On the other hand no significant
differences show among 100—120, 120—150, 150—200 and finer than 200
separates. The reaction of gypsum in NagE.D.T.A. when controlled as
indicated in the method has similarities with the reaction of gypsum in
alkali soils.
CONCLUSION

The rate of reaction of gypsum in replacing sodium is limited by its
fineness, the difference in replacement energies of calcium and sodium,
the exchangeable sodium percentage and the total cations concentration of
soil solution. A logarithmic relationship between concentration of sodium
in the leachate and the volume of the latter was predicted. The reaction
constant of replacement, when applying to alkali soil gypsum of 200 mesh
fineness, decreases as the adsorbed calcium increased to 91 % of the total
exchange capacity. That happened to be 77 % and 60 % when applying
gypsum of 85 and 30 mesh sieves respectively. The change in the replacement constant is larger the more finer the particle sizes.
The determining factor of the rate of exchange, in case of applying
fine particles is the degree of hydrolysis of calcium from clay and the
amount of gypsum in reaction. On the other hand the determining factor
in case of using coarse particles is the rate of dissolution from gypsum.
Coarse gypsum could not accomplish quickly a satisfactory degree of
reclamation as fine grades. It is recommended to grind gypsum so that
100 % pass through 100 mesh U.S. standard sieve.
A chemical method is proposed to test the efficiency of gypsum samples
for alkali soil reclamation. The reaction of gypsum in disodium ethylenediaminetetraacetate was studied. It has similarities with the reaction of
gypsum in alkali soil. The method estimates the amount of Na2E.D.T.A.
left in solution after certain definite interval by titrating back with magnesium sulphate. Reaction rate increases as temperature, concentration
and gypsum fineness increases. It slows down with time. No significant
differences among gypsum separates of 100 mesh and finer particles. When
Red Sea gypsum samples were tested, it was found to be as reactive as the
crystalline form which should be saved for other purposes. As a result of
this work a formula has been established for rating gypsum. It is as follows
Relative efficiency =
me. of Ca complexed from 0.2 gm. of gypsum X 100
me. of Ca complexed from 0.2 gm. pure gypsum passing 200 mesh
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SUMMARY

The effect of particle sizes on rapidity of reclamation of alkali soil is
investigated. Finer gypsum particles are more efficient in reclaiming alkali
soil t h a n coarse particles. Gypsum has t o be ground finely enough t h a t
100 % of t h e material should pass 100 mesh U.S. standard sieve. A logarithmic relationship between concentration of replaced sodium in t h e
leachate and t h e volume of leachate is found. The logarithmic equation is
helpful in predicting t h e degree of improvement of reclamation of alkali
soil with a certain type of gypsum. No significant differences exist between
particles of gypsum finer than 100 mesh size in correcting alkali characteristics of soil. '
A chemical method for calibrating t h e efficiency of gypsum samples of
different fineness a n d quality is proposed. The amount of calcium chelated
from 0.2 gm. gypsum b y 100 ml. 0.025 N. disodium ethylene-diaminetetraacetate a t 45° C after 10 minutes time reaction is a measure of t h e efficiency
of any gvpsum sample in correcting alkalinity in soil.
RÉSUMÉ

L'effet de la finesse de mouture d u gypse sur la vitesse avec laquelle il
peut remettre en valeur les sols à alcalis auxquels il est appliqué a été
étudié et il fut trouvé que les particules fines étaient plus effectives que
les particules grossières. Le gypse doit être moulu à une finesse telle que
100 % passent à travers le tamis de 100 mesh U.S. Standard. On a trouvé
une relation logarithmique entre la concentration de sodium déplacé dans
la solution lixiviée et le volume de cette solution. Le rapport logarithmique
peut être utile pour prédire le degré d'ammélioration auquel on peut
s'attendre en utilisant u n certain type de gypse. Il n ' y a pas de différence
significative entre les pouvoirs améliorants des différentes fractions de
diamètre inférieur à 100 mesh.
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Une méthode chimique pour déterminer l'efficacité d'échantillons de
gypse de finesse de mouture différente est présentée. Elle utilise la quantité
de Ca, complexée par 100 ml de 0.025 N disodium-éthylène-diamine-tetra
acétate mis en contact pendant 10 min. à 45° C avecJ0.2 g de gypse, comme
mesure de cette efficacité.
ZUSAMMENFASSUNG

Es wurde der Einfluss der Komgrösse auf die Geschwindigkeit der
Aufbesserung von Alkaliböden untersucht. Feinere Gipsteilchen wirken
in dieser Hinsicht besser als gröbere. Gips sollte darum fein genug gemahlen sein, so dass 100 % durch ein U.S. Standartsieb von 100 mesh
hindurchgeht. Es wurde ein logarithmisches Verhältnis zwischen der
Konzentration des ausgetauschten Natriums in der Lösungslauge und
dem Volum der Lauge gefunden. Die logarithmische Gleichung lässt sich
benutzen zur Voraussage des Fortschrittes der Urbarmachung von Alkaliböden mit einem gewissen Gipsform. Zwischen dazu verwendeten Gipsarten,
feiner als 100 mesh Komgrösse, bestehen aber keine bedeutende Unterschiede.
Vorgeschlagen wird eine chemische Methode zur Kalibrierung der Wirksamkeit von Gipsproben verschiedener Feinheit und Qualität. Die Menge
Ca, cheliert aus 0.2 g Gips durch 100 ml 0.025 N Di-natriumethylen-diaminetetra-azetat bei 45° C in 10 Min. Reaktionszeit, ist ein Mass für das
Wirkungsvermögen einer Gipsprobe zur Korrigierung der Bodenalkalinität.
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TYPES OF SECONDARY SALINIZATION OF SOILS IN
THE IRRIGATED ZONES OF THE REGION OF THE
GREAT HUNGARIAN PLAIN
by
KATALIN

D A R A B - AND

I.

SZABOLCS

Research Institute for Water Resources, Budapest
The majority of the soils actually irrigated or planned to be irrigated
in Hungary belong to meadow type soils: being meadow soils, solonetz
meadow soils and meadow solonetz. In the formation of all these soil types,
considerable role should be attributed to the water conditions of the Great
Plain. The high level of the water table appreciably affects the formation
of the soil characteristics for the time being as well. The effect of water
conditions and of soil waters of high salt content of the Great Plain on the
meadow alkali soils of this region in the past and in the present is equally
of particular importance.
The study of alkali soils is discussed in the Hungarian literature of
soil science to an appreciable extent, the earliest investigations being made
almost a century ago.
Thus, it is clear that, in addition to salt accumulation, also another form
of secondary salinization, namely, the saturation of the colloidal complex
of the soil by sodium ions is practically considered as a possibility.
Our investigations carried out in recent years in the irrigation areas
and in their vicinity pointed to frequent occurrence of the accumulation of
soluble salts to a smaller or greater extent in these areas. In our opinion, the
accumulation of soluble salts in the examined territories was not mainly
caused by the inferior quality, high salt content of irrigation water but rather
by the deteriorating effect exerted by poor conditions of drainage, high
rates of irrigation, excess flooding, leakage of channels etc. leading to
fluctuations in the level of soil water. Our investigations proved that the
level of soil water, and the chemical composition of soil water, together
with the quantity and qualitative composition of soluble salts in the
soil and their distribution in the soil profile disclose definite periodicity,
i.e. the accumulation and eluviation, respectively, of salts takes place in the
different seasons to various extents.
In the course of our observations, three distinct forms of secondary
salinization were discernible in the territories examinded:
1. Accumulation of neutral sodium salts in soil surface.
This means that, in certain cases, the accumulation of soluble salts may
reach the surface of soils and may attain an extent in soil surface which is
already detrimental to plant growth. This form of secondary salinization,
when under the effect of irrigation a great amount of soluble salts accumulates in soil surface, provoking a secondary salinization of soil, was observed
in a rice plot of the State Farm Hortobâgy.
In the examined plot rice was grown also in previous years. As the plot
was not ploughed in May, the efflorescence of soluble salts was clearly
observable.
The soil belongs to the type of meadow solonetz, with a rather thin
(5—10 cm) horizon 'A' below which follows a compact accumulation ho535
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rizon of about 50 cm thickness. The level of soil water is near to surface
(100-150 cm).
On the basis of observations on the spot it is quite clear that the germination and growth, respectively, of rice was impeded by the high content
of soluble salts in the top horizon of soil. This is supported by the data of
the chemical analysis of the aqueous extract of soil.
The fact that the majority of sodium salts are neutral sodium salts is
of great importance from two points of view:
a. Owing to their fair solubility, sodium salts are extremely mobile.
Thus, they are easily lifted to the topsoil layers by the rise of the level of
soil water. When the level of soil water is near, they can only temporarily
be eluviated, to a limited extent.
b. It indicates that the concentration of salts in the soil solution is
already high at a relatively low content of moisture.
2. Another case of salt accumulation under the effect of irrigation observed
by us consisted in the accumulation of salts of alkali and alkali earth metals
in the deeper horizons of the soil.
A case of this type occurred in plot II/l of the Experimental Farm at
Szarvas where soil investigations were carried out by us under clover as
dominant plant, after several years of rice production.
The data of the chemical analysis of the aqueous soil extract (Table 2)
show that the 20 cm thick topsoil layer contains only 0,2 % of soluble
salts, i.e. a relative small quantity. The maximum of salt accumulation
appears in the depth 20—40 cm where the content of soluble salts is rather
high, ranging 1,6 %. However, it is of interest to study the chemical composition, of these salts in detail. In contrast to the Hortobâgy soil profile,
where 95—96 % of soluble salts consisted of sodium salts, the supply of
soluble salts includes in the present case, particularly in the accumulation
horizon, relatively much calcium and magnesium salt. The fact that the
major portion of the supply of soluble salts in the soil consists of poorly
soluble salts of alkali earth metals, refers to the phenomenon that, at the
same content of moisture, only a lower percentage of soluble salts is actually
present in the solution than in the case of soils where sodium salts predominate.
This partially means as well that, when a portion of soluble salts consists
of poorly soluble salts of alkali earth metals, the supply of soluble salts in
the soil is appreciably less mobile. This is one of the causes why the accumulation of soluble salts during irrigation did not reach the soil surface.
Another cause is that relatively favourable drainage conditions exist in
the Experimental Farm at Szarvas. As a result of these, the level of soil
water, which rose during the irrigation season, reoccupied nearly the
original low level after the end of irrigation.
These observations also point to the fact that the changes in the quantity
of calcium sulphate in the aqueous extract of the soil during irrigation may
be attributed to two factors:
a) to the movement of gypsum in the soil profile, depending on the
water metabolism of the soil, i.e. to the accumulation of gypsum in an
absolute sense (cf. the Szarvas profile) or to its eluviation from the profile
(cf. the Hortobâgy profile),
b) to the changes in the solubility of gypsum, depending on the quantities
of sodium carbonate and sodium hydrogen carbonate present.
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3. Secondary solonization of irrigated soils.
In this case, the quantity of exchangeable sodium ions of soils increases
under the effect of irrigation whilst only a rise of small extent takes place
in the amount of soluble salts although the level of soil water is near.
Soil profile Kopâncs 301, taken in a rice field several years old, belongs
to this type.
According to the data of the analysis of the aqueous extract (Table 3),
the content of soluble salts ranges 0,2 % in the upper and 0,4 % in the
deeper horizons of the soil. An appreciable portion of the soluble salts
consists of hydrogen carbonate, mainly of sodium hydrogen carbonate
whereas the amount of chlorides and sulphates raises only in horizons below
80 cm.
The quantity of supply of soluble salts does not markedly change in the
soil under the effect of irrigation although the level of soil water is not far.
On comparing the chemical composition of the aqueous extracts of samples
taken in May, prior to flooding, and of those taken end of August, after
flooding for three months, almost no changes in the amount of soluble
salts may be observed. In deeper soil horizons (below 60—80 cm), the
quantity of sodium sulphate and sodium chloride slightly raised whilst
that of sodium hydrogen carbonate somewhat increased in the whole
profile, and the hydrogen carbonate character of the soil became more
pregnant.
The described three forms of secondary salinization not only differ
from each other in the conditions of their formation and in their properties,
but also require different methods of reclamation.
When the salt accumulation does not reach the surface of the soil, and
the majority of soluble salts consist of neutral alkali earth salts, the careful
drainage of the irrigated zones is satisfactory, together with the reduction
of water leakages of channels and with securing an adequate agrotechnique
for plant production.
When, however, a secondary salinization occurs during irrigation,
the level of soil water must be lowered and at the same time, chemical
ways of soil reclamation should also be applied. Whilst in irrigated areas
where secondary formation of solonchak soils salinization appears, a successful and durable reclamation is only possible by following the technique:
first applying measures to lower the level of soil water, then removing
soluble salt by adequate methods, and carrying out at the same time a
chemical soil reclamation, as in Hungary the salt accumulations, as a rule,
occur in soils of the solonetz type.
SUMMARY

1. The area of irrigated territories increases in Hungary to a great
extent in the last years. For the time being, 70—75 % of the irrigated
areas are located in the region beyond river Tisza. The majority of the
irrigated soils in this region belong to meadow type soils. When drainage
is not carried out with a satisfactory care or irrigation is not adequately
applied, soil waters of alkaline nature may rise and the possibility of a
secondary salinization must be considered.
With a view to the aforementioned, investigations were undertaken in
different parts of the region beyond river Tisza with the aim to establish
the effect of irrigation on the conditions of salinization of the soils of
meadow type in this region.
In the course of our investigations, three distinct forms of secondary
salinization were classified:
540
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a) Accumulation of neutral alkali salts in the topsoil layers, i.e. a secondary salinization of soil.
b) Accumulation of neutral salts of alkali and alkali earth metals in the
deeper horizons of the soil.
c) Increase of the content of exchangeable sodium ions of the soil, i.e.
a secondary solonization.
2. The observed three types of secondary salinization not only differ
in the conditions of their formation but require also various methods of
proper reclamation.
In regions where neutral salts of alkali and alkali earth metals accumulate
in deeper soil horizons, it is satisfactory to prevent further accumulation
of salts and the appearance of a secondary salinization by a careful drainage,
adequate agrotechnique and proper crop rotation.
On reclaiming secondarily solonized soils, it is necessary to lower the
level of soil water, together with the simultaneous application of chemical
reclaiming agents (as substances containing CaC0 3 or CaS0 4 ). In the case of
soils subjected to secondary salinization, favourable effects can be expected
by lowering the level of soil water, removing soluble salts and simultaneous
application of adequate chemical reclaiming agents.
RÉSUMÉ

1. En Hongrie la surface irriguée a fortement augmenté au cours
dos dernières années. En ce moment, 70 à 75 % des régions irriguées se
trouvent au delà de la rivière Tisza, et la plupart appartiennent au type
de sol des Prairies. Quand une attention insuffisante est accordée au drainage
ou quand l'irrigation n'est pas appliquée d'une manière adéquate, il peut
se produire des remontées d'eaux phréatiques alcalines donnant lieu à
des salinisations secondaires. Eu égard à ce danger, des recherches furent
entreprises à divers endroits de la région au delà de rivière Tisza, pour
étudier l'effet de l'irrigation sur les conditions de salinisation de ces sols
des Prairies. Trois différentes formes de salinisation secondaire furent
retenues :
a) Accumulations de sels alcalins neutres dans les couches superficielles,
c.à.d. une salinisation secondaire.
b) Accumulations de sels neutres alcalins et alcalino-terreux dans les
horizons plus profonds du sol.
c) Augmentation de la teneur en sodium échangeable du sol, c.à.d. une
solonisation secondaire.
2. Les trois types de salinisation secondaire diffèrent par leurs conditions
de formation, et ils demandent des méthodes de remise en valeur différentes. Dans les régions où des sels neutres alcalins ou alcalino-terreux
s'accumulent dans les horizons profonds, il suffit d'empêcher que ces sels
continuent à s'accumuler par un drainage soigné, une technique culturale
adéquate et une rotation adaptée. Pour remettre en valeur des sols jouffrant
de solonisation secondaire, il est nécessaire d'abaisser la nappe phréatique
et d'appliquer des amendements chimiques tels que CaC0 3 et CaS0 4 .
Pour les sols affectés de salinisation secondaire on peut s'attendre à des
effets favorables quand on abaisse la nappe phréatique, quand on lixivie
les sels solubles et quand on applique des amendements chimiques adéquats.
ZUSAMMENFASSUNG

1. In Ungarn nimmt das Areal bewässerter Gebiete in letzter Zeit stark
zu; 70—75 % davon liegt an der Überseite des Tiszaflusses. Die Mehrzahl
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dieser Böden gehört zu den Wiesenböden. Wann nicht sorgfältigst dräniert
wird oder die Bewässerung nicht entsprechend ausgeführt, kann Grundwasser alkalischer Natur aufsteigen; man muss dann der Möglichkeit
sekundärer Versalzung Rechnung tragen. Daraufhin wurden in verschiedenen Teilen jenes Gebietes Untersuchungen ausgeführt, wobei 3 verschiedene
Formen sekundärer Versalzung festgestellt wurden:
a) Anhäufung neutraler Alkalisalze in den oberen Bodenschichten.
b) Anhäufung neutraler Salze von Alkalien und alkalischen Erden in
tieferen Horizonten des Bodens.
c) Gehaltserhöhung des austauschbaren Na-ions im Boden.
2. Diese drei Typen sekundärer Versalzung verlangen verschiedene
eigene Arbeitsweisen der Urbarmachung.
Im Falle b) genügt sorgfältige Dränage, entsprechende Bodenbearbeitung
und geeigneter Kulturwechsel, um weiterer Versalzung vorzubeugen.
Um solonisierte Böden wieder kulturfähig zu machen, ist es nötig,
den Boden Wasserspiegel zu erniedrigen und gleichzeitig chemische Mittel
(kalk- oder gipshaltig) zuzufügen, wobei lösliche Salze nach unten hin
fortgeführt werden.
DISCUSSION

K. VAN DER MEER: The author said that lowering of the ground water table
is the proper way of soil amelioration in cases of secondary development of
solonetz. What is the best depth for maintaining the lowered water table and
what is, for various circumstances, the distance between the drainage canals
or the tile drain.
1. SZABOLCZ: 1. If the ground-water table is not deeper than 3.5 m., there
is a danger of secondary alkalinization.
2. The irrigation canals are parallel with the drainage canals, and the distance
between the canals is 25—50 m.
J. B. PAGE: In the southern extension of the Pannonarian plain in Yugoslavia some work is being done using tile drainage. Have you in Hungary had
much experience with tile drainage on these heavy solonetz soils?
What lateral spacings between tile lines have you found to be best?
1. SZABOLCS: 1. In Hungary there are experiments with tile drainage and the
results are good. But these soils in which we observed the secondary alkalinization are under rice plantation. So the drainage system is parallel with the
irrigation system.
2. Between the drainage canals in the ricefields the distance is 25—50 m.
DEV RAJ BHUMBLA: 1. Did the soil contain calcium carbonate?
2. What was the hydraulic conductivity?
1. SZABOLCS: 1. The soils contain CaC0 3 as a rule in the B , and C horizons,
in the depth of 45—65 cm.
2. The hydraulic conductivity in these heavy soils is very low. We determined the hydraulic conductivity with the method of Katchinsky. For
the surface of soils it was not more than 50 mm. per 5 hours.
N. M. NIMGADE: 1. What is the depth of the water table?
2. What chemicals were used for the amelioration?
1. SZABOLCS: 1. The depth of the water table: Between 1,5—3,5 m.
2. For the amelioration were used the following chemicals:
a) CaC0 3 for the soils with acid top soil.
b) Gypsum for the other soils.
c) Combination of the gypsum and CaC0 3 for the soils, with p H 7—8 in the
topsoil.
F. GOURIOLU: These soils contain CaCOy Do you use CaCOa for reclamation?
I. SZABOLCS: The soils contain CaCO, in the B2 or C horizons (depth 45—65
cm.). The topsoil has an acid character, and so the amelioration is possible with
materials that contain CaCOv
542
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RECLAMATION O F AN ' I M P O S S I B L E ' ALKALI SOIL
by
R O Y L. BRANSON AND MILTON

FIREMAN*

The reclamation of alkali soils still presents serious difficulties to agriculturists; this at a time when the basic principles of reclamation are
considered to be well established (1, 2, 3, 4).
In the Palo Verde Valley, located on the south-western border of California adjacent to and only a few feet above the normal level of the Colorado
River, as m a n y areas of fine-textured, poorly drained saline-alkali (1) soils.
These are potentially highly productive but are unreclaimed despite several
decades of intermittent efforts by farmers to improve them. These soils
represent as difficult a reclamation problem as can be found anywhere in
the world. In fact, many agriculturists consider t h a t it is 'impossible' to
reclaim such soils.
Because of the seriousness and extent of the alkali problem in the Palo
Verde Valley, and because these soils are representative of fine-textured,
high-sodium, low-permeability problem soils found in other places in the
United States and in m a n y other parts of the world, it appeared desirable
to conduct an intensive study to learn whether or not soils with these
characteristics could be made productive regardless of cost.
Suitable land was located and, after some preliminary chemical analyses,
a randomized complete block experiment was designed as follows: **
I, Main plots
A. Treatments = 2
1. No subsoiling
2. Subsoiled to a depth of four feet
B. Replicates = 1.
II. Subplots
A. Treatments = 9
1. Check
2. Gypsum, CaSO«.H,0, 27 tons per acre
3. Ferric sulfate, Fe, (SO^a, 4 tons per acre
4. Calcium chloride, CaCls, 22.5 tons per acre
5. Sulfuric acid, H 2 S0 4 , 15 tons per acre
6. Manure, steer, 30 tons per acre
7. Soil Conditioner, Krilium***, 0.5 ton per acre.
8. Sulfur, S, 5 tons per acre
9. Manure plus a wetting agent f, 30 tons plus 40 lbs. f per acre
B. Replicates = 4
C. Subplot size = 25 X 30 feet
* Extension Soils and Water Specialists, University of California, Riverside and
Davis, California. The United States Salinity Laboratory and the Department
of Soils and Plant Nutrition, University of California cooperated in this experiment.
** Appreciation is expressed to D.G. Aldrich, Jr. and Paul Martin for their
important contributions in planning and initiating this experiment.
*** Calcium carboxylate polymer of a hydrolyzed polyacrylonitrile.
t P.R. 78 (ultrawet).
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Gypsum, calcium chloride, sulfuric acid and, sulfur were applied in
amounts sufficient to completely reclaim the soil to a depth of nine inches.
The ferric sulfate application was equivalent to about one-sixth that
amount. All of the amendments except sulfuric acid were applied to the
soil surface and mechanically incorporated to a depth of about 4 inches.
The sulfuric acid was added to the irrigation water used for leaching.
Calcium chloride, ferric sulfate, soil conditioners and wetting agents
have received little previous testing in the field in connection with alkali
reclamation (5, 6). Gypsum is most widely used because of its low cost and
ease of handling. Sulfuric acid is relatively expensive and is difficult to
handle. Manure is widely used but generally is not very effective.
The soil is classified as Holtville silty clay, and consists of a three-foot
layer of calcareous, fine-textured, very slowly permeable, recent river
alluvium, underlain by sand. The soil has developed under an arid climate
with an average annual rainfall of four inches. The annual mean temperature
is 72° F. Table 1 contains data on some of the physical and chemical characteristics of the soil.
TABLE

1. Some Physical and Chemical Characteristics of the Soil

Depth
(feet)

Saturation
Percentage

0-1
1-2
2-3

94
102
84

pH

8.7
8.5
8.5

ECe X
10»

O.M.

Gypsum

CEC**

ESP***

17.6
9.2
8.0

< 1%
< 1%
< 1%

0
0
0

30
26
21

50
62
68

* Values for each depth represent averages of all plots.
** Cation exchange capacity in meq./100 gm. of soil.
* * * Exchangeable-sodium-percentage.
At the beginning of the experiment the ground water was at a depth
of four feet and had an electrical conductivity of about 4 mmhos/cm.
The plot area is almost flat (slope less than 1 per cent) but the groundwater level sloped slightly in the direction of a large intercepting drain
located about a quarter of a mile away.
The land was prepared, plots and irrigation ditches established, plots
diked with two-foot high borders, soil samples taken, treatments randomized,
amendments added and incorporated, and then the plots received the
following sequence of operations:
1.
2.
3.
4.
5.

Leached four months
July—Nov., 1954
Fallowed seven months
Dec, 1954—June, 1955
Sampled for second chemical analysis
Feb., 1955
Tilled and seeded to Sesbania
June, 1955
Leached three months while Sesbania was
growing; disced under
July—Oct., 1955
6. Tilled and seeded to California Mariout
barley; harvested
Dec, 1955—May, 1956
7. Leached five months
May—Oct., 1956
8. Subsoiled area tilled; and seeded to
barley; harvested
Dec, 1956—May, 1957
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9.
10.
11.
12.
13.

Disced and seeded to cotton; sprinkled up June, 1957
Cotton disced under
July. 1957
Leached two months
Aug.—Oct., 1957
Disced and seeded to barley; harvested Dec, 1957—May, 1958
Soil sampled for third chemical analysis
and experiment terminated
May, 1958
Colorado River water, which is moderately saline but has a relatively
low per cent of sodium, was used for leaching. A sample collected at the
plots in June, 1955, had an electrical conductivity of 1.31 millimhos/cm.,
and contained 8.0 meq./l. of calcium plus magnesium, and 5.6 meq./l. of
sodium.
RESULTS

Leaching
During the first leaching period, July 20 to November 23, 1954, measurements were made of the amount of water applied to each plot, and the
amount of evaporation. The latter was measured by means of an open-pan
evaporimeter. The difference between these values gave the amount of
infiltration.
The greatest amount of infiltration for any treatment during the 126
day leaching period was 22 inches; this occurred in the plots treated with
calcium chloride, a highly soluble form of calcium. The minimum infiltration was 12 inches, and this was associated with the treatments which
either furnished no calcium or supplied it in a form only slightly soluble:
namely, soil conditioner, manure, manure plus wetting agent, and gypsum.
Intermediate in amount of infiltration were the acidifying amendments,
ferric sulfate, sulfuric acid, and sulfur, all of which furnished calcium indirectly by reaction with lime (CaC03) in the soil. The lack of improved
infiltration where gypsum was applied is interesting because it is the most
commonly used amendment for reclamation of alkali soils.
Salinity
Soil salinity was determined at three times: in 1954 prior to treatment,
in 1955 after the initial leaching period of four months, and in 1958 at the
conclusion of the experiment. The data are shown on Table 2.
The salinity levels of the surface foot of soil were lower in all treatments
in 1955 than in 1954, as a result of the leaching that occurred during the
interval between these two soil samplings. The salinity levels of the second
foot of soil actually increased in 1955 reflecting the downward movement
of the salt. The largest of these increases occurred in the plots treated with
calcium chloride.
It should be noted that the initial (1954) values represent pre-treatment
salinity levels in the soil. Since some of the treatments, notably calcium
chloride, added large quantities of soluble salts to the soil, the true decrease in salinity in the 0—1 foot depth between 1954 and 1955 is greater
in most cases than is indicated by the data in Table II. For example, by
calculation it can be shown that the 22.5 tons
of salt per acre added to the
calcium chloride plots raised the ECe X 103 value for the surface foot of
soil from 17, (the pre-treatment value shown in Table II), to above 30.
Therefore, from this treatment the actual reduction effected by leaching
was not from 17 to 11 millimhos, but from approximately 30 to 11. This
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same condition occurred in varying degree to several other treatments, such
as sulfuric acid and ferric sulfate.
The soil salinity levels in 1958 were, in general, remarkably close to the
1955 levels. The principal exception was the calcium chloride treatment;
these plots had lower salinity levels in 1958 than in 1955 at all three depths.
Exchangeable-Sodium-Percentage
The effect of treatments on the exchangeable-sodium-percentage is
shown in Table 3.
The data show that by 1955 the ESP had been appreciably reduced
in the surface foot of soil by all of the treatments that supplied calcium
either directly or indirectly; namely gypsum, calcium chloride, ferric
sulfate, sulfuric acid and sulfur. No further appreciable reduction in ESP
took place from 1955 to 1958 with these treatments except possibly in the
case of the slow-acting sulfur. The remaining treatments showed relatively
little decrease in ESP by 1955, but continued to decrease appreciably
from 1955 to 1958. However, no treatment reduced the ESP of the surface
foot of soil sufficiently, even by 1958, for the soil to be considered completely
reclaimed. The greatest reduction in ESP (from 54 to 25), was brought
about by the calcium chloride treatment, and this occurred within the
first few months.
Calcium chloride was the only treatment to significantly lower the ESP
of the second and third depths of soil.
pH Value
Some treatments affected the pH values, primarily in the surface foot
of soil as shown in Table 4.
Again, as with ESP, calcium chloride caused the greatest change in
soil pH, reducing it from 8.5 to 8.0 between 1954 and 1955. Other treatments
which effected a smaller but measurable change in pH (greater than 0.2 pH)
were gypsum, ferric sulfate, and sulfuric acid.
Calcium chloride was the only treatment to reduce the pH value of the
soil in the second and third foot depths.
Barley Yields
The yields of California Mariout barley, grown in 1956 and 1958, and
calculated to an acre basis, are shown in Table 5. The 1957 yield data were
incomplete due to operational difficulties and so are not included. Even
TABLE 5. Effect of Treatments on Yield of California Mariout Barley
Yield of Grain* Lbs./Acre
Treatment
Check
Gypsum
Ferric sulfate
Calcium chloride
Sulfuric acid
Manure, steer
Soil Conditioner
Sulfur
Manure plus a wetting agent

* Average of 8 replicates per treatment.
548

1956

1958

1114
1013
1483
2369
1643
1038
1196
1573
1185

1155
1705
1562
2823
1626
1306
1269
1763
1130

T A B . E 4. Effect of Treatments on Soil pH.
pH*

Treatment
Sampling
Date
1954
1955

Depth
(feet)

Check

Gypsum

Ferric
Sulfate

Calcium
Chloride

Sulfuric
Acid

Manure

Soil Conditioner

Sulfur

Manure +
Wetting
Agent

0-1
0-1

8.5
8.5

8.5
8.2

8.5
8.2

8.5
8.0

8.6
8.2

8.4
8.3

8.5
8.5

8.4
8.2

8.4
8.2

* Average of 8 replicates per treatment.
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the best of these yields is considerably below a normal yield for non-alkali
soils in this area.
As might be expected from the leaching and soil analyses data, the
calcium chloride treatment produced by far the greatest effect on yields.
Several other treatments also increased grain yields appreciably.
In the statistical analysis of the 1956 yield data, like treatments were
grouped together into two categories: (1) those which supplied soluble
calcium either directly or indirectly, i.e. calcium chloride, ferric sulfate,
sulfuric acid, and sulfur; and (2) those which furnished either no calcium
or supplied it in a slightly soluble form, i.e. check, manure, soil conditioner,
manure plus wetting agent, and gypsum. The yields of the first group of
treatments were significantly higher than the second at the 0.1 % level.
Considering the first group of treatments only and comparing calcium
chloride with the other three in the group (ferric sulfate, sulfuric acid,
and sulfur), the barley yield from the calcium chloride treatment was
significantly higher than the other three at the 1 % level.
In 1958 the barley yields of the gypsum-treated plots increased significantly and were in the same range as those produced by the three
acidification amendments, but still well below that of the calcium chloride
plots. In the statistical analyses of the 1958 data, the yields of the gypsum,
ferric sulfate, calcium chloride, sulfuric acid, and sulfur treatments, as a
group, were significantly higher than the remaining treatments, as a
group, at the .1 % level. Also, the calcium chloride treatment yields were
significantly higher than those of gypsum, ferric sulfate, sulfuric acid and
sulfur, as a group, at the 0.1 % level.
CONCLUSIONS

Complete reclamation of this soil evidently was not accomplished by
the relatively large amounts of amendments added, the prolonged leachings
(14 months) with a high calcium water, and the succession of crops grown
and turned under or harvested.
Subsoiling proved to be of no benefit. This is attributed to the likelihood
that the vertical channels made by the subsoiling equipment were soon
closed by slaking of the dispersed subsoil during irrigation.
Despite the preparation of excellent seed beds and careful watering
during germination to ensure good stands, the amendments that did not
furnish soluble calcium either directly or indirectly did not produce good
yields of crops. This was so even though there was not a great deal of
difference in the final ESP values of the various treatments, except in the
case of calcium chloride.
Subsoil drainage was not good, and so the salinity levels continued high
enough to affect crop growth, despite prolonged leachings and good irrigation practice.
The amount of amendments applied in this experiment greatly exceeds
the amounts commonly used to reclaim the entire profile of most alkali
soils. Even so, the most effective amendments only partially reclaimed
the surface foot of soil, as indicated by both soil analysis and crop response.
It is not surprising then, that the efforts of farmers over the past decades
to reclaim this and similar soils have failed.
Though the complete reclamation of alkali soils such as this one may
not be economically feasible at the present time, the chemical data and the
crop yields obtained show that such soils can be reclaimed using principles
already established. Economic considerations will determine the opportune
time.
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Vl.18
SELECTED REFERENCES

1. United States Department of Agriculture, United States Salinity Laboratory
Staff. Diagnosis and Improvement of Saline and Alkali Soils; Agriculture
Handbook No. 6 0 ; February, 1954.
2. KELLEY, W. P., Alkali Soils — Their Formation, Properties and Reclamation;
New York, Reinhold Publishing Corporation, 1951.
3. DE'SIGMOND, ALEXIUS, A. J., Hungarian Alkali Soils and Methods of Their
Reclamation; Spec. Pub. Calif. Agric Exp. Sta.; 1927.
4. HILGARD, E. W., Soils; The Macmillan Co., New York, 1907.
5. KELLEY, W. P., ALEXANDER ARANY. The chemical Effect of Gypsum,

Sulfur, Iron Sulfate, and Alum on Alkali Soil; Hilgardia Vol. 3, No. 14;
September, 1928.
6. SNYDER, R. S., M. R. K U L P , G. O. BAKER, J. C. MARR, Alkali Reclamation

Investigations, Idaho Agric. Exp. Sta; Bull. No. 233, 1940.
SUMMARY

A four-year field experiment was conducted t o determine if it were
possible t o reclaim a so-called 'unreclaimable' saline-alkali soil representing
as extreme a reclamation problem as exists in the world. The experiment
consisted of nine different treatments replicated eight times. Reclamation
was evaluated b y means of infiltration measurements, soil analysis, a n d
crop response.
The most effective treatment b y all methods of evaluation, was calcium
chloride. Following calcium chloride in effectiveness were t h e acidifying
amendments: sulfuric acid, sulfur and ferric sulfate.
Gypsum increased yields to the same extent as the acidifying amendments
b u t only after a much longer period of leaching. Treatments which supplied
little or no soluble calcium did not reclaim this soil.
The study shows that this soil does not differ basically from alkali soils
in other geographical areas and t h a t it can be reclaimed by applying known
principles.
RÉSUMÉ

Une expérience en champ a été conduite pendant quatre années afin de
déterminer s'il était possible de remettre en valeur u n sol salin-alcalin
réputé comme incurable et qui posait un problème de remise en valeur
aussi extrême qu'il n'en existe au monde. L'expérience consistait en neuf
traitements différents, chacun répété 8 fois. La remise en valeur fut estimée
d'après des mesures d'infiltration, analyses de sols et des résultats agricoles.
Toutes les méthodes d'évaluation indiquaient comme le traitement le
plus effectif l'application de chlorure de calcium. Immédiatement après
venaient les amendements acidifiants: acide sulfurique, soufre et sulfate
ferrique.
Le gypse augmentait les rendements tout a u t a n t que les amendements
acidifiants mais après u n e période de lixiviation beaucoup plus longue.
Les traitements qui n'apportaient que peu ou pas de calcium soluble n'amélioraient pas le sol.
L'étude montre que ce sol n'est pas fondamentalement différent des sols
alcalins d'autres régions géographiques et qu'il peut être remis en valeur en
appliquant des principes connus.
ZUSAMMENFASSUNG

U m zu untersuchen ob es möglich sei, einen sogenannten 'unwiederherstelbaren' Salz-Alkali-Boden zu regenerieren, wurde ein Feldversuch v o n 4
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Jahren auf einem Boden durchgeführt, der als äusserster Fall in der ganzen
Welt dieses Problem stellte. Der Versuch bestand in neun verschiedenen
Behandlungen, je achtmal wiederholt. Die eventl. Bodenverbesserung
wurde mittelst Einsickerungsmessungen, Bodenanalyse und Ernteerträge
verfolgt und bewertet.
Die erfolgreichste Behandlung war die mit CaCl2, nach allen Bewertungsmethoden. Auf CaCl2 folgten im Erfolg die ansäurenden Zufügungen von
H 2 S0 4 , S und Ferrisulfat.
Gips erhöhte die Erträge in gleichem Masse wie die ansäuernden Zugaben,
jedoch erst nach einer viel längeren Auslaugungszeit. Behandlungen
welche bloss wenig oder gar kein lösliches Ca in den Boden brachten, verbesserten den Boden nicht.
Diese Arbeit zeigt, dass der betreffende Boden sich nicht prinzipiell
von anderen Alkaliböden in anderen geographischen Gebieten unterscheidet
und dass er durch Anwendung bekannter Prinzipien wiederhergestellt
werden konnte.
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F I E L D RECLAMATION T E S T I N G P R O C E D U R E S AND R E S U L T S IN
T H E M I D D L E EAST
by
ROBERT D.

FLANNERY*

INTRODUCTION

Vast areas of abandoned and deteriorating lands in the Middle E a s t can
be restored to their former productivity b y land reclamation techniques
developed particularly during the last decade b y m a n y workers in the field.
The field reclamation tests described in this paper were performed by' a
joint team of American and Iraqi technicians and engineers in southern Iraq
in 1957—1958. From these tests it was hoped to determine the reclamation
potential of these lands.
N E E D FOR FIELD RECLAMATION

TESTING

The problems of land reclamation in the Middle East cannot be easily
resolved b y the application of reclamation standards developed for other
parts of the world. There are m a n y unknowns connected with the Middle
E a s t areas which call for extensive reclamation testing of specific project
lands to provide a basis for the establishment of standards applicable to
local conditions. A successful test program must include significant physical
and chemical factors but more important, their interaction. It was the aim
of the test program described below to examine the various factors as they
occur in the soil and observe simultaneously their interrelation, rather than
a t t e m p t to extrapolate laboratory d a t a and unit field tests to provide an
answer to the whole problem of reclamation.
I t is believed that such a program helps provide a basis for the rehabilitation of such lands, now nearly sterile, to a productive state.
T E S T CONDITIONS

On the alluvial plains of the Tigris River and Shatt-al-Arab (River of
the Arab) in southern Iraq in the years, 1956—1958, major reclamation
problems were found to exist due to excessive accumulations of salts,
exchangeable sodium, and frequently boron in heavy textured soils. In
addition, slow internal drainage and highly saline groundwater occurring at
relatively shallow depths, presented further difficulties.
Two aspects of the reclamation problem studied were the leaching of the
undesirable chemicals b y flushing the soil with water of suitable irrigation
quality and the need for application of amendments such as gypsum or
sulphur. The amount of leaching which was necessary to correct the excessive salinity and alkalinity, and boron toxicity as well as the effect of
leaching on other soil characteristics were also investigated. All of these
considerations are related to the costs of reclamation, which, in turn, effect
the overall economic feasibilities of the project.
* Land Reclamationist,
Adana, Turkey.

Tippetts-Abbett-McCarthy-Stratton,

Engineers,
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The reclamation studies performed as part of the field investigations also
disclosed how wide was the variation in the reclamation problems from area
to area. Area A contained soils very high in soluble salts, exchangeable
sodium, boron and gypsum in the upper 1.5 meters of soil profile, and had
shallow and highly saline groundwater. Area B soils for approximately the
same depth were only moderately high in salts and sodium, medium in boron
but low in gypsum, groundwater was found at shallow depths and was
highly saline.
The soils of Area C were high in salts, only moderately high in sodium,
medium in boron, but very low in gypsum in the upper 1.6 meters of profile;
groundwater table was deep. All of the soils were saline and alkaline by
recognized standards,
conductivities were in excess of 4 millimhos per centimeter (ECe x 103) at 25° C, and the amounts of exchangeable sodium
were greater than 3 milliequivalents per 100 grams of soil. The actual layer
conductivities ranged between 13 and 60 millimhos per centimeter, while
the amounts of exchangeable sodium varied between 1.7 and 12.3 milliequivalents with the majority of the layers being above 4.0. The boron
contents of the Area A soils were in excess of 10 parts per million in the
surface layers and between 1.0 and 1.6 parts per million for the same layers
in the soil of Areas B and C. The boron contents in all of the soils were the
highest in the surface layers and all decreased with depth. The gypsum
contents in the soils of Area A ranged from 216 to 160 milliequivalents per
100 grams of soil in the top 60 centimeters of profile and from 13 to less than
3 milliequivalents in the deeper layers. The Area B soils had contents which
ranged from 84 to 26 milliequivalents in the upper 45 centimeters of profile,
and from 5 to 3 milliequivalents or less in the lower subsurface layers,
whereas the profile layers of Area C soils to a depth of 160 centimeters showed
gypsum contents of 3 milliequivalents or less. Heavy textures (clays, silty
clays and silty clay loams) and low permeabilities (0.25 to 1.70 centimeters
per hour) characterized the soils in all of the areas. None of the soils supported any vegetation other than scattered growth of very salt-tolerant
species. Each of the areas in which these soils were found had a history of
previous irrigation but all had been abandoned for indeterminable lengths of
time.
Inasmuch as the reclamation potential of each area was considered to
be questionable, four field reclamation tests were conducted at carefully
selected locations, one each in Area A and B, and two in Area C. In Area
C one of the two test plots was leached without gypsum and the other one
with gypsum added.
T E S T PROCEDURES

Circular shaped plots, 10 meters in diameter, complete with drainage
facilities which included a ring ditch, sump, and devices for recording
water levels and for taking water samples were used for all tests. Construction
details were approximately the same in all cases. However, the number and
location of the piezometers, observation wells and water sample wells varied
among the tests.
The tests were operated for periods ranging from 25 to 55 days with
the amounts of applied water varying from 2.9 to 9.0 meters cumulative
depths, which afforded opportunities beyond the standard leaching requirements to study the effects of large applications of leaching water on
various soil characteristics at the respective test sites. A complete schedule
of field and laboratory physical and chemical tests was carried out during
testing.
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T E S T RESULTS

Leaching of Soluble Salts from the Soil Profiles
Regardless of the differences between various test areas in salt content,
one meter of leaching water, (after allowing for evaporation) was required
to reduce the salinity of the soil at one meter depth at all plots to a safe
level for normal plant growth. This level would correspond to an electrical
conductivity of the saturation extract at 25° C of 4 millimhos per centimeter.
The effect of leaching on soil salinity at one meter depth for all four
tests is shown graphically in Figure 1. It may be seen from this curve
that after some initial separation in the four sets of points there is a tendency
for convergence and when about 100 centimeters of water had passed
through the soils the salinities at all four test plots were approximately the
same and remained more or less constant even with increasing amount of
water.
By the time about one meter of water had passed through the soil, the
ECe of the soil near the surface was lowered to a range of 1—3 millimhos
per centimeter in all four tests. The corresponding ECe of the soil below
a depth of one meter was greater than 4 millimhos per centimeter. In other
words, leaching with one meter did not lower the ECe below one millimho
per centimeter even for layers laying near the surface. The saturation percentages for most of the soils at these four tests range from 50 to 80 %.
The moisture content of the saturated pastes used for the measurements of
the ECe was approximately twice the corresponding moisture content under
field conditions. The actual salinities of the soils under field conditions were
therefore approximately double those estimated from the ECe. Thus, after
leaching with one meter of water the salinity of the soil solution did not
fall below that corresponding to an electrical conductivity of 2 millimhos
per centimeter which is equivalent to about 0.08 % dissolved salts. There was
evidence that under such saline conditions, the soil maintains a favorable
structure and the presence of relatively high concentrations of exchangeable sodium is tolerated. It appeared from these tests that the excessive
salinity could be removed from the top meter of profile while still
preserving the soil structure to such an extent that there was no adverse
effect on drainage even when the effect of the leaching was not sufficient
to render the soil non-alkali.
The Leaching of Alkali from the Soil Profiles
In the case of Area A and Area C tests the excessive * concentrations
of exchangeable sodium were removed quite early in the course of leaching
with less than 1 meter of water having been applied, whereas, in the case
of the Area B test almost three meters of water were required to lower the
exchangeable sodium to a safe level, i.e., less than 3 milliequivalents.
When the leaching data corresponding to a soil depth of 1 meter for the
four tests were plotted in one graph, see Figure 2, the curve corresponding
to the Area B test was well separated from the curves corresponding to the
data from the other tests which almost merged into a single curve when the
depth of leaching water became greater than 150 centimeters. The tests
indicated that under favorable conditions arising from fair permeabilities
coupled with ample supply of calcium plus magnesium salts the removal of
alkali is very rapid, even more rapid sometimes than that of salts, while
under less favorable conditions the removal might be quite slow.
* Exchangeable sodium contents in excess of 3 milliequivalents per 100 grams
of soil were somewhat arbitrarily considered 'excessive'. This critical limit,
however, closely corresponds to an ESP of 15 for most of the relevant soils.
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+ Area A test — no amendments added
® Area B test — no amendments added
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• Area C test — amendment added (gypsum)
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The contrast in the alkali leaching requirements for the Areas A and
B test plots may provide useful information and criteria on the amount of
profile gypsum required for 'self-reclamation'. In the Area A test, profile gypsum was present to the extent of about 10 %, averaged over the top
meter of profile. In the Area B plot the concentration of gypsum was about
2 % . It thus seems that a percentage of gypsum in excess of 2 % in the top
meter of profile is required for a rapid removal of exchangeable sodium. A
gypsum concentration of about 5 % in the top meter of profile m a y be found
to be ample for the replacement of excessive sodium.
In the absence of gypsum, the replacement of exchangeable sodium
proceeded quite rapidly when there was a sufficiently high concentration
of freely soluble salts of calcium and magnesium.
The Leaching of Boron from the Soil Profiles
The effect of leaching on the removal of boron was studied only in the
Area A test which was the only area where boron was present in concentrations sufficiently high to allow a study of the changes in boron
content on leaching. It appears from this study that it is necessary to
leach with about 600 centimeters of water in order to reduce the boron
content in the upper meter of soil to about 1.0 to 1.5 parts per million
in the saturation extract. This concentration of boron is thought to be
safe for semi-tolerant crops.
The leaching requirement for the removal of excessive concentrations
of boron cannot, however, be assessed unless boron toxicity limits are
established under the plant growth conditions for the area being studied.
The Effects of Leaching on Other Soil Characteristics
Test results indicated a general increase in soil permeabilities above
water tables with leaching. The increase, however, was greatest in t h e
surface layers. Since the soils at the four test plots contained various
amounts of soluble salts of sodium, calcium and magnesium, as well as soil
fines, the change in permeability therefore cannot be attributed to one
single factor. The presence of even a small amount of residual salinity
after leaching apparently seems to be sufficient to keep the soil in a flocculated condition, and thus not cause the permeability to decrease with
leaching of soluble salts.
There appeared to be no significant changes in the field capacities of
the layers in the upper one and one-half meter of profile at the Areas B
and C tests with 2.9 and 7.1 meters of leaching water added, respectively.
Leaching with large amounts of water, ranging from 2.9 to 9.0 meters
at the three test sites did not seriously deplete plant nutrients, except in
the case of nitrates, and potassium at the Area A test which showed a
quite marked reduction from a very high content prior to leaching. Germination and plant response tests using soils obtained from the three tests
indicated that agricultural production could be obtained from the leached
soils.
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SUMMARY

1. The field reclamation tests simulating field reclamation practice
provide opportunities to determine closely how much leaching is required
to remove harmful chemicals from the soil. Such results would not have
been possible using ordinary field and laboratory tests.
2. The tests demonstrated that soil amendments were not needed for
reclamation where certain amounts of soluble calcium and magnesium
salts existed.
3. The excessive accumulations of salts in the upper meter of soils in the
areas represented by the three test sites can be reduced to a safe level
for normal plant growth with about one (1) meter of leaching water.
4. The amount of leaching water required to remove the excessive
alkalinity is a variable quantity and dependent upon the availability of
the soluble salts of calcium and magnesium. It was less than one meter
at the Areas A and C tests and almost three meters at the Area B test.
5. In order to apply reclamation standards in helping to determine
the reclamation potential of a given area, it is considered necessary to
have complete, current field and laboratory data for all the physical and
chemical factors which affect the reclaimability of the soil.
RÉSUMÉ

1. Des essais en champ, imitant les méthodes pratiques de la remise en
valeur des sols, permettent de déterminer de très près la quantité d'eau
de lixiviation qui sera requise pour extraire du sol les produits nuisibles.
Les déterminations en champ et en laboratoire habituelles n'auraient pas
pu fournir les mêmes résultats.
2. Les essais ont montré que la remise en valeur pouvait se faire sans
apport d'amendements quand le sol contenait certaines quantités de sels
de calcium et de magnésium.
3. Dans les zones dont les trois sites expérimentaux étaient représentatifs une accumulation excessive de sels dans le mètre supérieur du profil
pouvait être ramenée à des niveaux non dangereux par percolation d'un
mètre d'eau.
4. La quantité d'eau de lixiviation requise pour enlever les excès d'alcalinité varie et dépend de la présence de sels solubles de calcium et de
magnésium. Dans les zones expérimentales A et C il fallait moins d'un mètre,
dans la zone B près de 3 mètres furent requis.
5. Si l'on veut utiliser les normes admises en matière de mise en valeur
des terres pour évaluer les possibilités dans ce domaine pour une région
donnée, il est nécessaire de pouvoir disposer des données courantes complètes que peuvent fournir les mesures en champ et en laboratoire, et ceci
pour tous les facteurs physiques et chimiques qui affectent les possibilités
de mise en valeur.
ZUSAMMENFASSUNG

1. Bodenverbesserungsversuche im Felde, in derselben Weise wie die
Praxis diese Verbesserungen ausführt, bieten die Gelegenheit genau zu
bestimmen, wieviel Auslaugungswasser man bedarf um die schädlichen
chemischen Substanzen aus dem Boden zu entfernen. Solche Resultate
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wären durch gewöhnliche Feld- und Laboratoriumversuche unmöglich zu
erreichen.
2. Die Versuche erwiesen, dass spezielle Düngungen zur Bodenaufbesserung unnötig sind, wo eine gewisse Menge löslicher Ca- und MgSalze vorhanden sind.
3. Die übermässige Anhäufung von Salzen im obersten Meter Boden in
den drei Gegenden, durch die Vorprüfungen von einander unterschieden,
kann bis auf ein für das normale Pflanzenwachstum sicheres Niveau
zurückgebracht werden mit nur etwa einem (1) m Auslaugewasser.
4. Die Wassermenge, nötig um übermässige Alkalinität auszuwaschen ist
veränderlich und von der Verfügbarkeit löslicher Ca- und Mg-Salze abhängig; sie war in den Gebieten A und C weniger als ein Meter und beinahe
drei Meter in dem Gebiete B.
5. Bei der Anwendung von standardisierten Verbesserungsweisen wird es
zur Bestimmung des Verbesserungspotentials nötig erachtet, über vollständige, laufende Feld- und Laboratoriumdaten für alle physischen und
chemischen Faktoren, welche die Aufbesserungsmöglichkeit des Bodens
beeinflussen, zu verfügen.
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I N F L U E N C E O F E N V I R O N M E N T A L CONDITIONS ON
SALINITY T O L E R A N C E O F S E V E R A L P L A N T S P E C I E S
by
O.

R.

LUNT, J.

J.

OERTLI, AND H.

C. KOHL,

JR.

University of California, Los Angeles*
Information on the magnitude and nature of possible interactions between
salinity tolerance and environment has practical implications in terms of
understanding or prognosticating plant response and in achieving greatest
utilization of soil and water resources. Furthermore, studies of salinityenvironment interaction might well lead to a clearer understanding of the
mechanism of salt toxicity and the distinguishing features of salt tolerance.
With these objectives in mind the work reported here was undertaken.
It is limited to a few plant species and environmental combinations.
PREVIOUS WORK

The literature contains a number of observations which suggest interactions between salinity tolerance and environment, but there is little
detailed work on the subject. Bernstein and Ayres (2), for example, reported
t h a t salt injury in various green bean varieties developed quickly following
a few days of warm weather, although during cool weather symptoms were
negligible. Ahi and Powers (1) reported salt grass grown on various concentrations of sea water yielded two to three times as much in a cold house
(55° F) as in a warm house (70° F). Eaton (5), however, points out t h a t if
yields are computed relative to the control the effect of temperature on
salinity tolerance is not marked. Wall and H a r t m a n (10) compared growth
of tomatoes subjected to several concentrations of soluble salts produced
in hot, dry summer months with that during cool, humid fall and winter
months. Reduction due to salinity was less during the latter period. They
stressed the possible contribution of high transpiration during the former
period to increased solute accumulation suggesting that this resulted in
reduced salt tolerance. Magistad et al. (8) approached the problem by
growing various crops at three locations differing in climate. Production
of onions at high levels of soluble salts was markedly better relative to
the control in the cool, humid climate of coastal Southern California t h a n
in the dry, hot climates of the interior. Some crops showed little interaction and the authors concluded t h a t crops do not behave alike in their
reaction to the combined effect of salt and climate, and t h a t most crops
are depressed more in relative yield in warm than in cool climates. Lunt
et al. (7) working in growth chambers with chrysanthemum obtained
significant interactions between salinity and various environmental conditions. They found t h a t optimum growing temperatures decreased as
salinity levels increased. Higher humidity and lower root temperatures were
also associated with lower air temperatures and thus it was not possible to
access the relative importance of these three components of the environment.
EXPERIMENTAL

PROCEDURES

Four experiments will be reported here and for convenience they will
be referred to as I, II, I I I , IV. Basically our procedure has been to grow
* These studies were made possible by grants from the University of California
Water Resources Center and the State of California Department of Water
Resources. The authors gratefully acknowledge this assistance.
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plants in solution or vermiculite culture in small growth chambers which
permitted control of the experimental variables desired.
Growth chambers.
The chambers are located in a greenhouse and receive no supplemental
lighting. The growing compartment is 4 by 5 feet by 5 feet high and is
enclosed on three sides and the top by a double layer of clear plastic (Amerex
U—V)*. Air is circulated past the plants from beneath, then drawn into
a return duct for recirculation. The air is heated or cooled as desired.
Humidity is controlled by cooling to remove water, then reheating to the
desired temperature, or by mist sprays to increase humidity. Time switches
permit independent day and night scheduling. Independent root temperatures m a y be maintained using water baths thermostatically controlled.
Light intensities typically range from about 3500 to 5500 f.c. in the chambers
on clear days.
Study I.
The purpose of this study was to observe the response of a salt sensitive
plant, China aster (6), to salinity when several environmental components
varied simultaneously. Daytime air temperatures were controlled a n d
root temperatures and relative humidity were uncontrolled. These components of the environment would thereby vary directly and inversely with
the air temperature respectively. A single chamber was maintained at
each daytime air temperature and all salinity treatments included. A
summary of the study follows:
Plant: China aster
Treatments
A. Environmental
70
Day air temp., C F:
Time wt., day rel. hum., %
88
Root temperatures
Night air temp.
60
B. Salinity
St
m.e./l
19
Replications of salinity treatments, 4.

78
76

86
63

94
32

Uncontrolled
60

60

60

s592

s993

139

S«

Cultural details: The nutrient solution used contained the following
constituents expressed as m.e./l: Ca, 8; Mg, 4; K, 6; NH 4 , 1; N 0 3 , 14;
S 0 4 , 4; H 2 P 0 4 , 1 plus Hoaglands A 5 minor element solution except t h a t
F e was added as E D D H A (Chel 138) at the rate of 2 ppm Fe. Equivalent
amounts of NaCl and CaCl2 were added to the base nutrient solution in
the appropriate amounts to provide salinity treatments.
Uniform seedlings were transplanted into vermiculite in containers of
approximately 1.5 liters capacity. When the plants were about 4 inches
high and had 8 leaves, they were placed on treatments August 6, 1959 at
half strength, then full strength one day later. The treatment solutions
were added weekly in large excess and allowed to drain, and the drained
weights obtained. Drained weights were re-established every other day with
distilled water during the first three weeks. After this period treatment
solutions were applied twice weekly and évapotranspiration losses replaced
daily. Plants were harvested the first of October when they had well developed buds. D a t a on growth response and tissue samples for chemical
analysis were taken at this time. Analytical methods were b y well established
procedures.
»Obtained from X.V. Smith Co., P.O. Box 272, Red Bank, N.J.
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Study II.
The objective of this study with red kidney beans was to determine the
effect of daytime air temperature as an independent variable on salinity
response.
Plant: Red kidney beans
Treatments
A. Environmental
Daytime air Temp., °F
78
68
88
98
Time wt., day rel. hum. %
94
93
93
91
Root temperature
70
70
70
70
Night air temp., °F
60
60
60
60
B. Salinity
s.
s
s
s
m.e./l
19
598
993
1394
Replications of salinity treatments, 4.
Cultural details : All important aspects of the cultural details were similar
to study I. Treatments were started on uniform, established plants on
April 1, 1960 and terminated April 14, 1960. These plants were grown in
solution culture.
Study III.
In this study the response of red kidney beans to salinity under three
root temperatures and two relative humidities combined factorily was
investigated.
Plant: Red kidney beans
Treatments
A. Environmental
Day air temp., °F
78
55
Root temperature, °F
44
Time wt., day. rel. hum., %
60
Night temp., °F
B. Salinity
s,
13
m.e./l
Replications of salinity treatments, 3.

70
95

85

s,
53

S3
93

s.

133

Cultural details: The basic nutrient solution was approximately 2/3
the concentration of that used in study II and plants were grown in vermiculite, otherwise all important cultural details were the same as study II.
The study was started January 26, 1960 and terminated February 19.
During the last three days of the study the tops of the containers were covered by a plastic film having a small slit for the passage of the plant shoot.
This was shown to reduce evaporation to negligible proportions. Transpiration was measured during this 75 hour period by the weighed pot technique.
Relative humidity prevailing during this period was 96 and 40 % for the
two humidity treatments. Following this "period total leaf area on each
plant was measured photometrically, measuring the diminution in light
passing on etched glass plate on which a leaf was placed. Proper calibration
thus permitted the calculation of transpirational losses on a unit leaf area
basis.
Study IV.
This study was analogous to study III except the moderately salt tolerant
plant chrysanthemum was used. Environmental treatments were the same
as study III. The following salinity levels were used this study:
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Salinity:
m.e./l

S!
19

S2
79

S3
139

S4
199

The relative humidity conditions prevailing for these treatments were
85 and 51 % .
The basic nutrient solution was the same as t h a t used in study I. The
study was started November 4, 1959 and was terminated December 17,
1959.
RESULTS

A.

Multiple environmental variables and salinity.
The first of the group of studies to be reported here involved the growth
of China Aster, a salt sensitive plant (6), under conditions where daytime
air temperatures were being varied. Night air temperatures were maintained
at 60° F for all treatments. Since root temperatures were uncontrolled,
they fluctuated and approximated air temperatures after a time lag.
Relative humidity was uncontrolled and varied inversely with air temperatures. These studies were similar in design and treatment variables to
previous work (7) done on chrysanthemum, a species moderately tolerant
of soluble salts. Fresh weight production per plant and mineral accumulation
in the upper leaves are summarized in Table 1. Contrary to the results
obtained with chrysanthemum, there was no indication t h a t the air
temperature treatment importantly modified the effect of salinity. Unfortunately, the lowest temperature used did not depress growth at the
lowest salt treatment and thus certain comparisons cannot be made.
However, a comparison of growth responses as measured b y fresh weights
points u p some important differences in the two plants. I n the comparison
below Sj and S 2 indicate salinity levels one and two respectively. Sx was
19 m.e./l in each study, but S 2 was 79 m.e./l for chrysanthemum as compared to 59 m.e./l for aster. Two studies, I and I I , were done on chrysanthemum.
TABLE 1. Fresh weight per plant of China asters and solute accumulation in leaves
on upper 25 per cent of shoot as influenced by salinity treatments and
temperature.
Sj-19 m.e./l
Day
Air
Temp.

Fresh
wt. p e r
plant,
gm.

*

S 2 -59 m.e./l
Fresh
wt. p e r
plant,
gm.

*

S 3 -99 m.e./l
Fresh
wt. per
plant,
gm.

*

S 4 -139 m.e./l
Fresh
wt. per
plant,
gm.

*

70°F

139

242

104

370

67

394

47

432

78°

126

234

88

356

60

475

46

543

86°

75

212

52

469

36

696

49

229

615

**

**

**
**

**
**

94°

18

* Bases plus chloride in leaves of upper 25 per cent of shoot (m.e./100 grams
of dry weight).
** Plant died
Note: Night air temperatures for all treatments were 60° F. Root temperatures
were uncontrolled and humidity decreased with increasing temperatures. See
text for details.
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Chrysanthemum I
Daytime air temp.
treatment
S! minus S2

s,/s,
S 2 /(S,for78°or80°)

Chrysanthemum II

60

80

100

70

78

86

17
.82
.78

34
.68
.77

8
.80
.52

31
.72
.76

49
.57
.66

24
.81
.57

Aster
Daytime air temp.
treatment

70

78

86

94

S t minus S2
S./S,
S,/(S, for 70°)

35
.75
.75

38
.70
.63

23
.69
.37

31
.37
.13

In the case of chrysanthemum the optimum daytime temperature was
about 78°, whereas with aster best growth was obtained at 70°, and the
optimum may be below this value. For chrysanthemum the maximum
depression in growth either on a relative or absolute basis occurs at the
optimum growing temperature. Of interest is the data row Sj/iSj for 78°
or 80°) which compares growth at salinity level 2 to the maximum growth
obtained, St at the optimum temperature. Here it is apparent that at
moderate levels of salinity the optimum growing temperature shifts downward for chrysanthemum. As previously noted the latter comparison cannot
be made for aster. However, there is no indication of lesser relative depression due to salinity at temperatures higher than optimum, and the
absolute yield depression does not show the clear cut trend of lesser depressions due to salinity at temperatures deviating from the optimum
that was obtained with chrysanthemum.
Perhaps the most obvious aspect of the data should be stressed —
as compared to growth under low salinity and optimum temperature (or
humidity), the combined effects of higher temperatures and increased
salinity 'multiply' their depressive effects to rapidly reduce growth. This
is shown by the response of aster, Table 1, which did not survive S4 at 86°,
or S3 at 94°.
B.

Single environmental variables and salinity.
Studies II, III and IV were designed to evaluate the effects of individual
components of the environment on salinity tolerance with particular
attention being paid to root temperatures and relative humidity as processes which may affect ion accumulation. Because of the advantages of
using rapidly growing plants in these studies, red kidney bean was selected
for use along with chrysanthemum.
1. Daytime air temperatures as an independent environmental variable.
Figure 1 shows the results obtained in study II in which daytime air
temperature was the treatment variable. Relative humidities, root temperature, night temperature, and light intensity and duration were all main564
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tained within narrow limits. It is apparent from Figure 1 that red kidney
beans show a well defined shoot temperature response showing maximum
growth at 68° or below at all salt levels. As salinity levels increase the
temperature response curves converge. The adverse effects of higher than
optimum temperature and salinity on this plant are additive with little
if any evidence of lessening of the depressive effect of salinity.
30-
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<
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Z

18-

9

S
I
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6

-I
50

1
100

r
150

SOLUBLE SALTS, m.e./l

Figure 1. Response of red kidney beans to salinity levels at various daytime
air temperatures, study II.
2. Root temperature as an independent environmental variable.
Figure 2 summarizes the yields as a function of salinity when either
root temperatures or relative humidity were operating as independent
variables for both red kidney beans and chrysanthemum (studies III and
IV). Considering first the influence of root temperatures as an independent
environmental variable, 70° F proved to be substantially more favorable
for the growth of chrysanthemums than either 55° or 85° with the latter
being the poorest. The growth response curves are approximately parallel
with little evidence of an appreciable modification of the salinity response
due to root temperature. As high salinity levels are reached the absolute
differences in growth due to root temperature become small. Similar results
were obtained with red kidney beans except that the growth at root temperatures of 70° and 85° F were identical. Low root temperature reduced
the slope of the response curve and again at high salinity levels yields
converged.
3. Relative humidity as an independent environmental variable.
Inspection of the data for relative humidity shows that growth was
consistantly better for the red kidney beans where humidity was high than
where humidity was low. At the lower root temperature the differences
due to relative humidity treatment is approximately 30 per cent. More
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impressive perhaps is the relatively small effect of relative humidty under
more favorable root temperatures. The reduction averages about 14 percent.
In the case of chrysanthemum growth is consistently better under high
humidity only at the lowest level of soluble salts.
RED KIDNEY BEANS
REL.HUMIDITY

REL HUMIDITY 4 4 %

95%

"ROOT TEMP. 8 5 %
. ROOJ TEMP. 7 0 %

»z

ROOT T E M P 5 5 ^

<

ROOT TEMP. 55%

100

UJ
CL

150 0

SOLUBLE SALTS, m.e/l
CHRYSANTHEMUM

X
O

REL. HUMIDITY

85%

•AS

REL. HUMIDITY 5 1 %
ROOT TEMP. 7 0 *

X
SOROOT TEMP. 5 5 *

ROOT TEMP. 8 5 '

ROOT TEMP 8 5 °
0
210

SOLUBLE SALTS, m

e/i

Figure 2. Response of red kidney beans and chrysanthemum to salinity with
root temperatures or relative humidity as independent variables.
EVALUATION AND INTERPRETATION OF THE DATA

Considered as individual factors affecting plant vegetative growth,
these studies showed salinity, root temperature, and air temperature to
exert relatively large effects and relative humidity to exert a relatively
small effect. The latter observation is of considerable interest in that Russell
and Shorrocks (9) among others, have shown that, when the external
concentration and the nutrient status of plants are high, the rate of transfer
of ions to the shoots may vary closely with the rate of transpiration. Indeed,
Wall and Hartman (10) attributed reduced tolerance of tomato during
summer months to an effect of increased transpiration on mineral accumulation by the plant. While transfer of minerals to the shoot of plants
may be closely related to transpiration rates under some circumstances, it
appears clear from data obtained in study III that the overall accumulation
of minerals from saline substrates in red kidney beans is essentially uninfluenced by the rate of transpiration. In study III the plants on 44 %
relative humidity transpired well over twice as much as plants grown at
95 % relative humidity. Examination of the data in Figure 3 shows that
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ROOT TEMP.

X
H. 9 5 %
X

400

600 O

m.e BASES PLUS CHLORIDE PER OOg DRY TISSUE

Figure 3. Relationship of fresh weight yields of red kidney bean and partial
mineral content of shoot obtained under various salinity, relative humidity
and root temperature treatments.
Note: The various datum points on the curves from left to right correspond to
salinity treatments Si to S4.
the plants grown under low humidity are consistently higher in minerals
at a given salinity treatment than plants grown at high relative humidity. On the whole, the mineral content averages about 13 per cent more
TABLE 2. Transpirational water use per unit leaf area of red kidney beans as
influenced by relative humidity, root temperature and salinity treatments
during a 75 hour period just before termination of study. Also included
are fresh weights per plant obtained.

Root
Temp.

55

70

85

Salinity
Level

1
2
3
4

1
2
3
4

1
2
3
4

Water transpiration
d u r i n g 75 hr. period.
m l / c m 2 leaf a r e a

Yield, g r a m s fresh
w e i g h t per p l a n t
Hum.

Rel. H u m .
40%

Rel. H u m .
95%**

0.15
.15
.17
.13

0.28
.23
.16
.12

16.2
15.8
8.9
7.2

12.0
10.8
5.9
4.7

27.4
22.9
14.4
9.1

25.3
21.1
12.2
8.1

26.1
24.9
14.3
10.2

26.4
19.8
12.2
7.5

.15*

.22*

.17
.15
.13
.15

.29
.27
.27
.14

.15*

.26*

.15
.14
.15
.14

.33
.28
.24
.18

.14*

.28*

* Weighted mean.
** Time weighted daytime means for entire study.
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for plants grown at low humidity, but the plants are about 14 per cent
smaller and hence the increase can be accounted for by plant size reduction.
Differences in root growth of the two sets of plants were not found. Assuming
t h a t evaporation amounted to about 25 per cent of évapotranspiration
during the entire study, calculations show t h a t for S3, study I I I , at root
temperature of 70 or 85 and low humidity, only about 0.2 % of the sodium
and 5 % of the chloride originally in the water transpired, ultimately
accumulated in the shoot of the plant.
The contribution that low humidities may make to salinity stress indirectly under field conditions b y depleting soil moisture and increasing
solute levels in the soil solution, are clear and do not require amplification
here.
Table 2 summarizes transpirational losses obtained during a 75 hour
period for the various treatments of study I I I . These data are interesting
as regards water relations and salinity tolerance. Under conditions of high
humidity there was no significant effect of either root temperature or
salinity level on water transpired per unit of leaf area but at low humidity,
salinity levels exerted a large effect and root temperatures a small effect on
transpiration.
Osmotic effects or specific ion toxicity are considered the primary
physiological causes for salinity effects on plants. The relationships are well
established by research (3). The authors feel that the possible contributory
effect of total mineral content in the plant deserves increased attention
as a contributory factor. Figure 3 shows the marked decrease in the growth
achieved by red kidney beans as the index for mineral content reaches
approximately 350 m.e. per 100 grams. The data on asters, Table 1, show
t h a t mineral content in the plant is markedly increased by the combined
effects of the salinity and temperature treatments. It seems most plausible
t h a t death is related to the excessive accumulation of minerals.
The combined depressive effects of unfavorable salinity levels or environmental conditions apparently multiply their effects to depress vegetative
yield. In fact, in all the data obtained, the resultant growth seems to conform well to the Baule percentage yield concept. Thus, if the yield obtained
at a given temperature is expressed as a decimal fraction of that obtainable
at the optimum temperature and similar factors are obtained for salinity
levels, relative humidities, etc., the resultant yield, when various depressive
factors are operating, is the product of the maximum yield times t h e
various factors. The following calculations made from study IV on chrysanthemums are typical:
1. Maximum yield obtained was 42.5 g at high humidity and root temperature 70°.
2. Yield factors when depressive condition is an independent variable:
Low relative humidity = 0.87
S t = 1.0; S2 = 0.51; S 3 = 0.31; S4 = 0.27.
Root temp. 55° = 0.72; 85° = 0.69.
If the Boule percentage yield concept is relatively general in relating
depressive effects of unfavorable salinity or environmental conditions,
it is to be expected that environmental conditions will have little effect on
salinity effects per se, but, by the same token, plants showing large responses to certain elements of the environment m a y give satisfactory
yields under a given salinity level, but yield poorly at the same salinity level
under less favorable environmental conditions, thus giving the impression
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Conditions
R.H.

Root
Temp.

High
High
Low
Low
Low
Low

55
55
70
85
85
85

Calculation

s2
S3
s2

s,
s2
s4

Yield
found

Yield calculated

Salinity

42.5
42.5
42.5
42.5
42.5
42.5

X
x
x
x
x
x

1.0
1.0
.87
.87
.87
.87

x
x
X
X
X
X

.72
.72
1.0
.69
.69
.69

x
x
x
X
x
X

.51
.31
.51
1.0
.51
.27

=
=
=
=
=
=

15.6
9.9
18.9
25.5
13.0
6.9

14.8
10.6
21.0
24.8
14.0
7.2

of a marked change in salinity tolerance. On t h e other hand, possible interactions of environmental conditions with ion accumulation rates m a y
relate to apparent or real changes in salinity tolerance of certain plants.
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SUMMARY

The response of several plants to salinity was observed when either
multiple or single components of t h e environment varied. As independent
variables affecting plant vegetative response, salinity, root temperature
and air temperature exerted relatively large effects on plant growth while
relative humidity exerted a small effect. W i t h more t h a n one depressive
factor acting simultaneously, the resultant yield conformed to Baules
percentage yield concept.
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RÉSUMÉ

On a observé les réactions de diverses plantes vis à vis de la salinité
pendant qu'une seule ou plusieurs componentes des conditions de milieu
subissaient des variations. La salinité, la température des racines et celle
de l'air se sont avérés des variables indépendantes dont l'effet sur le développement végétatif des plantes était relativement grand, tandis que
l'humidité relative n'avait qu'un effet limité. Quand plusieurs facteurs
déprimants agissaient simultanément, les rendements correspondants
étaient conformes au concept de Baule sur les rendements exprimés en
pourcent.
ZUSAMMENFASSUNG

In dieser Arbeit wurde studiert, wie verschiedene Pflanzen auf Salzgehalt des Bodens reagieren, wenn entweder mehrere oder nur einzelne
Komponenten der Umgebung geändert werden. Die unabhängigen Variabelen
welche die Pflanzen vegetativ beeinflussen, nämlich der Salzgehalt, die
Temperatur um die Bewurzelung und die Lufttemperatur, hatten einen
relativ starken Einfluss auf das Pflanzenwachstum, während die relative
Luftfeuchtigkeit nur einen geringen Einfluss ausübte. Wenn mehr als
ein depressiver Faktor gleichzeitig wirkten, kam der daraus hervorgehende
E r t r a g in Übereinstimmung mit Baules Konzept des Ertragsprozentsatzes.
DISCUSSION

C. H. M. VAN BAVEL: D O the data imply that the effects of environment
upon transpiration rates cannot be taken as the cause of the relation between
salinity effects and environment, as noted?
O. R. LUNT: Data contained in the paper but not presented in the discussion
indicate the environmental effects on transpiration rates have little to do with
the effects noted. If allowance is made for the small depression in growth obtained under low humidity, transpiration had negligible effects on mineral accumulation in the shoots of red kidney beans.
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PHYSIKALISCH-CHEMISCHE UNTERSUCHUNGEN
IM ZUSAMMENHANG MIT DER
MELIORATION DER ALKALIBÖDEN
von
I. N. ANTIPOW-KARATAJEW

Institut für Bodenkunde W. W. Dokutschaew Akademie der Wissenschaften
der UdSSR, Moskau.
In der UdSSR betragen die Solonetzböden, die eine Melioration benötigen,
ca 50 Millionen ha. Wenn wir dazu noch die schwach- und mittelstarksolonetzartigen zonalen Böden hinzurechnen, so wird die Gesamtfläche
solcher Böden in der UdSSR ca. 107 Millionen ha betragen.
Wie bekannt, lassen sich die Solonetzböden (Alkaliböden) in zwei große
Gruppen unterteilen:
1. Wiesensolonetzböden — vornehmlich entweder Soda- oder SodaSulfathaltige Solonetzböden, die hauptsächlich in der Waldsteppe oder
Tschernozem-Steppe und auch in andern Zonen, wo das Grundwasser
an die Oberfläche tritt, verbreitet sind.
2. Wiesen-Steppen- und Steppen-Solonetzböden von der Art der ChloridSulfat-Versalzung, entstanden bei neutraler oder schwach alkalischer Reaktion des Mediums bei verhältnismäßig tiefgelegenem Grundwasserstand,
hauptsächlich in trockenen Steppen und Wüsten-Steppen-Zonen des
Landes verbreitet.
Die Vertreter dieser zwei Arten von Solonetzböden wurden in genügendem
Maße untersucht, u.Z.: chemisch, granulometrisch, kolloid-mineralogisch
u.a.m. Die Untersuchungen dienten zur Aufklärung der Entstehungsbesonderheiten dieser Böden um auf dieser Grundlage angemessene Meliorationssysteme auszuarbeiten.
Das erste Problem unserer Untersuchungen war die Bestimmung der
Kolloidfraktion dieser Böden. Den enthaltenen Angaben wurde die Schlußfolgerung entzogen, daß die Entwicklung des illuvialen Horizontes in den
Solonetzböden, bei neutralem oder diesem nahen Medium hauptsächlich
auf die Peptisationsprozesse mit der Infiltration der feindispersen, wenig
veränderten Mineralteilchen (des Hydroglimmers und des Montmorillonits)
zurückzuführen ist. Was die sodahaltigen Solonetzböden (und solonetzartigen Böden) betrifft, so wird deren Entwicklung von einer Alkalihydrolyse der primären Minerale und Auflösung der dabei entstehenden
Zerfallsprodukte—Natriumsilikate und Aluminate—begleitet, die im Bodenprofil migrieren. Es ist klar, daß weniger lösliche Aluminiumverbindungen
näher ihrer Quelle im Bodenprofil unter Bildung der Aluminium-hydroxydminerale (Böhmit) erscheinen, während die Natriumsilikate weiter
migrieren und entweder als Metaquartz oder als Aluminiumverbindungen
(Kerolyt) * auftreten.
Die vieljährigen Meliorationsuntersuchungen haben gezeigt, daß die
gefundenen Gesetzmäßigkeiten über die Zusammensetzung und die Struktur der Alkaliböden-Horizonte eine sehr wichtige Bedeutung bei der Ausarbeitung der agrotechnischen Massnahmen für deren Melioration (Furchentiefe, Ort der Zufuhr der chemischen Stoffe u.a.m.) haben.
* Unsere speziellen Untersuchungen zeigten daß die Löslichkeit des Al(OH) 3
bei gleichen pH-Werten des Mediums ca. um das 10-fache geringer ist, als die
Löslichkeit des SiOa.
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Für Solonetzböden ist die Herabsetzung des Huminsäuregehaltes im
Humus kennzeichnend (Kononowa 3).
In Übereinstimmung mit der allgemeinen Ansicht, daß die Hauptursache
der Peptisierung der Bodenmasse und der Entwicklung des Solonetzierungsprozesses durch das adsorbierte austauschbare Natrium bedingt ist, hatten
wir eine Reihe von Fragen zu beantworten, z.B. bezüglich Konkurrenzfähigkeit und Bedingungen der vornehmlichen Adsorption der Natriumionen durch die Böden. Im Zusammenhang mit der Lösung dieses Problems
hatten wir eine weitere Frage untersucht u.z. die Bestimmung der Werte der
Austauschkonstanten verschiedener Kationen gegen die Natriumionen
oder gegen andere einwertige Ionen. Vor allem hatten wir zu bestimmen,
welcher rationellen Quantitätsgesetzmäßigkeit die Reaktion des Kationaustausches in den Böden untergeordnet ist. Die Möglichkeit einer strengen Quantitätsbehandlung der Versuche konnte nur unter der Bedingung
erhalten werden, daß in den Versuchen die Stetigkeit der Ionenstärke der
Lösungen eingehalten wird und dabei sich nur das Verhältnis der zu untersuchenden Ionen verändert und die Austauschreaktionen äquivalent und
umkehrbar, ohne Hysteresiserscheinungen erfolgen. In diesem Falle
unterliegen die Versuchsangaben der Gleichung des Massenwirkungsgesetzes:
r - r r = K-—-, wobei der Wert der Konstante K sich
Austausch-iV
a.N
leicht errechnen läßt.
Genaue Exp'erimente unter Befolgung der obenerwähnten Bedingungen
können durch zwei Verfahren ausgeführt werden:
1. Die Versuche werden an einer Reihe (1 — 10) gewogener Bodenmengen
durchgeführt, von denen jede mit einer Lösung eines bestimmten Verhältnisses der zu untersuchenden Kationen behandelt wird; eines von diesen
Kationen muß dabei dem Austauschbodenkation gleich sein. Das
Ausspülen erfolgt bis zur Erreichung des Gleichgewichtes zwischen der
Lösung und dem Boden.
2. Die Versuche werden an derselben gewogenen Bodenmenge mit
einer allmählichen Zunahme der relativen Quantität eines der gepaarten
Ionen und der Rückgang mit einer allmählichen Verringerung des Gehaltes dieses Iones in der Gleichgewichtslösung durchgeführt.
Bei unseren Untersuchungen haben wir uns beider Verfahren bedient.
Es wurden folgende Austauschkonstanten des Ionenpaares für Tschernozem und Kastanienboden ermittelt.
1. ^

K = 0,8 (3) (J. A. Poljakow);

A.Sr

2. « ^

Xus

K = 2,04 — 2,70 (I. N. Antipow-Karatajew); für humuslose
Horizonte K = 1,30 - 1,37

Xr

3. X
=r-^
K

K = 4,55 (I. N. Antipow-Karatajew); für humuslose
Horizonte K = 2,85

4. ^Ei

K = 15,11 (I. N. Antipow-Karatajew).

ANa

Wenn wir die Werte der Austauschkonstanten verwenden, so lassen
sich selbstverständlich die Bedingungen voraussagen, bei denen das zu
erwartende Gleichgewicht eintreten kann. Die Berechnungen und die
Versuche zeigen, daß für den Beginn der Alkalisierung (Solonetzierung)
in den Böden unter der Wirkung des Neutralsalzgemisches ein erheblicher
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Wert des Verhältnisses der Natriumsalze zu den Salzen der Erd-Alkalielemente notwendig ist.
Das dritte Problem betraf eben diese Frage, die bezüglich einer derartigen
Prognose für die Bedingungen der Bodenmelioration mit mineralisiertem
Wasser, darunter auch mit Grund- und Drainagewasser wichtig ist, wenn
die Gefahr einer sekundären Versalzung der bewässerten Böden und der
Entstehung der Solonetzierung reell ist.
In unserem Laboratorium wurde in diesem Zusammenhang in der
letzten Zeit die Isotopenmethode für die Prognose der Möglichkeit der
Solonetzierung in Abhängigkeit von der gesamten Mineralisierung des
Bewässerungswassers und von dem Verhältnis der Natriumsalze zu den
Salzen der Erd-Alkalielemente ausgearbeitet.
Die Größe desjenigen Verhältnisses der Ionenkonzentration der ErdAlkalielemente zu der Konzentration der Natriumionen, wie, z.B. (Ca
+ Mg) zum (Na), bei welchem die Bodensolonetzierung beginnt, d.h.
wenn die Größe des Austauschnatrium 10 % von der Bodenaustauschkapazität erreicht, wird von uns als kritisches Verhältnis bezeichnet. Die
Untersuchungen der Größe des kritischen Verhältnisses, als einer Funktion
der gesamten Salzkonzentration im Bewässerungswasser, der Bodenadsorptionskapazitätmengen haben zur einfachen Gesetzmäßigkeit geführt,
die sich durch die Gleichung:

~ — & ! = KC umschreiben läßt, wo
CNa

C — gesamte Mineralisierung des Bewässerungswassers im g/L; K — Winkelkoeffizient gleich 0,23 sind.
Es wurde aus dem Gesagten die Schlußfolgerung gezogen, daß die
Solonetzentwicklung durch das Ausspülen der neutralen Salzböden in der
Natur nur in Ausnahmefällen vorkommen kann.
Was die Wechselwirkung des mineralisierten Wassers mit dem Alkalimedium anbetrifft, so entstehen hier besonders günstige Bedingungen für
die Entwicklung der Solonetzierung, da die Gesetzmäßigkeiten der
Adsorption von Natriumionen im Alkalimittel der Gleichung: X = K,
+ K? ß lg C (der Soda) folgen, d.h., die Menge des adsorbierten Natriums
(X) ist dem Logarithmus der Sodakonzentration direkt proportional.
In diesem Zusammenhang entstand das vierte Problem unserer Untersuchungen, u.z. die Frage über die Genesis der Soda in der Natur und über
deren Adsorption bei dem Kapillaraufstieg des durch Soda und Natriumsulfate mineralisierten Grundwassers. Es wurden spezielle Felduntersuchungen in der Sud-Ukraine und der Kamennaja Steppe zur Klärung
der Prozesse der biologischen Sulfatreduktion im Wasser und im Boden
und der Sodagenesis unter bestimmten (Wiesen) Bedingungen vorgenommen.
Aus Literaturangaben über die Sodaentstehung in der Natur und aus
den von uns durchgeführten Untersuchungen wurde die Schlußfolgerung
von der bedeutenden Rolle des biochemischen Weges der Sodaentstehung
und der vornehmlichen Entwicklung der Solonetzierung während des
Wiesenstadiums der Bodenentwicklung in Wald-Steppen, Steppen und
sogar Wüsten-Steppen-Zonen gezogen. Im letztgenannten Falle werden
besonders günstige Bedingungen für die Entwicklung der Solonetzierung
geschaffen.
Folgende Aufgabe unserer Untersuchungen bezüglich des erwähnten
Problems waren die kolloidchemischen Arbeiten, die den Untersuchungen
der Peptisierungsprozesse der Bodenkolloide unter Bedingungen der Bodensättigung durch Austauschnatrium und des Umkehrprozesses — der
irreversibelen Koagulation nach Verdrängung aus dem Boden des Austauschnatriums durch die Calciumionen — gewidmet. Diese Untersuchungen
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bezweckten die Grenzenbestimmung verschiedener Grade der Bodensolonetzierung.
Versuchsangaben über die Peptisation einer Probe eines lehmigen Tschernozems zeigten uns, daß die Dispersionskurven (D) und die Kurven der
Mengen des elektrokinetischen Potentials (G) gegenseitig sympatisch sind.
Ein steiler Aufstieg der Kurven beginnt bei Vorhandensein von 20 % des
Austauschnatriums. Sowohl aus dieser als auch aus den Untersuchungsangaben anderer physikalisch-chemischen Eigenschaften der Solonetzböden
wurde die Schlußfolgerung gezogen, daß die Grenze für die lehmigen Böden bei 20 % des Austauschnatriums liegt.
In letzter Zeit wurden spezielle Untersuchungen zur Bestimmung der
unteren Grenzen des bodenaustauschbaren Natriums vorgenommen. Zu
diesem Zweck wurden die Koagulationskurven mit Hilfe von Calciumsalzen
(Gips) abgenommen. Die erhaltenen Angaben zeigten, daß die Schwelle
der unumkehrbaren vollständigen Koagulation der Schlammteilchen des
vom Austauschnatrium vollständig gesättigten Bodens nach Gips sich durch
eine Dosis von ca. 80—90 % vom Gehalt an Austauschnatrium bestimmen
läßt. Im Boden können dabei noch ca. 10—12 % des Austauschnatriums von
der Bodenaustauschkapazität erhalten bleiben. Aus dem Gesagten folgt,
daß, erstens, die Grenze unter den Nichtsolonetzböden und dem Solonetzböden beim Gehalt des Austauschnatriums bei ca. 10—12 % von der
Bodenaustauschkapazität liegt, und, daß die Dosierung des Gipses (oder
eines anderen Calciumsalzes) 9 0 — 1 0 0 % erreicht. Das ist ein sehr hoher
Ausnutzungsgrad des Meliorationsstoffes. Diese Schlußfolgerung, wie wir
weiter sehen werden, wird durch bei feldversuchserhaltenen Angaben
bestätigt, was sich an Hand der obenangeführten hohen Grösse der Austauschkonstanten des Natriums gegen Calcium erklären lässt.
Wie bekannt, ist in den dreissiger Jahren unseres Jahrhunderts die Magnesiumhypothese der Entwicklung von Solonetzböden entstanden. Auf
das Vorhandensein erheblicher Mengen Austauschmagnesiums in iiluvialen
Horizonten der Solonetzböden haben wir in Zusammenarbeit mit L. I.
Prassolow hingewiesen. Später wurde eine Reihe von Arbeiten veröffentlicht,
wobei in einigen dieser Arbeiten der Begriff 'Magnesiumsolonetzböden'
gebraucht wird. In diesem Zusammenhang wurden spezielle Untersuchungen
angestellt und die Hauptaufmerksamkeit wurde dabei der Rolle des Austauschmagnesiums in der Dispersität der Bodenmasse gewidmet. Es wurde
dabei festgestellt, daß die Humuslöslichkeit (unter Bildung des Magnesiumhumates) gesteigert wird. Die in unserem Laboratorium angewandte
Untersuchungsmethode in dieser Frage, unter Anwendung von Gipslösung
als Koagulator, hat gezeigt, daß das Austauschmagnesium bei den
Berechnungen der Gipsdosis für die Melioration der Solonetzböden außer
Acht gelassen werden kann. Weder die Peptisierungskurve, noch die Dispersions- oder Koagulationskurve haben eine wesentliche Wirkung des
Austauschmagnesiums im Vergleich zum Austauschnatrium auf die
Bodendispersität aufgewiesen. Doch verändert das Vorherrschen des
Austauschmagnesiums im Bestand der adsorbierten Basen den Boden
in Richtung einer Verschlechterung seiner Eigenschaften. Dieser Umstand
zwang unser Laboratorium kolloidchemische und Mikrovegetationsuntersuchungen durchzuführen. Es war bekannt, daß das austauschbare
Mg in Böden eine 'grobe' Struktur verursacht. Worin der Mechanismus
dieses Prozesses bestand, war unbekannt. In unserem Laboratorium wurden
Vergleichsmessungen der Kohesions- und der Adhesionskraft durchgeführt,
die von Mg-Boden, Ca-Boden, Na-Boden, K-Boden in Abhängigkeit von
dem Anfeuchtungsgrad dieser Böden entwickelt werden. Die erhaltenen
Angaben haben eine Mittelstellung des Mg-Bodens zwischen Ca-Boden
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einerseits und Na-Boden andrerseits gezeigt. Die Ursache einer derartigen
Kurvenlage (Mg-Boden) läßt sich durch die Veränderung der Humatlöslichkeit und der Wasseraufnahmefähigkeit erklären.
Die wichtigste Ursache besteht darin, daß die Pflanzen auf Mg-Boden
reagieren (laut Kreibig entwickelt sich auf Mg-Böden eine Solonetzbödenpflanzenwelt), ist die Verletzung des Ca/Mg Verhältnisses im Boden.
Aus den Mikrovegetationsuntersuchungen von L. J. Mamaewa ist die
Toxidität der Magnesiumhumate für die Wurzelsysteme der Pflanzenkeimlinge (der Gerste) (analog den Alkalikationenhumaten) klar zu ersehen.
Auf Böden mit einem variabelen Calcium- und Magnesiumaustauschverhältnis läßt sich die Toxiditätsgrenze durch die Größen des Austauschmagnesiums mit ca. 80 % von der Summe der Austauschbasen bestimmen.
Der negative Einfluß des Austauschmagnesiums tritt erst bei 40 % dessen
Relativgröße zutage. Wie sich aus den erwähnten Beispielen schliessen läßt,
wirken verschiedenartige Austauschbasen auf den Bestand der Bodenlösung und mittels dieses auf die Pflanzen, wie K. K. Gedroiz behauptete.
Wir führen hier die Angaben unserer Untersuchungen in dieser Frage nicht an.
Die Soda-Sulfat-Solonetzböden der S.U. werden unter Anwendung von
Calciumsalzen (Gips, Calciumchlorid) melioriert. Die Dosen dieser Stoffe
werden nach dem Äquivalentgehalt des Austauschnatriums unter Abzug
von 10 % der Austauschkapazität bestimmt. Die Versuche haben gezeigt
daß diese Gipsdosen für die Austauschverdrängung des adsorbierten
Natriums genügend sind.
Die Geschwindigkeit der Verdrängung des Austauschnatriums bei künstlicher Bewässerung in der Tschernozem-Steppen-Zone der S.U. dauert
4—5 Jahre.
Was die zweite Gruppe der Solonetzböden; d'h. der Solonetzböden der
Chlorid-Sulfat-Versalzung betrifft, die unter dem Solonetz-Horizont
Calciumkarbonate enthalten, so wurde von den sowjetischen Melioratoren
in den letzten 20—25 Jahren eine spezielle agrobiologische Methode ausgearbeitet, die in einer dreischichtigen Tiefkultur besteht. Unter dieser
Tiefkultur verstehen wir das Erhaltenbleiben des Humushorizontes auf der
Ackeroberfläche und das Vermischen des Karbonathorizonts mit dem Solonetzhorizont, das Aussäen mehrjähriger Gräser, der Siderate u.a.m.
Dieses Verfahren wurde in den letzten Jahren einer Untersuchung
unterworfen bezüglich der Bestimmung der Geschwindigkeit der Verbesserung der Solonetzböden unter Anwendung dieser agrobiologischen Methode.
ZUSAMMENFASSUNG

In der S.U. werden im Großen Gipsierungen zur Verbesserung
der Solonetzböden angewendet. Es gibt aber so große Territorien mit
solonetzartigen Böden, daß für deren volle Nutzbarmachung ca. 0,5—1,0
Milliarden Tonnen Gips notwendig wären. In diesem Zusammengang wurden
als Meliorationsstoffe neue Chemikalien wie Calciumchlorid, das ein Produktionsabfall der Sodaindustrie ist, angewendet. Dies erfordert aber die
Entwicklung theoretischer Untersuchungen in den Problemen der Entwicklung verschiedener Arten von Solonetzböden und eine eingehendere
Charakteristik ihrer Haupteigenschaften. Auf Grund der Ergebnisse bodengenetischer Untersuchungen wurde eine besondere Aufmerksamkeit der
Ausnützungsmöglichkeit der 'inneren Reserven' der Solonetzböden und
deren 'Selbstmelioration' gewidmet, darunter das Vorhandensein von Gips
oder Calciumkarbonat in zugänglicher Tiefe der Solonetzböden; das
Vorhandensein bedeutender Kolloidmengen mit günstigen agronomischen
Eigenschaften.
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Dies alles hat es ermöglicht im Laufe der letzten 25 J a h r e das System
der 'Selbstmelioration' der Solonetzböden auszuarbeiten, das als agrobiologische Methode zur Melioration der Solonetzböden bezeichnet wird.
Dieses System wurde erfolgreich unter verschiedenen Versuchs- und Betriebsbedingungen, insbesondere unter Bewässerungsbedingungen untersucht.
SUMMARY

Gypsum is used on a large scale in the Soviet Union for improving solonetz
soils. B u t there is so much land with solonetz-like soils t h a t 500—1000
million tons of gypsum would be necessary for their complete amelioration.
New chemicals, like calcium chloride which is a by-product of the soda industry, are being tried. This requires the development of theoretical investigations into the problems of the evolution of different kinds of solonetz
soils and a thorough characterization of their properties. As a result of soil
genetic investigations special attention has been given to the possibilities of
utilizing the 'inner reserves' of solonetz soils and their 'self-amelioration'
— among them the presence of gypsum or calcium carbonate at available
depths of the solonetz soils; and the presence of considerable quantities of
colloids with favourable agronomic properties. All this has enabled us to
work out, during the last 25 years, the system of 'self-amelioration' of
solonetz soils t h a t can be regarded as an agrobiological method. This system
has been successfully tested under different experimental and commercial
conditions, especially under irrigation.
RÉSUMÉ

En URSS, le gypse est utilisé à grande échelle pour améliorer les
sols Solonetz. Mais les territoires à Solonetz sont tellement vastes que
0.5 à 1 milliard de tonnes de gypse seraient nécessaires pour les mettre tous
en valeur. On a donc proposé l'utilisation d'amendements nouveaux, tels
que le Chlorure de calcium qui est un résidu de l'industrie de la soude.
Ceci nécessite toutefois des recherches théoriques sur les problèmes de la
formation des divers types de sols Solonetz, et une caractérisation approfondie de leurs propriétés principales. Avec des études pédogénétiques
comme point de départ, une attention toute particulière a été consacrée
aux réserves internes des sols Solonetz et aux possibilités d'auto-amélioration.
Citons tout en particulier la présence de gypse ou de carbonate de calcium
à une profondeur accessible, et la présence de quantités suffisantes de colloïdes, dotés de propriétés agronomiques favorables. Tout cela a rendu
possible, au cours des 25 dernières années, la mise au point d'un système
d'amélioration des Solonetz, désigné comme méthode agro-biologique pour
l'amélioration des Solonetz. Ce système a été appliqué avec succès sous
diverses conditions expérimentales et d'exploitation, et, en particulier,
sous irrigation.
DISCUSSION

K. VAN DER MEER: The author stated that it is not necessary to account for
the exchangeable Mg for melioration of solonetz soils. How do we have to deal
with the magnesium soils where Mg is the main cation in the complex and Na
can be very low?
T. N. ANTIPOV-KARATAEV: In determining the correct reclamation amendments for the solonetz, the exchangeable bases which consist largely of magnesium, one must take into account this element if the amount of exchangeable
magnesium is more than 40 % of the total exchange-capacity of the soil.
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CHANGES IN THE STRUCTURE AND PROPERTIES OF
MOUNTAIN SOILS UNDER THE INFLUENCE OF TERRACING
by
J . G L l t i s K I AND B . DOBRZAlV'SKI

Department of Soil Science, Agricultural College, Lublin, Poland
Mountainous regions take about 8 per cent of Poland's area and are
an important economic factor in the life of the population of some districts.
These regions are partly used for agricultural purposes, and partly covered
by forests, chiefly coniferous forests.
Farm management is difficult in mountainous regions, one of the more
important obstacles being water erosion (1, 2, 3, 4, 5, 6). This harmful
phenomenon is controlled by various means, of which terracing of arable
slopes is most widely used. Thanks to contour farming continued for many
years, well-formed terraces have been developed on the slopes (Fig. 1).
This type of farming was accompanied by systematic collection and deposition in one place of stones, by which practice the skeleton content of
soils has been decreased.

Fig. 1. Terraced slope in the environments of Jaworki.
Terracing of slopes influences the properties, and especially the morphological make-up of soils.
We tried to determine the changes resulting from the action of terracing
on soils in our studies conducted near the village Jaworki (Pieniny Mountains).
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The investigated region is made up of sandstone, slate and limestone,
known under the general term of the Carpathian flish. These sediments
are covered by soils which are deep for the most part, and which belong
to the types of brown soils, brown acidic soils, and podzolic soils (4). In
their mechanical composition they are silty loam.
The relief of the terrain is differentiated. Differences of relative altitude
reach 400 m, and the inclination of slopes varies between 10 and 30 per cent.
Slopes situated near human dwellings are terraced and used for agricultural
purposes.
A great number of cross sections of terraced slopes were carried out, the
properties of soils were determined in these sections (Tables 1, 2 and 3)
and compared with those found in the sections of nonterraced slopes (Tables
1, 2 and 3).
The cross section shown in Fig. 2 represents a terraced slope characteristic
of the environments of Jaworki. The slope is 163 m long; in the section the
difference of altitudes between the toe of the slope and its highest point is
03 m. The mean inclination of the slope is 23°. The terraces, 10 in number,
are up to 8.5 m wide; their inclination is 12°. The slopes of the terraces are
from 1.2 m to 6.6 m long and their inclination is from 40° to 50°. The
altitude of the bank slopes reaches 4.5 m.
The cross section given in Fig. 3 shows a non-terraced slope. It is 219 m

/o

Earth
fraction
(< 1mm)

O

D e p t h of
horizon
(cm)

Skelet
fraction
(> 1mm)

TABLE 1. Mechanical composition of the soils.
P e r c e n t a g e s of fractions ( d i a m e t e r i n m m )
1—
0.1

0.1—
0.05

0.05—
0.02

0.02— 0.006—
< 0.002
0.002
0.006

Cross se ction of t e r r a c e d slope (Brown soil)
5—15
50—60
100—110
0—8
35—45
40—50
120—130
5—15
60—70
110—120
5—15
30—40
80—90

1
2
Q
O

4

5

5
5
40
8
80
5
25
3
5
4
5
6
85

95
95
60
92
20
95
75
97
95
96
95
94
15

38
40
41
48
37
50
59
52
53
52
40
41
50

21
14
12
17
15
13
12
18
17
13
14
12
12

13
14
16
10
15
13
10
13
14
12
15
16
15

10
13
11
9
12
11
9
10
9
13
16
16
11

9
10
10
7
7
9
4
5
5
7
9
10
8

9
9
10
9
14
4
6
2
2
3
6
5
4

10
6
7
11
8
11
6
4
9

14
10
9
8
8
8
12
13
10

Crc )ss section of n o n - t erraced slope (Brown acidic soil)
2—15
40—50
75—85
5—15
45—55
5—15
45—60
5—15
30—40

6

/
8
9
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10
15
50
5
80
10
40
10
80

90
85
50
95
20
90
60
90
40

25
40
45
30
42
24
35
30
31

24
22
21
27
19
29
19
22
19

14
12
10
12
11
18
16
18
18

13
10
8
12
12
10
12
13
13
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T A B L E 2. Chemical

properties

D e p t h of
horizon
(cm)

Humus
content

çu

of the

soils.
Available
components in mg
in 100 g of the soil

CaCO,

PaOs

R e a c t i o n (pH)

K,0

in

in

HX>

KCl

T h e sum of exchan
geable cations of
basic character/
m.e. in 100 g of
the soil

Cross section of t e r r a c e d slope (Brown soil)
5—15
50—60
100—110
0—8
35—45
40—50
120—130
5—15
60—70
110—120
5—15
30—40
80—90

5.84
1.77
0.16

4.04
2.44
1.06
4.04
1.14
1.93
0.37
3.26
2.02
2.18
3.44
2.13
1.88

26
18
8
14
26
26
18
16
24
24
10
12
10

3.0
4.0
1.0
3.0
30.0
0.3
0.5
0.2
trace
trace
0.3
trace
0.5

7.0
7.0
7.1
5.3
6.5
6.4
6.4
5.3
6.2
6.3
5.4
5.7
6.0

7.3
7.3
7.4
6.5
6.2
6.8
7.1
6.5
6.9
6.9
6.4
6.7
6.9

6.49
11.21
4.82
0.99
2.26
2.75
6.92
7.92
8.56
9.24

Cross section of n o n - t e r r a c e d slope (Brown acidic soil)

2—15
40—50
75—85
5—15
45—55
5—15
45—60
5—15
30—40
ABLE 3. Physical

-

D e p t h of
horizon
(cm)

3.65
0.30
0.77
2.50
0.38
2.10

—
2.12
0.20
properties

of the

Specific g r a v i t y
real

5.9
6.2
6.4
5.4
5.8
5.3
5.7
5.6
5.8

16
10
12
20
26
34
14
10
30

1.5
1.0
3.0
trace
0.5
0.3
trace
trace
trace

5.0
5.5
5.9
4.4
4.8
4.4
4.9
4.5
4.7

13.20
6.53
10.30
6.34
5.66
7.69
5.47
6.24
5.95

soils.
Capillary capacity

Porosity

apparent

by
weight

°/

by
vol.

Noncapillary
porespace
0/

Actual
moisture
o/
/o

Coefficient
of p e r m e a bility
cm/sec

24.5
25.1
31.5
20.2
21.1
24.0
22.4
28.2
24.3

0.000021
0.000410
0.000002
0.000143
0.000917
0.000097
0.000736
0.000011
0.000139

/o

Cross section of t e r r a c e d slope (Brown soil)
1—48
40—47
1—8
2—9
40—47
1—8
45—52
2—9
35—42

2.58
2.59
2.56
2.59
2.57
2.58
2.57
2.61

1.37
1.47
1.24
1.25
1.45
1.35
1.35
1.31
1.35

46.9
45.2
51.6
44.0
47.5
47.7
49.0
48.5

30.8
30.0
38.3
41.0
30.1
34.8
33.0
35.0
32.2

40.3
41.7
46.8
51.3
41.5
47.0
45.9
46.8
45.4

6.6
3.5
4.6
—
2.5
0.5
1.8
2.2
3.1

Cross section of n o n - t e r r a c e d slope (Brown acidic soil)
2—15
5—15
5—15
5—15

2.60
2.63
2.58
2.58

1.21
1.30
1.17
1.38

53.5
50.6
54.7
47.3

38.7
35.7
38.3
27.7

44.9
47.3
44.9
40.8

8.6
3.3
9.8
6.5

20.8
25.1
20.5
17.7

0.000280
0.000200
0.000170
0.000120

579
- • *

Vl.22

ÇI89 Oo

Fig. 2. Cross section of a terraced slope near Jaworki.
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Fig. 3. Cross section of a non-terraced slope near Jaworki.
long, and the difference of altitudes between its toe and the highest point
shown in the section is 93 m. The average inclination angle is 23°.
The soils of terraced slopes are characterized by a considerable depth,
which is often more than 2 m, and by a comparatively small skeleton
content.
The soil cover of the terraced slope (Fig. 2) is expressed by the figure
32.340 metric tons per ha, that of the non-terraced slope by the figure
23.020 metric tons per ha.
On the terraced slope the humus layer varies in its thickness between
15 cm and 130 cm, while that of the non-terraced slope is not differentiated
and has the thickness of about 15 cm along the whole slope.
The humus content of the terraced slope is considerable, even if determined in a great depth (about 1 per cent 1 m below the surface). In the
terraced slope the humus content is distributed along the slope more uniformly than in the non-terraced slope. The total amount of humus (in tons
per ha) in the terraced slope is almost 5 times as high as in the non-terraced
slope, and reaches 873 metric tons per ha, the corresponding figure for the
non-terraced slope being 184 metric tons per ha.
The soils of terraced slopes are less acid (pH in KCl 5.3—7.1) than those
of non-terraced slopes (pH in KCl 4.4—5.9).
The amounts of assimilable K 2 0 and P 2 0 6 and of exchangeable cations
are similar in both types of slopes; the amount of assimilable P 2 0 6 is very
small (often in traces) and that of K 2 0 is very great (8—30 mg per 100 g
of soil).
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The soils studied in t h e cross sections are characterized by a high content
of silt, especially in the upper horizons of t h e soils. The colloid content increases in the deeper horizons, which is caused by horizontal a n d vertical
displacement of soil particles in the soil profile.
W a t e r capacity of soils belonging both to terraced a n d non-terraced
slopes is considerable (about 50 per cent); the soils of terraced slopes have
a lower non-capillary water capacity than those of non-terraced slopes.
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SUMMARY

Terracing of slopes situated in mountainous regions produces changes in
the morphological make-up and properties of mountain soils.
These changes concern mainly the thickness of t h e profile and especially
of the humus layer and the humus content in the soil.
The soils of terraced slopes are characterized b y a considerable depth
which is often more than 2m, and by a comparatively small skeleton
content.
The humus horizon reaches a considerable thickness (up to 130 cm).
The total amount of humus in the terraced slopes is about 700 metric
tons per ha greater than in t h e non-terraced slopes.
The humus content of the terraced slopes is considerable: about 5 per
cent in t h e depth 5—15 cm and about 1 per cent 1 m below the surface.
The soils of terraced slopes are less acid than those of non-terraced slopes.
Owing to a decrease of t h e inclination of slopes b y about a half and
to an increase of t h e thickness of t h e soil profile, terracing has a positive
influence on t h e retention of water.
RÉSUMÉ

En région montagneuse, le terrassement des pentes modifie les propriétés morphologiques et la constitution des sols. Ces modifications affectent surtout la profondeur du profil et plus spécialement l'épaisseur de la
couche humifère, ainsi que la teneur en humus. Les sols des pentes terrassées
sont caractérisés par une grande profondeur qui dépasse souvent les deux
mètres et par une teneur relativement basse en éléments grossiers. L'horizon
humifère est souvent épais (jusque 130 cm) et la quantité totale d'humus sur
les pentes terrassées dépasse d'environ 700 tonnes métriques par H a celle
mesurée sur les pentes non terrassées. Leur teneur en humus est considérable:
5 % environ dans la couche de 5 à 15 cm, 1 % à un mètre de profondeur.
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Les sols des pentes terrassées sont moins acides que ceux des pentes non
terrassées. E n diminuant d'environ la moitié l'inclinaison des pentes et en
augmentant la profondeur des profils, le terrassement augmente la rétention
d'eau.
ZUSAMMENFASSUNG

In gebirgigen Gegenden ändert die Terrassierung von Abhängen den
morphologischen Aufbau und die Eigenschaften der Gebirgsböden.
Diese Änderungen betreffen hauptsächlich die Tiefe des Profils, speziell
der humösen Schicht und den Humusgehalt im Boden.
Die Böden auf terrassierten Abhängen sind durch eine ansehnliche
Tiefe, welche öfters mehr als 2 m beträgt, und durch einen verhältnismässig kleinen Bodenskeletgehalt karakterisiert. Der humushaltige Horizont erreicht eine erhebliche Tiefe (bis zu 130 cm). Die totale Humusmenge pro ha auf den terrassierten Abhängen ist wohl ungefähr 700 metr.
tons grösser als auf den nicht-terrassierten Abhängen. Der Humusgehalt
auf den terrassierten Abhängen ist ansehnlich: ungefähr 5 % in der Tiefe
von 5 bis 15 cm und ungefähr 1 % auf etwa 1 m. unter der Bodenoberfläche.
Auf den terrassierten Abhängen sind die Böden weniger sauer als auf den
nicht-terrassierten.
Durch Verminderung des Gefälles der Abhänge bis auf etwa die Hälfte,
sowie durch die Zunahme der Profiltiefe hat Terrassierung daher einen
positiven Einfluss auf die Feuchtigkeitsspeicherung.
DISCUSSION

F. KOENIGS: What is the influence of the difference in depth of humuslayer
across a terrace on yields of crops ?
J. GLINSKI: In the terraces the crop yields are influenced by thicknes of the
humus layer, but the total yields from the terraced slope are not less then in
the case of non-terraced acres.
F. FOURNIER: L'auteur peut-il indiquer quel est le temps nécessaire pour
transformer les propriétés du sol par le terrassement réalisé ?
J. GLINSKI: The terraces have been formed in the Polish mountain regions
during hundreds of years.
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PHYSICAL MATURITY OF THE MAIN SOILS IN THE IRRIGATED
ZONE OF MIDDLE ASIA
by
S. N .

RYZHOV AND N.

I . ZlMINA

The Academy of Agriculture of Uzbekistan, Tashkent
The term soil maturity comprises its readiness for cultivation and sowing.
There are numerous investigations dealing with this subject; a survey is to
be found in D. G. Vilensky's work (1945). It should be mentioned, however,
that in most of the published works there are chiefly logical considerations
and some factual observations lacking sufficient experimental data. Even
the most fundamental works and monographs as those of Tornau (1931),
Kin (1933), Russell (1955), Williams (1938), Kostychev (1893) fail to bring
forward experimental data proving grounds for this concept; no practical
conclusions concerning soil cultivation and optimum sowing terms for
given physico-geographical conditions are to be found.
The state of soil maturity was originally subdivided into phases by
Malandin in 1936. He distinguished three phases: physical maturity, initial
and entire biological maturity. According to Malandin the term physical
maturity embraces the soil moisture as it causes a definite adhesiveness,
viscosity and a capacity to form lumpy structure when the soil is
cultivated and the seed embedded during sowing. The author applies the
term biological maturity to such a state when there is an intensified accumulation of nutrient substances in soils, this providing optimum conditions
for plant growth. This approach has not been substantiated by any experimental quantitative measurements.
The lines of D. G. Vilensky, followed by others authors, which gave this
problem a more precise examination rendered a scientific basis for the
concept of the soil maturtiy state.
In his first laboratory experimental work, in cooperation with Germanova
(1934), D. G. Vilensky established that the mixing of a soil at a definite
moisture content, leads to the formation of a lumpy structure that displays
high water resistance properties. Subsequent works of other authors showed
that the optimum aggregative moisture coincides with or nears that of
the soil maturity state; at this state crumbing is the most favourable.
Prior to the work of D. G. Vilensky, in 1924, Middletown, engaged in the
study of soil mechanical properties, observed that the resistance to crushing
depends on the moisture content and the pressure rate under which soil
aggregates are formed. Definite soil mixing moisture provides the highest
compactness and the utmost resistance to crushing. The same phenomenon
was noted by Melkikov (1932), Vershinin and Konstantinova (1937),
Vasilenko and Sezinsky (1933) and others.
In 1938 a paper was published by S. N. Ryzhov in co-authorship with
Efimov, which revealed that the maturity of sierozem carbonate soils under
which crushing is most favourable and requires the least expenditure of
pulling force during cultivation is very near to the plasticity moisture limit
of Atterberg. However, the best water resistance structure is formed at a
somewhat higher moisture next to that of the adhesiveness limit.
In this paper physical maturity was determined as a state of soil moisture
under which:
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1) advantageous crushing occurs without the formation of large lumps
and dust; at this moisture the soil does not glue and no dust is formed,
notwithstanding any number of cultivations,
2) the agriculturally most valuable aggregations, mostly 10 to 0.5 mm.
in diameter are formed; these display high mechanical and water resistance
properties,
3) the soil displays the least specific resistance and its cultivation requires
the least labour efforts,
4) the most favourable ratio between the solid soil phase, water and air
is being established; this provides advantageous conditions for biological
activity and the accumulation of nutrient substances.
Further investigations in this field dealt with in this paper, give ground
to promote generalizations and conclude to practical applications.
Our investigations were conducted under laboratory and field conditions.
The optimum aggregation moisture was determined under laboratory conditions, whereas soil crushing at various moisture contents was estimated in
the field. The most wide spread soils of Mid-Asian irrigated zone were investigated.
Some physical and chemical characteristics of the studied soils are
represented in Table 1.
All the soils were carbonatic, weakly alkaline, containing carbonates of
calcium and magnesium up to 20 and more per cent.
TABLE 1. Soil

Characteristics.

Soils

Humus

%

Maximum
hygroscopicity

Mechanical
composition %

Atterberg's constants (
in relation t o soil weigh

<0.01
mm.

<0.001
mm.

/o

0.05-0.01
mm.

Upper
plasticity
limit

Lower
plasticity
limit

Boui
dary
a d he
siveni

1. T y p i c a l sierozem, obsoletely irrigated, h e a v y (clay)
loam. T a s h k e n t .

1.43

4.61

39.5

50.3

18.1

29.5

18.2

25.1

2. L i g h t sierozem, obsoletely
irrigated, m e d i u m loam,
w e a k l y saline. .
Golodnaja s t e p p e

1.02

3.88

53.0

39.5

14.3

25.6

18.8

24.5

3. T a k y r , obsoletely irrigated,
clayey. K a r a - K a l p a k A u t o nomic R e p u b l i c .

0.65

4.01

23.6

62.3

24.3

29.2

17.9

23.:

4. M e a d o w - t a k y r ,
obsoletely
irrigated, w e a k l y saline.
Kara-Kalpak
Autonomic
Republic.

0.93

3.47

22.3

31.2

11.2

23.4

17.4

19.!

5. T a k y r ,
medium
loam,
w e a k l y saline. Fallow.
M u r g a b river d e l t a .

0.60

3.86

23.6

33.7

8.8

21.4

14.9

18.1

6. Meadow, obsoletely irrigated, m e d i u m loam,
w e a k l y saline.
M u r g a b river 'delta.

1.29

4.55

27.4

42.9

19.1

25.4

17.7

22.1
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In the represented table brief soil characteristics are given. Attention
must be paid to Atterberg's constants and chiefly to the lower plasticity
limit or to the flattening boundary. The value of Atterberg's constants
depends upon the content of organic matter and the texture of the soils
tested: the lower the organic matter content and the coarser the soil texture
the lower is the value of the upper plasticity limit, the boundary of adhesiveness and the flattening boundary.
The next table (Table 2) cites data dealing with the yield of aggregates
under conditions of soil mixing at optimum moisture.
The moisture at which the aggregates (1—10 mm. in diameter) produce
utmost yield is either next to or coincides with the moisture of Atterberg's
lower plasticity limit. Excessive moisture beyond the values mentioned
in the table (under conditions of pulverized soil aggregation) leads to a
swift increase of fraction yield (beyond 10 mm.) or to a complete adhesion
of the total soil mass, and to the contrary, the decrease of aggregation
moisture results in a rapid raise of aggregates less than 0.25 mm.
ABLE 2. Aggregate yield at optimum structure formation moisture.
F r a c t i o n d i a m e t e r m m (% in relation t o weight)
Soil

Moisture
3— 5

5—10

Total
1—10

46.7
45.1

9.2
37.6

5.0

55.9
88.6

27.3
8.3

50.3
61.6

13.7
17.3

4.3
11.8

66.8
»0.7

9.1
0.3

26.9
5.2

47.2
50.1

8.0
26.2

18.2

55.2
94.5

1.8

6.1

69.7
11.9

17.2
28.8

5.2
99.3

92.1
100.0

1.6

2.0

23.5

55.3
19.4

13.9
26.2

3.7
54.4

72.9
100.0

1.7

2.3
1.5

23.6
9.7

56.1
45.3

16.3
24.1

19.4

72.4
88.8

%

< 0.25

0.25
-0.5

1. Typical sierozem,
Tashkent

18.3
20.1

5.4

8.7
1.3

29.9
10.8

2. L i g h t sierozem,
Golodnaja s t e p p e

18.6
19.6

1.7

2.7
1.0

3. T a k y r , K a r a - K a l p a k
Autonomic Republic

16.2
19.0

8.8

4. M e a d o w - t a k y r , K a r a Kalpak Autonomic
Republic

17.6
19.4

5. T a k y r . T h e M u r g a b
river d e l t a

13.2
15.1

3. Meadow. T h e M u r g a b
river d e l t a

16.9
18.9

0.5
-1.0

=

1—3

The table presents two moisture values in regard to each soil; the interval
indicates the soil aggregation capacity. This interval is not large and does
not exceed 2.0—2.5 % of the soil weight. These data confirm our earlier
observations showing that the optimum aggregation moisture for the MidAsian soils, high in carbonates, is next to and in many cases equal to Atterberg's lower plasticity limit. It is worth to emphasize this point because
in the work of D. G. Vilensky and other authors having tested other soils,
the optimum moisture has always exceeded the lower plasticity limit and
neared the boundary of adhesiveness. This fact may be ascribed to the
low plasticity of the calcium and magnesium carbonates which prevail in the
investigated soils.
Table 3 contains data on the crushing of the arable layer at optimum
moisture. The crushing of the arable layer was performed with a spade at
various water contents, beginning with high moisture at which the soil
sticks to the spade and ending with its lower level at which the sooil loses its
crushing properties.
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TABLE 3. Crushing of arable layer at optimum moisture.
Soil

3. Takyr, Kara-Kalpak Autonomic Republic
4. Meadow-takyr Kara-Kalpak Autonomic
Republic
5. Takyr, Murgab river delta
6. Meadow, Murgab river delta

Fraction size mm. (% in
relation to weight)

Humidity

> 50 50-10 10—1 1—0.5 < 0.5

16.6
18.6

29.3
16.6

31.5
29.0

30.3
26.4

5.4
13.6

3.3
14.5

15.7
17.5

24.2
13.5

28.7
41.6

31.7
38.5

8.6
4.2

6.8
2.2

The above data reveal that soil crushes best at approximately the same
moisture at which its aggregation originates.
The aggregation moisture or the soil maturity state depends to a great
extent upon its cultivation state.
We investigated a typical sierozem at different cultivation states on one
of the Ak-Kavak Experimental Station tests attached to the Research
Cotton Growing Institute. In these various tests cotton was grown during
30 years. In one test no fertilizers were applied, in the second 125—150 kg.
of nitrogen and the same amount of phosphorus annually introduced.
The third received annual manuring (approx. 30 tons per hectare), in the
fourth test cotton was alternated with alfalfa and mineral fertilizers were
used (table 4 and 5).
TABLE 4. The characterists of the agritechnical backgrounds.
Mechanical composition
Atterberg's (% in
(Texture) %
relation to soil weight)
Experimental
variants

1. Cotton monoculture without fertilizers
2. Cotton monoculture,
mineral fertilizers applied
3. Cotton monoculture with
manuring
4. Cotton alternated with
alfalfa

Humus
/o

Upper
< 0 . 5 0 < 0.01 < 0.001 plasti—0.01 mm.
city
mm.
mm.
limit

Lower Adheplasti- siveness
city
limit boundary

1.18

37.8

55.0

23.1

30.8

17.4

25.4

1.32

34.5

59.3

23.0

31.1

17.4

25.1

2.00

37.1

59.5

21.9

34.8

19.6

29.6

1.28

38.5

53.4

22.3

30.6

17.6

25.4

The data show that Atterberg's constant reveal their highest value at
annually manured plots, whereas in other experimental variants Atterberg's
constants are almost alike. The same may be said in regard to the aggregate
yield at optimum structure formation moisture; its topmost value is observed at annually manured plots and amounts to 20—22 %, whereas in
other plots it equals 17—18 %.
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TABLE 5. Aggregate yield at optimum structure formation
Experimental
variants
1. Cotton monoculture
without fertilizers
2. Cotton monoculture,
mineral fertilizers applied
3. Cotton monoculture with
manuring
4. Cotton alternated with
alfalfa

Moisture
/o

17.9
18.9
17.6
19.8
19.7
22.3
17.8
19.1

moisture.

Fraction diameter mm (% in relation to weight)
< 0.25

0.25
—05

0.5
—1.0

1—3

3.5
0.8
6.7
0.6
3.3
0.3
1.4

4.7
1.3
8.3
0.4
5.7
0.1
4.0
0.1

15.8
14.3
24.6
9.6
24.7
2.3
33.9
1.2

48.7
47.6
41.4
38.9
46.8
29.9
47.9
20.6

3—5

5—10

21.1
24.4
17.6
35.5
19.4
41.1
11.7
38.9

6.2
11.6
1.3
14.9
26.3
1.1
39.2

According to these data the optimum aggregation moisture is equal to
or near to t h e lower plasticity limit.
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SUMMARY

On the basis of experimental investigations t h e values of physical
m a t u r i t y in t h e principal Mid-Asian soils have been established.
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It has been revealed that moisture characterizing physical soil maturity
under which soil displays its best crushing capacity following cultivation
is equal or near to Atterberg's flattening boundary.
The state of soil physical maturity in heavily cultivated plots reveals
increased moisture at the expense of increased humus content and greater
soil dispersion.
RÉSUMÉ

Différentes valeurs de maturité physique des principaux sols de l'Asie
centrale ont été établies, suite à des recherches expérimentales.
Il fut trouvé que lorsqu'un sol a atteint sa maturité physique, sa résistance à l'écrasement optimale après labour correspond à une humidité
égale à ou proche de la limite d'aplatissement d'Atterberg.
Sur parcelles cultivées de manière intensive, la maturité physique se
caractérise par une humidité plus grande due à des teneurs en humus plus
élevées- et à une plus grande dispersion du sol.
ZUSAMMENFASSUNG

Auf Basis experimenteller Untersuchungen wurden für die Hauptbodenarten Mittel-Asiens die physikalischen Reifheitswerte festgestellt. Es kam
dabei heraus, dass der Feuchtigkeitsgehalt, karakteristisch für die physikalische Reifheit, bei welcher nämlich der Boden nach Ablauf einer
Kultur sein optimales Zerkrümelungsvermögen zeigt, gleich oder nahezu
gleich der Atterbergschen unteren Plasticitätsgrenze 'the flattening boundary' ist.
Auf intensiv benutzten Feldern tritt der Zustand physikalischer Reife
hervor als höherer Feuchtigkeitsgehalt auf Kosten von mehr Humus und
grösserer Bodendispersion.

r.sii
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ADVANTAGES O F W H E E L TRACK CORN P L A N T I N G *
by
ARTHUR E.

PETERSON**

The minimum soil tillage method commonly called wheel track corn
planting is rapidly finding favor with corn growers and conservationists
and giving an entirely different philosophy on soil tillage for growing row
crops and the erosion hazards involved. Wheel track corn planting means
planting the corn in the wheel tracks on freshly plowed ground without the
harrowing and disking required for conventional seedbed preparation. The
soil compaction caused by the wheels of the tractor pulling the corn planter
provides the seedbed preparation. Thus, after years of searching, agronomists have at last found a planting method that will provide a firm seedbed
and a loose rootbed.
Corn has long been a basic crop in American agriculture. The small
clearings made by pioneers provided the soil, and a fish in every hill provided
the fertilizer, for m a n y an excellent corn crop. The pioneers did not work
the soil until it was completely pulverized and subject to rapid erosion in
order to grow the corn. Mechanization developed tillage techniques for
corn and other crops t h a t became more and more destructive of our soil.
This has been especially true during the past 25 years. Today each corn
grower has not one, two or four horsepower available but usually 30, 40 or 50
horsepower in each of several tractors. Changing from the horse to tractor
power has hastened the destruction of our soil by using this tremendous
power to more rapidly destroy the structure of our soil with often needless
tillage. However, the blame for soil destruction should not be placed on
the corn crop but rather on man who has developed these tillage practices.
Only in recent years have agronomists been concerned with eliminating
some of the tillage when preparing soil for planting. The physical characteristics desired in a seedbed are described by Browning (2) and summarized as follows: (I) fine grain like granules or aggregates (II) soil feels
loose and mellow in your hand but not too loose for good germination
(III) sufficient large pores to allow rapid moisture movement during
periods of intense rainfall (IV) granules and aggregates are in small clumps
and not large clods, but they are stable and resist the beating action of
raindrops. The importance of soil structure in reducing soil erosion was
shown by Yoder (15) who found that soils of good tilth have lower credibility than lower tilth soils. Page et al (8) state that crop growth is
frequently limited through inadequate soil aeration which results from
inadequate loosening of the soil in seedbed preparation, from compaction
b y tillage implements or overworking at time of preparing the seedbed,
or by a general breakdown in soil structure. They reported that plowing
gives more closely the ideal seedbed.
However, soil can be too loose for good germination as shown b y Carnes
(3). Using a soil with a low (3 %) moisture content, with no compaction,
the seeds germinated but did not come u p and the number of seeds that
came up increased as the pressure increased. Carnes summarized by saying
* Contribution from the Soil Dept., Univ. of Wis., Madison. Published with
the permission of the Director of the Wisconsin Agriculture Experiment Station,
Madison, Wis.
** Associate Professor of Soils.
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'Pressing the seed into the compacted soil results in a more efficient use
of the moisture present in the soil, and the compacted soil affords a
good footing for the young plant in pushing through the soil crust'. The
importance of differentiating between a seedbed and a rootbed was emphasized by Page et al (8) when he said that farmers are overzealous in
seedbed preparation to the detriment of the following crop for which the soil
must serve through most of the season as a rootbed rather than a seedbed.
They concluded, however, that the ideal conditions for a rootbed are frequently not compatible with the ideal conditions for a seedbed, and that
more emphasis should be placed on the rootbed.
In 1952 Scarseth (14) reported that the trouble in producing corn is the
method by which corn is being produced rather than the crop itself and that
adequate fertilizing, properly timed and placed, may be the factor which
can give sound cash profit foundation to 'mulch corn tillage' and thereby
result in a considerable improvement in soil and water conservation.
Studies by Poyner (13) and Peterson and Engelbert (12) indicated that
corn can be grown with little or no soil erosion by using mulch planting
methods.
Experiments concerning minimum soil tillage, pioneered at Michigan
State University (5) have been conducted at most midwest Agr. Expt.
Stations. The influence of corn tillage methods on soil conservation has
been recently reviewed (1) and machines that plant corn in sod without
plowing (12, 13) or plow and plant corn in one operation (7) have been
studied. Work at Wisconsin on the wheel track method of planting corn
was initiated in 1954 (9) and applications of the method have been found
feasible even in renewing pastures with minimum soil tillage (10).
Such research indicates a growing interest in eliminating some of the soil
tillage when growing corn. These studies indicate general agreement that
loose soils are more productive than packed (4) and that the moldboard
plow is the best implement to loosen them.
Results for a four-year study at Wisconsin (12) have also indicated that
when machines become complicated or cumbersome, such as needed for
preparing the seedbed and planting corn in one operation, mechanical
problems and difficulties may prevent wide-spread grower acceptance.
METHODS

Experimental trials established on the major soil areas of Wisconsin have
been carried on for the past six years. The initial studies were concerned with
che poorly drained silt loam soils of north central Wisconsin, and the red
slay and clay loam soils of eastern Wisconsin. In succeeding years these
ttudies were extended to include our silt loam prairie and forested soils of
southern Wisconsin and the sandy soils. The problem of determining the
toil types on which this method would be feasable, the type of equipment
that would do the job satisfactorily, and the timing of the plowing in relation
to the planting and its effect on soil and water conservation were the
primary objectives.
To facilitate these experiments a two row tool bar corn planter which
mounted on a standard three point tractor hitch was obtained. A number of
tractors were used at the varjous locations, however, the same corn planter
was usually used. Starter fertilizer was drilled at 250 pounds of 5-20-20
or 6-24-24 per acre, and sidedressed with 150 to 200 pounds of ammonium
nitrate per acre. In these studies fertility was not a variable thus an adequate amount was provided. In many cases old meadows were plowed,
and about 10 tons per acre of manure was applied shortly before plowing.
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Wheel track planted corn was planted the same day that the field was
plowed, without any soil tillage between the plowing and planting operation.
Conventional corn plots were usually plowed several weeks prior to the day
of planting, and in a few cases fall plowed. Usually two discing and two
harrowing operations were considered as conventional tillage between the
plowing and planting.
RESULTS

Results of the field experiments carried on for the past six years on the
major soil areas of Wisconsin indicate that wheel track planting will work
whenever it is possible to spring plow for corn. A summary of the results
for the past six years are given in Table 1. These results show that in many
areas where corn growers thought they had to fall plow for corn, spring
plowing with wheel track planting accomplished the same results with
reduced soil loss. Wheel track planting of corn has worked successfully on
the poorly drained silt loam soils of north central Wisconsin, the silt loam
prairie and forested soils of southern Wisconsin, and the red clay soils of
TABLE 1. Average Yield and Population of Conventional and Wheel Track Planted
Com Experiments, Wisconsin, 1954—1959.
Year

No. of
Locations

1954

2

1955

6

1956

7

1957

8

1958

7

1959

6

6 Yr. Avg.

36

Method of
Planting

Population
Plants/Acre*

Yield
Bu/A*

track

12,800
12,700
15,300
15,500
15,100
15,000
16,000
16,700
15,900
15,900
16,800
17,000

72
70
92
98
101
96
107
110
87
88
102
104

Conv.
Wheel track

15,300
15,400

93
94

Conv.
Wheel
Conv.
Wheel
Conv.
Wheel
Conv.
Wheel
Conv.
Wheel
Conv.
Wheel

track
track
track
track
track

* Average of all locations.
eastern Wisconsin. The sandy soils are also satisfactory unless the soil is
too dry to turn the furrow over at corn planting time. As indicated in table 1
yields of wheel track planted corn, in most cases, have been equal to or
slightly higher than the conventional planted.
Essentials for successful wheel track corn planting are:
(I) Good Plowing Necessary. It is absolutely essential to have a good job
of plowing if the field is to be wheel track planted. Deep plowing (7—9")
is desirable. A plow packer, rotary hoe pulled backwards, mulcher, clod
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buster, or small drag attached to the plow are usually unnecessary but will
help farmer acceptance and will make planting easier and the first cultivation
smoother.
(II) Adequate Compaction. Experiment station trials and grower reports
indicate the compaction provided by the rear wheels of two to four plow
tractors is very satisfactory for wheel track planting on silt and clay loams.
With four row tractor modifications, the front wheels did not provide as
much compaction as the rear wheels. However, they did provide considerable
more compaction than did special compaction or press wheels attached to
the ordinary corn planter primarily for four row wheel track planting. To
determine the amount of compaction obtained a Cornell type of pentrometer
was used to make comparison of the various corn planting methods. The
results are given in Figure 1. Compaction was considered sufficient if the
soil in the wheel track was firmed down through the plow layer. These
studies indicate that we had been overcautious about too much soil compaction in the row.
FORCE IN POUNDS (Cornell Penetrometer)

10

20

30

40

CASE 4 0 0 FRONT WHEEL
CÛSE 4 0 0 REAR WHEEL — JOHN DEERE 4 2 0
DEERE 2 3 B PRESS
BURCH PRESS
MASSEY HARRIS 5 0
BETWEEN ROWS

Figure 1. Soil compaction by wheel track corn planting equipment on prairie silt
loam.
University Arlington Farms, Wisconsin, 1957.
In 1960 a new method for four row wheel track corn planting was successfully tested. This involved setting the tractor wheels at 80 inches to provide
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compaction for two of the corn rows, and mounting two weighted wheels
on the four row trail type tool bar corn planter to provide the wheel track
for the other two rows. The corn planter is aligned 40 inches off center but
due to hitch modifications the sidedraft was not noticeable during planting.
With this type of unit it was possible to unhook the plow and hook onto the
planter in a few minutes. This is very important for growers that cannot
use one tractor for planting exclusively. Preliminary results indicate that
adequate compaction resulted from this unit although it was used only
on a prairie silt loam soil with a favorable moisture content.

Figure 2. Plowing and wheel track planting corn, University Arlington Farm,
Arlington, Wisconsin. 1959. (30 acres per 7 hour day can be plowed and planted
with these 3 units.)
The results of the studies during the past seven years indicate that the
compaction obtained will depend upon: a. Soil type. Lighter (sandy) soils
will compact more readily than heavy (clay) soils, b. Wheel or tractor weight.
Tractors smaller than two bottom plow type will usually not give sufficient
compaction, c. Moisture content of soil. If the soil has the proper moisture
content for good plowing it will soon be ready for wheel track planting,
d. Type of vegetation plowed under. Hay or sod ground will not compact as
readily as corn or grain land.
(III) Plant Soon After Plowing. Results have shown that it is usually
best to plow and plant the same day or at least within 24 hours. This reduces
the possibility of rain delaying the planting. Also in a dry season plowing
the field several days before wheel track planting may allow the top
soil to dry out losing moisture needed for germination.
(IV) Machinery Adaptation. Two row. It is relatively simple to adjust the
rear wheel tread spacing of a tricycle type tractor to 80 inches on center
and hitch the corn planter off center so it trails directly behind one rear
wheel and the track of the front wheels. Also narrowing the rear wheel tread
of the tractor to 42 to 48 inches permits hitching the corn planter directly
behind the tractor and satisfactorily planting a 40" row on the inside of the
wheel tracks. Using narrow rear wheel spacing reduces the stability of a
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tractor. Never narrow wheels beyond the manufacturer's recommendations.
It is more difficult to modify machinery for four row planting, and a description of these methods has been previously reported (11).
Advantages of Wheel Track Corn Planting are:
(I) Soil and Water Conservation. The structure of the soil between the
wheel tracks is retained and will absorb water more readily, the contour
wheel tracks will increase depression storage and these factors will reduce
runoff and soil erosion. The results over a five year period reported by Hayes
(6) at the Upper Mississippi Valley Conservation Experiment Station at
LaCrosse, Wis. show that runoff and soil loss respectively from corn planted
with the conventionally prepared seedbed averaged 2.3 and 4.2 times greater
than from wheel-track planting.
(II) Uniform Corn Germination. The wheel track provides a desirable
firmed seedbed and the freshly plowed soil usually contains enough moisture for rapid seed germination. On the other hand conventional seedbed
preparation often hastens soil drying so much that the corn germinates
slowly unless it rains.
(III) Better Weed Control. Except in the corn row the loose soil dries out
and delays weed growth so that cultivation usually is unnecessary until
the corn is 8 to 12 inches tall.
The use of herbicides to control all weed growth without any cultivation
is increasing. However, caution should be advised in using such herbicides
with conventional soil tillage methods. Widespread use of this practice
may well cause increased soil erosion because growth of late summer weeds
is prevented thus leaving the soil relatively unprotected during the late
summer and fall.
(IV) Planting Time and Costs Are Cut. Elimination of discing and
harrowing and reducing the number of cultivations cuts field and labor
costs on the average by about $4 to $7 per acre.
(V) Sod Cover and Manure Well Used. In Wisconsin corn is usually
planted on fields that have been in hay or pasture. If this sod is left until
corn planting time it will provide cover for a longer period of time thereby
reducing erosion hazards and also more green manure. This also helps to
dry and warm wet soils because vegetation will use much more water than
evaporates from bare soil. Barnyard manure may be spread until planting
time and when plowed under will decompose rapidly releasing plant nutrients
for the crop's use.
Grower Experience. A survey of 325 corn growers (100 in 1957, 225 in
1958) who wheel track planted corn in 1957 and 1958 indicated that about
15 per cent had been wheel track planting at least four years. About two
thirds of the growers worked their land before plowing, and one third
attached a leveling implement to the plow. The average time elapsed
between plowing and planting is given in the following table.
TABLE 2. Average time elapsed between plowing and wheel track planting as indicated by surveys of 325 farmers who wheel track planted corn in 1957 and 1958.
Hours
Elapsed

0-3

3-6

6-12

12-24

24-48

Of Total
Reporting

22%

oo

15%

21%

6%

/0

Over 48
O 0/

« /o

Approximately half of the growers used chemical weed control and 85
per cent did not cultivate more than twice. In spite of the extremely dry
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weather in 1958, 92 per cent of the 225 growers reporting were satisfied with
their corn yield and 97 per cent indicated they would wheel track plant in
1959.
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SUMMARY

Wheel track corn planting is a simple w a y for growers to provide an
excellent seedbed formed b y t h e wheel tracks, a n d an excellent rootbed
formed b y the loose soil between the wheel tracks. Rapid seed germination
results from this firm seedbed. Contour wheel tracks increase depression
storage a n d t h e loose soil between t h e rows absorbs rainfall more rapidly,
t h u s reducing soil a n d water losses.
Herbicides applied a t planting time reduce t h e number of cultivations
needed, and thus b y going over the field three times, once for plowing, once
for planting a n d once for cultivation t h e corn crop will be grown. Soil
structure and organic matter t h a t has developed during t h e years that t h e
field has been in sod will not be destroyed by needless tillage, t h e infiltration
rate of the soil will be maintained and t h e physical condition of the soil and
its productivity will improve.
RÉSUMÉ

E n plantant le maïs dans les traces laissées par les roues des machines
agricoles, les fermiers obtiennent d'une manière très simple une excellente
couche de semis légèrement compactée et u n e excellente couche d'enracinement dans les bandes meubles entre les traces. Cette couche de semis
compactée favorise une germination rapide, les traces qui suivent les courbes
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de niveau font que plus d'eau s'emmagasine dans les dépressions de terrain
et le sol meuble entre les lignes absorbe plus rapidement l'eau de pluie,
ce qui réduit à la fois les pertes en eau et en sol.
L'application d'herbicides lors de la plantation réduit le nombre de binages
nécessaires, de sorte que trois passages, soit un labour, un semis et un binage,
suffisent pour assurer une récolte de maïs. La structure du sol qui s'est
améliorée et la matière organique qui s'est accumulée pendant les années
de repos sous couvert herbacé ne seront donc point détruits par des labours
superflus, le taux d'infiltration du sol sera maintenu et sa condition physique
ainsi que sa productivité seront accrues.
ZUSAMMENFASSUNG

Das Auspflanzen von Mais in der Radspur ist ein einfaches Mittel für
den Pflanzer um ein vorzügliches Saatbeet, durch die Truckräder gebildet,
und einen vorzüglichen Bewurzelungsboden zwischen den Radspuren,
zugleich darzustellen. Auf dem festen Saatbeet keimt die Saat schnell.
Läuft die Radspur den Höhenlinien entlang, so erhöht dies die Wasseraufnahme in den niedrigen Stellen; auch der lose Boden zwischen den Reihen
absorbiert den Regen schneller; somit werden Boden- und Wasserverluste
vermindert.
Herbiziden, gleich beim Auspflanzen mit angewendet, verringern die
Anzahl nötiger Feldgänge und beschränken diese auf drei, nämlich einmal
zum Pflügen, einmal zum Auspflanzen, einmal zur Ernte. Die Bodenstruktur
und die organische Substanz während der Zeit, dass das Feld in Brache
liegt, gebildet, werden nicht durch unnütze Bodenbearbeitung zerstört, die
Wassereinsickerung in den Boden bleibt erhalten und der physische Zustand
des Bodens, sowie seine Produktivität, wird erhöht.

•
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THE USE OF CHARCOAL AS A SOIL
CONDITIONER
by
BALWANT RAI PURI AND O. P. MAHOJAN

Department of Chemistry, Punjab University, Chandigarh, India.
It has been shown by the senior author and collaborators in recent
publications (4—8) that Charcoal, on account of the existence of a surface
layer of carbon dioxide, behaves as a weak colloidal acid or acidoid — to
use Michaelis terminology — and undergoes surface ionisation in water as
O - C 0 2 + H 2 0 ^ O - C O 3 " J 2H+
where the circle represents the Charcoal surface and - C a surface carbon
atom. The hydrogen ions, being directed towards the liquid phase, can
bring about neutralisation of alkalies in stoichiometric amounts in accordance with the equation,
O - C O 3 " \ 2H+ + 2MOH ->• 0 - C 0 3 " \ 2M+ + 2H 2 0
and the cations (M) which replace hydrogen ions can be exchanged for
other ions by suitable treatments, as in the case of zeolites, permutites,
soils etc. The base-adsorption or cation exchange capacity of Charcoal
can be increased in proportion to the amount of the C0 2 — complex that
can be built upon its surface by a suitable process of chemisorption of
oxygen. It has been possible now to work out a process which enables the
preparation of a variety of Charcoal with a high cation exchange capacity
of over 1,000 milli-equivalent/100 g. from readily available sources at a
cost of about Rs. 7.0 per kilogram (1$ = 4.75 Rs). Its percentage composition is: C, 64.4; H, 2.1; O, 30.8; Ash, 2.7.
Its surface area as calculated from water adsorption isotherms (2) is
nearly 445 m2/g. It can neutralise sodium hydroxide, potassium hydroxide
and barium hydroxide to the extent of about 1,040 m.e./100 g. when
shaken with these solutions for a few hours. It can take up 464 m.e. of
ammonia when treated with aqueous solution and 825 m.e. when gaseous
ammonia is led over it at a slow rate (1 litre/hr.) and the system is kept
cooled by a current of iced water. The cooling is necessary because otherwise,
due to the heat of neutralisation of the charcoal acidoid, the material
gets heated to temperatures well above 400° at which the C0 2 complex,
exclusively responsible for the acidic properties of charcoal, escapes.
It is this Charcoal with which we have treated a few soils in some laboratory experiments described below.
EXPERIMENTAL

Soils. Six different soils with cation exchange capacities varying from
14 to 25 m.e. were taken. A portion of each soil was converted into H-soil
while another portion was converted into Na-soil by the usual laboratory
treatments.
Charcoals. The original Charcoal which was acidic (H-Charcoal) was
converted into K- as well as Ca-Charcoal by adding to it the corresponding
carbonate, in slight excess of the acidoid value. The mixture was suspended
in water (1 : 10) and the suspension was heated under reflux for about 12
598

Vl.25
hours after which the residue was washed with C0 2 — free distilled water.
The H-Charcoal was also converted into NH 4 — Charcoal by treating it
with gaseous ammonia as described above. The amounts of potassium,
calcium and ammonium ions introduced into the charcoal complex were
determined by the usual analytical methods and found to be 850, 872 and
825 m.e./100 g. respectively.
Interaction between soils and Charcoal. The H-soils were treated with
K-, NH4-, and Ca-Charcoals while the Na-soils were treated with H- and CaCharcoals. To 1.5 g. portions of the soils increasing amounts of the Charcoals
were added. In one set of experiments, the materials were mixed in 1 : 10
water suspensions while in another set of experiments no water as added at
all. The materials contained only hygroscopic moisture. In a third set of
experiments even this hygroscopic moisture was removed by drying the
materials in an air-oven (110°) before mixing. Each soil-Charcoal mixture
was shaken for about 48 hours and then separated into its constituents by
dropping into a liquid column of methyl iodide (density 2.2) where the
heavier soil particles settled down and the lighter charcoal particles remained floating. The pH values and the amounts of the various cations
introduced into the soil complex were then determined by suitable methods
(3).
RESULTS

All the soils showed similar behaviour. Therefore the results obtained
with one soil only are reported here.
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Fig. 1. pH titration curves of Na-soil with H-Charcoal in dried state as well as in
excess of water.
The pH-titration curves of a sodium soil with H-, and Ca-Charcoal are
presented in Fig. 1 and 2. It is seen that the pH value of the soil particles
falls appreciably as a result of the treatment, the effect being more with
H- than with Ca-Charcoal. It is interesting to note that the reaction involving Na+—H+ and Na+—| Ca++ exchanges can take place at the surface
599

Vl.25

- A

OVEN

- #

AIR

DRIED
DRIED

WATER SUSPENSION
( i t t o RATIO)

û 04

0 08
AMOUNT

0-2
OF

0-16

CHARCOAL

ADDED

TO

0 20
SOIL ( ^ / ' S i )

Fig. 2. pH titration curves of Na-Soil with Ca-Charcoal in dry state as well as in
excess of water.
of these two solids even when they are in oven-dried states. This shows high
polarity and activity of their surfaces. The presence of a small amount of
hygroscopic moisture enhances the magnitude of the exchange reaction
and that of free water does so to a still larger extent.
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Fig. 3. pH titration curves of H-soil with NH 4 -Charcoal in dry state and with
K-charcoal in dry state as well as in excess of water.
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The titration curves of a H-soil with K-, NH 4 - and Ca-Charcoals are
plotted in Fig. 3 and 4. The pH value of the soil particles rises on the
successive additions of the charcoals, more with K- than with Ca-Charcoal,
the effect being fairly well pronounced even in the dried samples.
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Fig. 4. pH titration curves of H-soils with Ca-Charcoal in dried state as well as in
excess of water.
The amounts of potassium, calcium and ammonium ions introduced into
the H-soil after treatment with increasing amounts of the corresponding
forms of Charcoal are presented in Table 1. It is seen that while originally
this soil had none of these cations, it has an appreciable amount after
treatment with the Charcoal. The amount of each cation increases with
increase in the amount of+the
Charcoal added. In the presence of free water,
the soil can take up Ca + as well as K + to about the extent of its total
cation exchange capacity. The transference of the ions is appreciable even
in the absence of water. The soil appears to take up considerable amounts
of ammonia as well.
Similar results were obtained when an alkali soil was treated with CaCharcoal. One of the alkali soils, for instance, contained 19 m.e. of Na.
On treatment with increasing amounts of Ca-Charcoal it was possible to
introduce Ca in place of Na to the extent of 17 m.e. in the presence of water
and 14 m.e. in its absence. Similarly the treatment of Na-soils with HCharcoal showed a gradual decrease in sodium content of the soil.
It is seen on reference to Table 2 that the aggregate of (i) the calcium
ions transferred to the soil and (ii) the calcium ions retained by the Charcoal
is almost equal to the amount of the calcium ions originally contained in the
Charcoal, in every case, irrespective of the nature of the soil or the condition of the experiment. Similar results were obtained for the transference
of K+ from K-Charcoal to H-soil.
It is evident from the data presented above that Charcoal with a suitable
cation in its exchange position can be used as a soil amendment. The fact
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TABLE 1. Amounts of Calcium, Potassium and Ammonia introduced into a H-soil on treatment with increasing amounts of Charcoals.
Base adsorption capacity of soil = 25.0 m.e./100 g.

Amount of
Charcoal
added to
the soil
(g./l-5 g.)

0.008
* 0.020
0.040
0.080
0.140
0.200
0.300

Amount of Calcium introduced in the soil
complex (m.e./100 g.)

Adsorbents
suspended
in water
4.50
8.00
12.20
17.90
22.90
23.60
24.00

Adsorbents
Adsorbents
in oven-dried
in air-dried
state. No
state. No
water is added water is added
4.25
7.00
11.10
15.00
18.00
19.90
21.00

4.05
6.83
10.06
13.90
17.80
19.00
19.60

Amount of Potassium introduced in the soil
complex (m.e./100 g.)

Adsorbents
suspended
in water
2.93
6.80
11.20
14.80
19.84
21.40
22.20

'Amount of Ammonia introduced in the soil
complex (m.e./
100 g.)

Adsorbents
Adsorbents
Adsorbents
in oven-dried
in air-dried
in air-dried
state. No
state. No
state. No
water is added water is added water is added
2.80
6.00
9.60
12.80
15.40
17.20
17.80

2.65
2.85
3.80
6.75
7.60
8.30
8.60

2.00
5.30
8.50
11.47
13.55
14.80
15.03

TABLE 2. Amounts of Calcium introduced into soil complex and amounts retained on Charcoal surface after the treatment.
Na-soil and Ca-Charcoal

H-soil and Ca-Charcoal
Amount
of
Charcoal
added
to the
soil
(g./i-sg)

Amount
of
Calcium
present in
Charcoal
(m.e./lOOg.
soil

0.008
0.020
0.040
0.080
0.140
0.200
0.300

4.662
11.656
23.312
46.625
84.410
116.375
175.000

Adsorbents suspended
in water
Amount of Amount of
Calcium
Calcium
introduced
retained
in the soil on Charcoal
complex
surface
(m.e./lOOg) (m.e./lOOg)
4.50
8.00
12.20
17.90
22.90
23.60
24.00

0.10
3.20
10.95
27.87
60.75
91.26
146.00

Adsorbents in air-dried
state
No water is added
Amount of Amount of
Calcium
Calcium
introduced
retained
in the soil on Charcoal
complex
surface
(m.e./100 g) (m.e./100 g)
4.25
7.00
11.10
15.00
18.00
19.90
21.00

0.32
4.15
12.00
30.75
64.73
95.30
150.80

Adsorbents suspended
in water

Adsorbents in air-dried
state
No water is added

Amount of Amount of
Calcium
Calcium
introduced
retained
in the soil on Charcoal
complex
surface
(m.e./100 g) (m.e./lOOg)

Amount of Amount of
Calcium
Calcium
introduced
retained
in the soil on Charcoal
complex
surface
(m.e./lOOg) (m.e./100 z)

4.00
7.90
11.10
15.00
17.10
17.70
18.00

0.35
3.47
12.05
30.20
65.65
96.10
148.83

3.90
6.00
9.20
12.00
15.30
16.10
16.60

0.40
5.35
13.87
33.63
67.70
98.25
154.77
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that the mutual transference of cations from Charcoal surface to soil
surface can take place even in the absence of water is of some significance
as it shows that Charcoal can be used as an amendment even at places where
there is scanty rainfall or inadequate supply of irrigation water. The amount
of Charcoal required to be added depends upon the nature of the soil as well
as upon the nature of the exchange reaction involved. From the laboratory
experiments reported above, for instance, it appears (Fig. 1) that the amount
of H-Charcoal required to lower the pH value of a fully saturated alkali
soil, containing 25 m.e. of exchangeable sodium, to the neutral point, is
only 0.5 per cent on the weight of the soil if some free water is present and
about 1.7 per cent if no water is present. The amount of Ca-Charcoal required to be added to Na-soil to replace half of exchangeable sodium by
calcium is seen (Table 2) to be about 2.3 per cent in the presence of water.
Similarly, the amount of Ca-Charcoal and K-Charcoal required to saturate
H-soil to the extent of about 50 per cent of its total cation exchange capacity
is seen (Table 1) to amount to about 2.5 per cent of the weight of the soil.
In these experiments the soil and Charcoal were allowed to remain in
contact with each other for about 2 days only. A longer period of contact
may perhaps further shift the equilibrium point and therefore relatively
small amounts of the charcoal may be needed. In any case the cost involved
in the improvement of alkali soils by H-Charcoal or Ca-Charcoal is likely
to be much less than that involved in the use of gypsum or sulphuric acid
or an acid salt like ferrous sulphate or alum. Further, the addition of gypsum
or mineral acids requires excessive irrigation to leach out soluble salts like
sodium sulphate, formed in the process. This further adds to the cost of
reclamation. If Charcoal is used, no soluble salts are formed and no leaching
is necessary. Moreover, a careful examination of Table 2 shows that CaCharcoal even after its interaction with Na-soil retains appreciable amounts
of exchangeable Ca. This should prevent any early possibility for the reappearance of Na-soils, i.e., for the reconversion of Ca-soil into Na-soil.
It may be added that H-Charcoal could also neutralise sodium carbonate
to the extent of 730 m.e. at ordinary temperatures. It appears, therefore,
that alkali soils containing free sodium carbonate need only a little extra
amount of H-Charcoal for their de-alkalization. No soluble salts are formed
and no leaching is necessary.
The results also indicate that acid soils can be amended by treatment
with Ca-Charcoal or K-Charcoal. It is reported (2) that in an ideal soil the
ion population should consist of Ca, 65 per cent; Mg, 10 per cent; K, 5
per cent; and H, 20 per cent. In view of the results presented in this paper
it appears quite probable that this (or any other) state of affairs can be
approached by incorporating into the top soil the requisite amount of the
appropriate type of Charcoal.
• Further, since the Charcoal can take up ammonia to the extent of 825 m.e.
/100 g. as mentioned earlier and as this amount represents about 11.5 per
cent of nitrogen, the use of ammoniated Charcoal as a manure in preference
to ammonium sulphate, which apart from its cost involves the addition of
sulphate ions to soil, deserves some careful consideration.
Another possible use of Charcoal with Ca in exchange position is in
raising the calcium status of irrigation waters. Two samples of water
containing 1000 and 1500 p.p.m. of sodium chloride were allowed to percolate through 10 g. Ca-Charcoal bed at a flow rate corresponding to about
54 gallons/sq.ft./hr. It was found that there was an effective removal of
sodium ions from solution as a result of their exchange with calcium ions
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which were brought into solution. But the amount of t h e exchange reaction
decreased with time on account of t h e difficulty of t h e replacement of
calcium ions b y sodium ions.
However, it was interesting t o note that when 4 litres of the first water
and 3.5 litres of the second water had passed through 10 g. Charcoal bed
at t h e above-mentioned rate, the ratio of Na+/£ C a + + in water remained
well below 2 which is generally regarded as a safe limit in most cases. T h e
process is quite economical as it was observed that t h e Charcoal column
could be 'regenerated' on a single leaching with 100 ml. of a very dilute
solution (0.04 N) of calcium chloride.
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SUMMARY

Charcoal of a high cation exchange capacity can be prepared a t a very
low cost from readily available sources b y suitable treatments. I t can b e
made t o have H + , N a + , K+, N H 4 + or Ca++ or a n y other common cation
at its surface to the extent of 800—1000 m.e./100 g. The treatment of sodium
soil with H-Charcoal lowers its alkalinity considerably. T h e treatment
with Ca-Charcoal results in t h e transference of appreciable amounts of
Ca + + -ions t o the soil complex in exchange for its Na+. Similarly, the treatment of H-soil with K-, and Ca-Charcoals raises its p H value and results in
the transference of K+ and Ca++-ions to the soil in exchange for its H+.
The transference of ions can take place even when no water is added and
the materials are in air-dried or oven-dried states. T h e amount of t h e
reaction, however, is larger in the presence of water. The amount of Charcoal
required t c be added for the amendment of alkali or acid soils is quite small.
The use of H-Charcoal or Ca-Charcoal in the improvement of alkali soils is
indicated. Its advantages over the use of gypsum or an acid or an acid salt
have been pointed out. H-Charcoal can neutralise free alkali due t o t h e
presence of Na 2 C0 3 in soil moisture as well. The possibilities of using N H 4 Charcoal as a manure a n d Ca-Charcoal for increasing t h e calcium status of
irrigation waters have been discussed.
RÉSUMÉ

Une préparation appropriée permet de fabriquer à peu de frais et à
partir de matières premières faciles à trouver, u n charbon de bois doué
d'une capacité d'échange pour cations élevée. On peut le préparer de telle
sorte qu'il porte à sa surface jusque 800—1.000 meq/100 g d'ions H, N a ,
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K, N H 4 ou Ca ou de n'importe quel autre cation. Mélangé à un sol sodique,
un charbon H en diminue considérablement l'alcalinité. Un apport de charbon
Ca donne lieu à un échange de quantités importantes d'ions Ca contre les
ions Na du complexe adsorbant du sol. Traiter un sol H par des charbons
Ca ou K, augmente son p H et donne lieu à un échange d'ions K et Ca du
charbon contre les ions H du sol. Cet échange d'ions a lieu même quand on
n'ajoute pas d'eau au sol et quand les échantillons sont séchés à l'air ou à
l'étuve. La réaction est toutefois plus prononcée en présence d'eau. La
quantité de charbon requise pour améliorer des sols à alcalis ou des sols
acides est assez petite. L'utilisation de charbons H et Ca est indiquée
pour améliorer les sols à alcalis: leurs avantages par rapport au gypse, aux
acides et aux sels acides ont été indiqués. Le charbon H peut aussi neutraliser
l'alcalinité libre due à la présence de Na 2 C0 3 dans l'eau du sol. Finalement la
communication discute la possibilité d'utiliser le charbon N H 4 comme engrais,
et le charbon Ca pour augmenter les teneurs en Ca des eaux d'irrigation.
ZUSAMMENFASSUNG

Holzkohle mit hohem Kationenaustauschvermögen kann mit geringen
Kosten aus leicht zugänglichen Quellen durch geeignete Behandlungen
dargestellt werden. Man kann sie bereiten mit einer Oberflächenbedeckung
von H+, N a + , K+, NH 4 + oder Ca++ oder irgendein anderes Kation bis zu
800—1000 m.e./100 g. Behandlung von Na-Boden mit H-Holzkohle erniedrigt die Alkalinität erheblich. Behandlung mit Ca-Holzkohle führt
ansehnliche Mengen Ca++-ionen in Tausch gegen seine Na+-ionen in den
Bodenkomplex ein. Ebenso erhöht die Behandlung von H-Boden mit Kund Ca-Holzkohle das p H durch Eintritt von K+ und Ca++ gegen Austritt
von H+. Die Übertragung von Ionen kann sogar stattfinden, wenn kein
Wasser zugefügt wird und das Material lufttrocken oder ofentrocken ist.
Die Reaktionsmenge ist immerhin grösser in Gegenwart von Wasser.
Die Menge Holzkohle welche man zur Verbesserung von Alkali- oder
sauren Böden benötigt, ist recht klein. Angewiesen ist der Gebrauch von
H-Holzkohle oder Ca-Holzkohle zur Verbesserung von Alkaliböden; diese
Behandlung ist gegen den Gebrauch von Gips oder einer Säure oder eines
sauren Salzes erfahrungsmässig im Vorteil. H-Holzkohle kann freies Alkali
infolge vorhandenen Na 2 C0 3 im Bodenwasser ebenfalls neutralisieren. Die
Möglichkeit NH 4 -Holzkohle als Dünger zu benutzen, sowie Ca-Holzkohle
zur Erhöhung des Ca-Gehalts von Bewässerungswassern werden besprochen.
DISCUSSION

R. S. DYAL: Various people in the U.S.A. have shown an interest in the use
of Charcoal for increasing crop yields. I%ve you conducted field trials? And,
if so, have you experienced increased crop yields on the addition to soils?
B. R. PURI: As I have already mentioned, the experiments so far have been
confined to laboratory only. It is for the first time that a material of such a
high cation exchange capacity has been prepared at such a low cost as Rs.
6.75 per 100 kilos. The results show that cation exchange reactions can readily
take place at the Charcoal-soil interface. It is proposed to extend some of the investigations to semi-field or field conditions now.
R. BRADFIELD: What is the price of Charcoal in India?
B. R. PURI: It is not ordinary charcoal which has been described in this
paper. It is a highly activated form, and contains over 30 per cent oxygen.
The process of activation involves the chemisorption of the gas which considerably enhances its cation exchange capacity. The cost of the manufacture
under the existing conditions should be about Rs. 6.75 per 100 kilos, in India.
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I N F L U E N C E S O F SOIL COMPACTION ON CROP G R O W T H AND

DEVELOPMENT *
by
E.

P. ADAMS, G.

R.

BLAKE, W.

P. MARTIN AND D.

H.

BOELTER * *

Increased weight of equipment and 'traffic' due to ease of tillage with
modern machines have increased the problem of soil compaction. These
trends appear in the face of researches showing t h a t minimum seedbed
preparation (6) and minimum cultivation (1) usually give as high crop
yields as any greater amount. Some of the effects of compaction on cover
crops have been studied (3), though there is generally little specific information available.
Many field studies of soil structure in the past have included confounding
with other variables such as rotation, organic m a t t e r additions, fertilizer
treatment or amount of erosion.
The purpose of this study was to effect sudden and deliberate soil packing
just before planting, to observe its effects on plant population and vigor,
and on quality and yield of crops. This procedure minimized, though
undoubtedly did not eliminate, chemical and microbiological effects.
SOILS, CROPS AND PLOT DESIGN

Experiments were established on Bearden silty clay loam and Waukegan
silt loam. Two soil types were used not for the purpose of studying differences between them but to include a variety of crops on adapted types.
Bearden silty clay loam is an intrazonal, calcium carbonate salonchak of
lacustrine origin. The plot site had a p H of 7.6, organic m a t t e r content of
8.5 % . Waukegan silt loam is formed on a glacial outwash terrace. I t is
underlain by coarse textured material beginning at 30—48 inches. The
plot soils had a p H of 5.6 and an organic m a t t e r content of 4.7 % .
Corn was grown on Waukegan silt loam one year prior to establishing the
plots and during two years of the experiment. The soil was spring plowed.
Plot design was a randomized block with four packing treatments. Each
main plot was split for two fertilizer levels. Main plots were replicated four
times.
On Bearden silty clay loam, sugar beets, potatoes, wheat-sweet clover, and
clover-fallow were grown in rotation, each crop appearing each year in a
randomized block design with 6 replicates. The soil was plowed in J u n e
and fallowed the remainder of the summer preceeding sugar beets. Seedbed
preparation for other crops was done in the spring with a heavy frame cultivator with sweeps. Plowing was done only once in the rotation, in J u n e of
the clover-fallow year.
* Paper No. 1050 of the Scientific Journal Series, Minnesota Agricultural
Experiment Station. Part of the data in this paper are from an M.S. thesis
by the senior author. The study was supported in part by NC-17 Regional
Research Funds.
** Former Research Assistant, Associate Professor, Department Head and
former Research Assistant in soils, University of Minnesota respectively. The
authors acknowledge assistance from R. M. Dennistoun, Agricultural Experiment Station, Rosemount, and from D. B. Ogden, and the American Crystal
Sugar Company.
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EXPERIMENTAL TREATMENTS

Packing treatments on Bearden silty clay loam consisted of packing of
the soil surface with a partly loaded truck just before planting in 1957 and
1958 so that the whole soil surface was covered. The truck had a rear axle
load of 15,000 pounds on dual wheels. This represents a static force per square
inch of around 120 to 140 pounds (8.4 to 8.9 Kg.Cm. - 2 ). The exact calculated force per unit area depends on the area of contact, a difficult quantity
to estimate. In 1955, the first year of the experiment, packing was done with
a tractor with a static force of 2800 pounds on the rear axle. This gave an
estimated force per square inch of 15 pounds (1.05 Kg.Cm. - 2 ).
There were four packing treatments on Waukegan silt loam: surface
packing, packing the bottom of each plow furrow (subsurface packing), both
surface and subsurface packing, and no packing. Surface packing was done
with a loaded truck with dual wheels having a rear axle weight of 7400
pounds in 1957 and 12,100 pounds in 1958. These represent static forces
per square inch of 60 to 120 pounds (4.2 to 8.4 Kg.Cm. - 2 ) depending on
the year and the estimated contact area.
Plow furrow packing (subsurface packing) was done with a specially
designed sheepsfoot roller. This was a tractor-mounted rear wheel made of
steel and concrete with iron lugs 3 inches diameter by 3 inches long. When
mounted on the tractor, this wheel had a static weight of 5530 pounds.
Two passes with this packing wheel were made in each plow furrow so as
to pack the soil below 20 cm., leaving it loose above. A maximum static
force per square inch of 800 pounds (56.2 Kg.Cm. - 2 ) was possible if one lug
supported the tractor weight. In use, soil partly filled the 30 cm. spaces between lugs thus increasing the bearing area and decreasing the force to perhaps between 100 and 200 pounds (7 to 14 Kg.Cm." 2 ).

I
TABLE 1. Packing effects on Bearden silty clay loam as shown by soil physical
measurements.
Not
Packed

Packed

Level of f
significance

1957
Aggregation, %
Bulk density, gr.cc2- 1
Air permeability, /*
Porosity at 60 cm. suction,
%
Penetrability, lbs. inch - 2
15 cm. depth
25 cm. depth

15.8
1.02
54.1
14.9
916
935

16.0
1.17
12.8
8.4
1160
1175

N.S.

**
*
**

**
**

1958
Aggregation, %
Bulk density, gr.cc. -1
Air permeability, /i2
Porosity at 60 cm. suction, %
Cloddiness ratio ft
Penetrability, lbs. inch - 2

11.4
1.06
5.56
13.6
0.42
54

9.9
1.16
1.26
9.4
0.57
105

N.S.
**
N.S.
••
*
**

f N.S., not significant at .05 level; * significant at 0.05 level; **significant
at 0.01 level.
ft Ratio of clods to fines determined with 8 mm. sieve.
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RESULTS

Effect of packing on soil properties:
Deliberate surface packing of Bearden silty clay loam was easily detected
by measurements made during the growing seasons as shown in Table 1.
Even with relatively light packing in 1955, penetrability was noticeably
affected to the 30 cm. depth. Packing did not singnificantly affect aggregate
stability. Bulk density, air permeability, porosity at 60 cm. suction and penetrability were all significantly changed. Cloddiness was increased in the
single year it was measured.
On Waukegan silt loam in 1957, packing treatments gave only a slight
and non-significant decrease in 60 cm. porosity and increase in bulk density.
In contrast, similar packing gave highly significant differences in physical
properties in 1958, though yield effects were approximately equivalent in the
two years. Figure 1 shows physical properties averaged for two years with
values on the ordinates condensed to equate ranges of individual properties.
It is apparent from figure 1 that surface packing was largely confined to the
surface soil.
If an explanation is sought in the data in table 1 and figure 1 for yield
decreases, and for growth and quality effects on crops, it seems significant
FIGURE I.

SOIL PHYSICAL PROPERTIES ON VARIOUSLY
PACKED WAUKEGAN SILT LOAM, 1 9 5 7 - 5 8
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that porosity was reduced to below threshold levels for gaseous diffusion.
It has been shown that diffusion may approach zero in some soils at porosities below 10 to 15 % (2, 7). On Bearden silty clay loam (table 1) deliberate
packing reduced easily drained pores to 8.4 and 9.4% in the two years; on
Waukegan silt loam 60 cm. porosities of just over 5 % were found at the
17—25 cm. depth on subsurface packed soil in 1958. That air movement
was greatly restricted is also shown by the low air permeabilities particularly
on Waukegan silt loam.
Crop Stand, maturity and yield
Plant population counts on corn, potatoes and sugar beets were made in
two years. Sugar beet counts at harvest were unaffected by packing treatment. If stand differences existed, they were equalized by hand thinning.
Potato plant populations were not significantly affected by packing.
Corn population was reduced by surface packing. In 1958 a highly significant reduction from 20.3 to 17.4 x 103 per acre was found. It may also
have occurred in 1957 if seed exposed at the soil surface after planting had
not been hand covered. In both years with corn, however, an excessive population was planted and thinned after emergence to remove the population
bias for yields. Subsoil packing had no effect on population. Total harvestable ears of corn was significantly lower, however, in 1958 on surface
packed plots. In view of the stand equalization after emergence, it is
assumed that compaction caused either dying or barrenness of stalks
during the growing season.
In 1957 there appeared to be delayed emergence of many corn plants on
surface packed plots. Careful observation in 1958 showed emergence was
delayed a few days on most, but not all, corn plants. By tagging those plants
which emerged the same day on packed and non-packed plots, and by harvesting them separately, the following deductions were made: (1) Packing
slowed emergence. (2) Overall moisture content of corn at harvest was higher on packed plots (3) The delayed maturity was accounted for by delayed
emergence which may have had a secondary effect on growth before harvest.
TABLE

2. Surface soil packing and crop yields, Bearden silty clay loam.
Not Packed

Packed

Significance!

143.9
37.6
1.8
21.8

N.S.
**
*
N.S.

75.2
51.6
55.8
2.2
15.7

**
**
*
N.S.
**

1957
Potatoes, Pontiac, Bu./A.
Wheat, grain, Bu./A.
Wheat, straw, tons/A.
Sugar Beets, tons/A.

165.0
43.4
2.2
23.5
1958

Potatoes, Pontiac, Bu./A.
Potatoes, Early gem, Bu./A.
Wheat, grain, Bu./A.
Wheat, straw, tons/A.
Sugar Beets, tons/A.

342.4
218.9
60.3
2.4
19.7

t N.S. = Difference not significant at .05 level, * and ** significant at 0.05
and 0.01 level, respectively.
Effects of soil packing on crop yields are shown in table 2 and figure 2.
For the two years' reductions for surface packing averaged 54 % for potatoes, 13 % for wheat and sugar beets, and 7.5 % for corn. Subsurface
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packing affected corn yields less than surface packing, but zone of packing
was additive, so that greatest yield reduction was from surface plus subsurface packing.
A comparison of figures 1 and 2 indicates that yields do not follow physical properties at either the 2.5 to 10 cm. depth or the 17.5 to 2.5 cm.
FIGURE

2.

PACKING, FERTILIZER LEVEL AND CORN
YIELD, WAUKEGAN SILT LOAM, 1 9 5 7 - 5 8

88 1

,

None

Subsurface

Surface

Surface +
Subsurface

SOIL PACKING TREATMENT

depth. There is, however, a good relation between yields and a resultant
of physical properties at the two depths. Insufficient variâtes precluded
a statistical treatment.
Fertilizer responses were independent of packing treatment in 1957.
There was a fertilizer X compaction interaction in 1958, fertilizer giving
a greater response on subsoil packed plots than on either the check or
surface packed treatment. No explanation for this is offered. Further
experiments shall be required to establish it as a general conclusion.
Some differences in yield response as well as in physical properties
were noted between the two years data shown in figures 1 and 2. It was
impossible to intelligently ascribe reasons for these differences with only
two years data. Liberty is taken in showing averages for the two years
though it is recognized that slightly different responses might be expected
in different years.
Compaction and Crop development, vigor and quality.
Vigor of potatoes and corn was noticeably reduced by soil surface packing.
This persisted all season. Packing was less severe, but readily apparent,
on wheat. It was hardly noticeable on sugar beets.
Packing increased sugar beet sprangling (table 3) both as a weight and
number percentage. This did not significantly affect sucrose percentage
for treatment, though percentage for sprangled beets was lower than for
non-sprangled beets (table 3) as would be expected (5).
Depth of potato tubers was decreased by soil packing. Measurements from
a surface, formed by leveling ridges and furrows, showed that depths to
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TABLE 3. Packing, sucrose percent, and sprangling of sugar beets.
1 Not Packed

Packed

Significance f

19.3
19.0
14.6

34.9
36.2
14.5

**
**
N.S.

15.3
18.2
17.6
17.9

38.5
41.5
17.6
17.7

**
**

1957
Number sprangled, percent
Weight sprangled, percent
Sucrose, percentage
1958
Number sprangled, percent
Weight sprangled, percent
Sucrose percentage, sprangled
Sucrose percentage, not sprangled

t N.S. = Difference not significant at 0.05 level; **, significant at 0.01 level.
tuber centers averaged 7.2 and 9.4 cm. in packed and non-packed soils,
respectively (table 4). This probably accounts for the greater number of
tubers cut by the mechanical harvester, also shown in table 4. Cutting
could probably be avoided in field practice b y deeper digging. The disadvantage of this in terms of h i g h e r d r a f t o n the harvester would
probably be overcome by the loose soil on non-packed plots. There are
two possible reasons for greater tuber depth on .non-packed plots: (a)
Packing discouraged deep rooting and tuber set and (b) seedpiece depth
varied at planting. Particular care was taken to avoid varying the depth
of seedpiece. It is therefore believed that packing effected the differences
shown.
TABLE 4. Effect of compaction on Pontiac potato tuber set, harvest damage and
specific gravity.

Packed
Not Packed
Significance f

Depth of
tuber set,
cm

Tubers
cut by
digger l

Number
tubers
set '

Specific
Gravity
Tubers 2

7.2
9.4

4.2
17.7

80.2
75.5
N.S.

1.063
1.070

**

**

1
8

Number tubers in harvested sample.
Average for 1957 and 1958; significant both years.
f See Table 1 for explanation.
Numbers of tubers larger than about 1 cm. diameter were the same
on both treatments (table 4). This leads to the conclusion t h a t packing
had no effect on tuber set, but rather yield differences resulted from growth
and development of the tubers.
Specific gravity of tubers was found to be highly significantly affected
b y treatment in each of two years measurements were made, (table 4).
Though it is not shown in table 4, two varieties, grown in 1958, both had
lower specific gravities on packed plots.
The exact cause or causes of the lowered specific gravity of potato tubers
on packed plots is unknown. Any factor affecting physiological maturity
a t harvest could account for the result (4). Thus, delayed emergence or
retarded growth could be factors. Furthermore, daytime soil temperatures
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near developing tubers might have been higher on packed plots for three
reasons: (1) packing increases heat conductance of the soil; (2) packing
resulted in less aerial foliage, thus exposing more soil to radiation; (3) tubers
developed nearer the soil surface on packed plots. Daytime temperatures
a t tuber depth would thus be expected to be higher. There is the possibility
t h a t other factors associated with packing could also have caused t h e
differences in tuber specific gravity.
No effect of packing on percentage of misshaped potato tubers was
found. There was a variety difference, b u t no variety x treatment interaction.
Single year observations of packing effects on scab and silver scurf of
potato tubers gave no indication of a treatment effect. Further observations
would undoubtedly be needed, however, for conclusive proof of this finding.
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SUMMARY

Field plots were deliberately packed prior to planting sugar beets,
potatoes, corn and wheat. Treatments included: (1) surface packing,
(2) packing in plow bottom (subsurface) (3) subsurface plus surface packing
and (4) no packing.
Potato yields were lowered 54 % , sugar beets 13 % , wheat 13 % , and
corn 7.5 % b y surface packing. Subsurface plus surface packing reduced
corn yields from 84.5 to 72.2 bu./A., a 14.5 % reduction.
Packing increased surface soil bulk density from 1.07 to 1.19 gr.cc - 1 , reduced air space at 60 cm. water tension from approximately 15 % to 9 %
(at 20—27 cm. depth to 5.3 % ) , reduced air permeability and penetrability.
Packing doubled percent sprangled beets, did not significantly affect
sugar percentage. Potato tubers were 2.2 cm. nearer the soil surface, h a d
significantly lower specific gravities, b u t neither numbers nor scab or
silver scurf infection were affected b y packing. Corn population was decreased, b u t thinning removed this variable from yields. Corn germination
was slowed with consequent delayed maturity.
The following conclusions are made:
1. Severe packing profoundly affects crops in some years though there
m a y be a threshhold value of compaction not ordinarily exceeded b y most
conventional tillage methods in most years.
2. Continued and accumulative packing can have many effects on crops
other than yield differences, for example specific gravity of potato tubers.
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3. The data show that relationships between soil properties and crop
yield must take into account deeper soil horizons than simply the plow layer.
4. Low percentage of pores drained at 60 cm suction on packed soils
indicate that inadequate diffusion of gases during some parts of the growing
season are perhaps a major cause of the crop effects noted.
RÉSUMÉ

Les auteurs relatent une série d'expériences effectuées sur parcelles
compactées, plantées de betteraves à sucre, pommes de terre, maïs et froment. Les traitements comprenaient: (1) le compactage des couches superficielles (2) le compactage à la profondeur du socle (3) le compactage en
surface et en profondeur et (4) aucun compactage.
Suite au compactage en surface les rendements en pommes de terre
tombent de 54 %, en betteraves à sucre de 13 %, en froment de 13 % et en
maïs de 7,5 %. Le compactage en surface et en profondeur diminue les
rendements en maïs de 84,5 à 72,2 boisseaux/acre, une réduction de 14,5 %.
Le compactage augmente la densité apparente du sol de surface de 1,07
à 1,19 gr/cc -1 , réduit le volume des pores, drainés par une suction de 60 cm
d'eau, et qui auparavant était de 15 % environ, à une valeur de 9 %, et
à 20—27 cm de profondeur ce volume ne représente plus que 5,3 %. La
perméabilité pour l'air diminue et la résistance à la pénétration augmente.
Le compactage double le pourcentage de betteraves fourchues mais
n'affecte pas de façon significative la teneur en sucre. Les tubercules de
pomme de terre se trouvent 2,2 cm plus près de la surface, ont des poids
spécifiques significativement plus bas, mais ni leur nombre ni la fréquence
d'infection par gale ordinaire ou argentée ne sont influencés. Le nombre de
plants de maïs par unité de surface diminue mais il fut possible d'éliminer
cette variable de l'expérience par démariage. La germination du maïs
est retardée et cause des délais dans la maturation.
Les auteurs tirent les conclusions suivantes:
1. Certaines années un compactage sévère affecte gravement les récoltes,
mais il est possible qu'il existe une valeur-limite de compaction qui n'est
généralement pas dépassée par les méthodes de labour conventionelles la
plupart des années.
2. Un compactage continu et cumulatif peut avoir plusieurs effets autres
que les différences de rendement tels que la diminution du poids spécifique
des pommes de terre.
3. Les données obtenues montrent que les corrélations propriétés du sol;
rendement des récoltes doivent tenir compte d'une épaisseur de sol plus
grande que la simple couche arable.
4. Les pourcentages très bas des volumes des pores, drainés par une
suction de 60 cm d'eau, indiquent une diffusion inadéquate des gaz pendant
certaines périodes de la saison de croissance, ce qui peut être la cause principale des divers effets constatés sur les récoltes.
ZUSAMMENFASSUNG

Versuchsfelder wurden mit Traktoren, etc. eingedrückt bevor sie bepflanzt
wurden mit Zuckerrüben, Kartoffeln, Mais und Weizen. Die Behandlungsweisen waren: (1) Oberflächendruck, (2) Druck in der Pflugsohle (Unterboden), (3) gleich (1) und (2), und (4) ohne Druck.
Die Kartoffelerträge wurden sub (1) 54 % erniedrigt, die der Zuckerrüben 13 %, die des Weizens 13 %, und die des Mais 7.5 %; sub (3) wurden
die Maiserträge von 84.5 bis 72.2 bu/acre, also 14.5 % erniedrigt.
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Die Zusammendrückung erhöhte die scheinbare Bodendichte von 1.07
bis auf 1.19 gr. cc _ 1 ; erniedrigte die Luftkapazität bei 60 cm Saugkraft
von annäherend 15 % bis auf 9 % (in 20—27 cm Tiefe auf 5.3 % ) ; erniedrigte die Luftdurchlässigkeit und die Eindringungsgeschwindigkeit.
Die Zusammendrückung verdoppelt den Prozentsatz gegabelter Zuckerrüben, hat aber keinen merklichen Einfluss auf den Zuckergehalt. Kartoffeln
entwickelten sich 2.2 cm der Oberfläche näher, hatten ein deutlich niedrigeres spezifisches Gewicht, aber weder die Anzahl, noch Schorf, noch
andere Infektion wurde durch den Druck verändert. Die Anzahl Maispflanzen pro Flächeneinheit wurde vermindert, aber Ausdünnung verwischte dieses Schwankungsverhältnis in den Erträgen. Die Keimung
des Mais wurde verzögert und demzufolge auch die Reifung.
Folgende Schlüsse wurden gezogen:
1. Schwere Zusammenpressung beeinflusst in manchen J a h r e n die Feldfrüchte in hohem Masse, obwohl in den meisten anderen Jahren ein bestimmter Druckgrenzwert kaum überschritten werden dürfte durch die konventionellen Bearbeitungsmethoden.
2. Fortgesetzte und accumulative Druckanwendung kann allerlei andere
Einflüsse auf das Gewächs als Ertragsunterschiede haben, z.B. auf das
spezifische Gewicht von Kartoffeln.
3. Die Versuchsergebnisse zeigen, dass Beziehungen zwischen den
Bodeneigenschaften und den Ernteerträgen dahin führen, auch die tieferen
Bodenhorizonte als bloss die gepflügte Schicht dabei zu beachten.
4. Ein niedriges prozentisches Porenvolum, drainiert bis auf 60 cm
Saugkraft auf zusammengedrückten Böden, indiziert dass unangepasste
Gasdiffusion in manchen Teilen während der Wachstumszeit vielleicht ein
Hauptgrund der erwähnten Einflüsse auf die E r n t e sein könnte.
DISCUSSION

T. J. MARSHALL: Would you please discuss your results in relation to those
given earlier this morning by Dr. Peterson on row compaction?
G. R. BLAKE: I assume Dr. Marshall refers to the value that was ascribed
to packing over the seeded row.
There are at least two differences between the work Dr. Peterson reported
and the results in this study. First, Dr. Peterson packed soil only over the seed
leaving loose soil in spaces between rows. Secondly he was referring to a lesser
degree of packing — with a static load per unit area perhaps one tenth as great
as those used in these studies. Finally, I would avoid the suggestion that there
was a direct relationship between crop growth and soil packing at all levels of
packing.
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WINTER IRRIGATION TO CONTROL DROUGHT AND SOIL
OVERHEATING
by
V.

F.

SHUBIN

Agricultural Institute, Stalingrad, USSR.

Drought and its undesirable consequences are not only due to the shortage
of rainfall but also to overheating of the soil. For most crops in deserts and
semideserts the temperature of the air layer being in contact with the soil
and the soil surface is usually much higher than the biological optimum.
Air overheating greatly increases transpiration, disorders normal living
processes of the plant organs and plant tissues. Soil overheating is still
more dangerous due to its unfortunate effect on roots and other underground
plant organs for unlike the leaves they cannot cool themselves.
Detrimental influence of higher temperatures in the soil horizon of root
activity is especially notable in the disproportion between the general and
effective photosynthesis, in growth depression of storing organs such as
edible roots, tubers, bulbs etc., which are of interest from the agricultural
point of view. That is why it is necessary to affect the year heat rotation by
means of rational use of winter coldness.
In the new areas of irrigation, where in summer the weather is very
hot, almost like in the tropics, and in winter it is cold for a long period, the
most active and effective way of controlling drought and softening the continental climate is fall watering and winter watering.
The idea of winter watering for favourably changing the climate belongs
to the talented Soviet scientist the late M. M. Krylov who in the 1930-es
made the first experiments on winter irrigation on the plots of spring
wheat getting a yield increase of 8—9 centners per hectare as compared to
the control. On completing the construction of the Lenin canal connecting
the Volga and the Don, experiments on extended programmes were made in
the new irrigated areas of light-chestnut soils (M. M. Krylov; V. F. Shubin;
A. V. Pavlov).
The ratio of the year heat exchange on the earth may be approximately
characterized
by the following figures (given in thousands of kilo-calories
per 1 m 2 ): deserts - 100;semideserts- 150—200; steppe and forest grassland
200—300; ocean - 1000.
A year heat rotation is characterized by the following physical processes:
1) warming-cooling,
2) melting-freezing,
3) moisturing-drying.
About 70—80 % of the ratio of the year heat exchange directed to phase
transition is: ice-water-vapour. It shows that irrigation and winter watering
in particular are the most effective means of planned control for the temperature regime of the soil surface and the way of increasing the over year heat
exchange ratio. These means make the exchange 1.5—2 times more (i.e.
100—150 kg.kal per m2 more) while temperature conditions of semideserts
resemble the conditions of the temperate humid regions.
Winter watering, we call it not only moisture supplying watering but
watering supplying water storage, is a variation of watering but winter
irrigation is more effective and profitable due to its agrobiological and
meliorative effect.
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Usual fall watering applied in August-September, the air and soil surface
temperature being above the zero C, is not enough to accumulate sufficient
moisture in the soil. The moisture acquired is likely to evaporate entirely
due to the daily 3—5 mm water losses by evaporation from the surface of
fall plowing or fallow unshaded with crops or residue mulch.
In case of winter watering, when the temperature is below the zero C,
the process is quite different and water is accumulated in or on the soil
surface. Our experiments have shown that due to low heat capacity of the
iced soil and greater heat conduction of the winter irrigated soil it is frozen
more deeply (30—40 cm as an average) in comparison with the unirrigated
soil. Heat conduction of the watered and frozen soil is 15 times higher than
that of the dry soil and 50 times more than that of the soft snow.
Deep freezing and cold accumulation in the soil favourably result in
active moisture condensation in the soil layer of root activity. Because of
the great quantity of concealed heat of melting ice the losses of moisture
decrease by diffusion or convection. In nature a cold soil is always higher
in moisture content than the overheated one. When spring melting of the
frozen ground begins absorbing the concealed heat of melting ice (equal to
7200 cal per 1 m3) soil water evaporation decreases 12 per cent economizing
240 m3/ha if moisture supply of the soil layer of 0 to 100 cm thick is 2000
m 3 /ha.
The concealed heat of melting ice decreases the soil temperature in 2°—4°
C during the entire period of vegetation. In spring (April—May) ice melting
causes considerable cooling of large portions of the air, for 1 m 3 of ice while
melting cools 3118 m 3 of air. This favourably affects crop growth.
Coldness and dampness are thermodynamical antagonists of heat and
dryness. Melting ice in nature is the most important source of coldness
especially in spring.
Due to the above mentioned processes, cooling effect and active moisture
increase are of great importance for the most critical spring period when
plants begin to grow and future yield is being founded. During this period
the ground is not shaded with green plants and it is being dried by hot
sun rays and strong wind.
The experiments of 1952—1953 and 1955—1956 on the new irrigated
areas of the Lenin Volga-Don canal proved the hydro-thermal effect and
meliorative effect of winter watering to be high. The experiments recorded:
1) temperature decrease of the soil layer of 0—100 cm thick 2°—4° C
during the whole vegetative period;
2) considerable cooling of the air layer (10°—12° C above the soil
surface and 3°—6° C at the height of 50—100 cm) especially in spring when
the soil is still thawing;
3) air moisture increase in 18—20 per cent in early spring comparing
to the control (the unwatered plot);
4) the effect of winter irrigation and freezing ice on yield increase
of wheat and potatoes and on preventing degeneration to acquire big
marketing tubers appeared to be high even though snow falls in the winter
of 1952—1953 were abundant and in spring the soil was naturally watered
well.
Winter watering effect on the yield of spring wheat and potatoes at the
collective farm 'Sovetskaya Rossiya' in 1953:
In 1955—1956 the results of the experiments on winter irrigation came
to be of great interest and perspective, though the winter was without frost.
In January 1956 the whole snow cover melted; it often rained so that the
difference between winter irrigated and control plots was obliterated.
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Experiment varieties

1. Winter watering
2. Winter watering +
2 vegetative waterings
3. 2 vegetative
waterings only
4. No irrigation

Potatoes

Spring wheat
yield
(centner/ha)

tuber yield
(centner/ha)

large
marketing
tubers per cent

14,8

192,0

80,0

24,3

224,0

93,0

21,3
9,1

46,0

30,4

Nevertheless systematic observation on the soil temperature, moisture movement, potato growth and development, leaf area, rate of photosynthesis,
tuber formation and other processes showed the winter irrigation effect
to be high.
In 1956 a control field had 3 vegetative waterings with a water atomizing
design at the rate of 400, 200 and 100 m3/ha, soil temperature being very
high. In the layer of tuber formation at the depth of 15 cm it ranged between
28—30° C and it was 24° C at the depth of 40 cm. Winter irrigation considerably decreased soil temperature; 15 cm deep it was 4—6° C and 40 cm
deep - 1.0—2.0° C. At the field of winter irrigation it ranges not above the
critical limit even in the hottest days during the vegetative period, tuber
degeneration not being observed.
At the control plot (which had 3 vegetative waterings with a water
atomizing design at the rate of 400, 200 and 100 m3/ha) in 1956 the accumulated moisture was insufficient. At the completion of vegetation there
was a period when potato growth was delayed as a result of moisture
deficiency in the soil.
Moisture ratio at the winter irrigated field with 3 vegetating waterings
(at the same rate and time with the control plot) was favourably different
to that of the control plot.
As a result of watering spring water penetration was to the depth of over
1.5—2.0 metres.
The moisture of the first soil layer of 100 cm thick was equal to the
normal field moisture capacity. After the first water evaporation
the
amount of soil water before potato planting was 800—1000 m3/ha more
3
than the control and at the completion of vegetation it was 250—350 m /ha
more. Large differences in soil temperature and moisture affected potato
growth. As a result of soil overheating there was abundance of vegetative
mass at the control plot while tuber formation was weak and slow.
Winter irrigation plot had low vegetative mass and consequently
little leaf area. Tuber formation began 2 days earlier. In some days tuber
mass increase was 4 centners per hectare and the yield 2 times exceeded the
control.
Late fall watering is of great importance in horticulture and viticulture.
If the soil in an orchard is sufficiently watered in autumn, fruit trees better
withstand winter, the frosts affecting them not so hard, while at the unwatered dry plots the trees are likely to be frozen and dried in winter. In
his days I. V. Michurin drew the attention of horticulturists to this fact.
Abundant fall-winter moisturing and deep freezing of the soil in orchards
618
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of the South-Eastern zone create a specific oasis microclimate and early
morning frosts are not so dangerous. The main stages of fruit tree growth are
delayed and flowering is 10—12 days delayed, thus decreasing the danger
of plant injuring and crop loss as a result of ground frosts. Thus winter
watering has an agrotechnical value.
Periodical alternating 'freezing-melting' improves physical properties of
the soil and soil structure, controlling rodents and harmful soil fauna,
lowering the vitality of weed seeds, etc.
Winter irrigation has more advantages over summer irrigation as being
applied in the period when the main agricultural works are completed
and there are many agricultural workers free of work, pumps standing idle,
and irrigation canals not being used. In the case of winter irrigation the exploitation of irrigation canals becomes properly distributed during the year,
the amount of water for vegetative irrigation becomes less thus making
cheaper canal constructions and decreasing electric power consumption,
pump station work becomes incessant all over the year.
Scientific and practical workers in agriculture were sceptical about the
idea of realizing winter waterings in conditions of minus temperature.
They supposed that the canals would freeze, the water would not run to
the plots planned to be watered, etc.
Our experiments refuted these doubts. The water in a strong jet freely
ran 3—5 km along the main line at the canal, properly spreading on the
plots and sufficiently moisturing the soil even at a frost of —20° C
—22° C. Due to the frozen channel (canal-bed) and low filtration the irrigation canal efficiency was very high. Comparing to the vegetative waterings
in summer and moisture supplying waterings in autumn when the temperature was above 0° C, labour productivity of winter waterings was found
to be very high and it is not difficult to put this method into practice using
furrows or spreading water on a field, for there is no soil erosion.
While watering in winter when the weather is frosty the water smoothes
the irregular surface. Spreading all over a field it fills with ice every hole
and lowlying parts, the second portion of the water covers higher places
and the third gives an ice layer to a the depth of 15—20 cm. Properly
regulating water flow it is possible to water dozens of hectares with one
flowing stream.
Winter irrigation does not require special equipments and preparation
of the field, the same watering system as was used for watering in summer
is quite sufficient. It is more effective and easy to organize waterings in
November-December, when there is no snow covering the fields or
it is thin, to prevent water spreading on the soil surface, the upper layer
of the soil is frozen and hard and prevents wash-out making the use of a
strong flowing stream possible.
Watering ratio for the driest soils ranges to 1500—2000 m3/ha and 2500
3
m /ha for the next planting of crops with deeply penetrating roots.
Fall-winter irrigation is highly essential for the system based on the use
of local water flow. In spring flood we have a great quantity of extra water
in our ponds and reservoirs which is to be used. Proper timed autumnwinter irrigation discharges some water from the ponds to make their
capacity free for spring flood thus allowing to use natural water supply with
great effectiveness.
Water storage accumulated in Stalingrad power station and other Lower
Volga power stations, the Volga-Don canal and Tsymlyansky power works
makes it possible to freeze 40,000,000,000—50,000,000,000 m3 of ice on the
meliorative areas, lowlying places (usually watered in spring and so-called
'lyman'), orchards and vine yards, afforestated belts and on the vast
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territories of South-Eastern pastures. The moisture conserved on that
territory is equal to that of the Tien-Shan glaciers.
It is obvious that no drought, may it be the strongest, would be able
to melt and get over such an immense mass of cooled moisture. Ice cooled
air, moving over the plants, would increase the effectiveness of water
supply necessary for a yield unit. Being not so movable the air would
be an invisible but reliable protection against hot drying winds. Warm air
streams coming into contact with large masses of cold air would rise and,
being cooled, transfer their moisture into any kind of precipitation. The
climate would be radically changed. And this means that by actively interfering in nature's processes we cannot only successfully control drought
but liquidate its causes.
SUMMARY

Winter irrigation in semidesert areas of supercontinental climate is of
hydrothermical importance.
According to the experiments on the light-chestnut soils of the Volga-Don
Canal regions winter watering gives a decrease of temperature of 3—4° C
in the course of vegetative period and 4—6° C in spring (we give these
figures in comparison with those of non-winterirrigated fields).
Winter-fall irrigation is of great importance not only for hydrothermical
regime of the soil but for the soil itself.
It breaks down clods of compact soil, makes it flocculated improving soil
structure, makes water penetration easier and decreases the concentration
of salts.
It helps in controlling noxicus insects and destroys rodents.
Winter irrigation results in the stimulating of plant growth and the
increase of yields.
For the arid South Volga regions the soil temperature of 28—30° C
(at a depth of 15—20 cm) is normal. And this is in the period that tubers
begin to form. High temperature stops the growing of tubers.
But on winter watered fields the soil temperature does not exceed 26° C
and there is no degeneration of tubers the products of photosynthesis
being removed normally.
Winter irrigation is rather simple, it requires less technical equipment,
while it is more effective and cheaper than any form of irrigation during
the period of vegetation.
It costs 4 times less than the watering during the vegetative period
and 5 times less than artificial raining.
The use of this irrigation results in a high efficiency of the irrigation
system, its effectiveness being extended over a longer period.
RÉSUMÉ

Dans les régions sémi-désertiques à climat supercontinental, l'irrigation
d'hiver est importante du point de vue hydrothermique.
Comme il résulte d'expériences effectuées sur des sols châtains clairs des
régions du canal Volga-Don, l'irrigation d'hiver diminue la température du
sol de 3—4° C pendant la période végétative, et de 4—6° C pendant le
printemps, comparativement aux champs non irrigués en hiver.
L'irrigation d'hiver et d'automne est importante, non seulement pour le
régime hydrothermique du sol mais aussi pour le sol lui-même. Elle brise
les mottes de sol compact, flocule les argiles et améliore la structure,
facilite la pénétration de l'eau et diminue la concentration des sels. Elle
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contribue en outre à contrôler les insectes nuisibles et elle détruit les rongeurs.
L'irrigation d'hiver stimule la croissance des plantes et augmente les rendements.
Pour les régions arides de la Volga méridionale, des températures de
sol de 28—30° C à 15—20 cm de profondeur se rencontrent normalement
à l'époque de la formation des tubercules, arrêtant ainsi leur croissance.
Mais sur les champs irrigués en hiver, cette température ne s'élève pas au
dessus de 26° C et on n'observe pas de dégénérescence des tubercules, car
les produits de photosynthèse peuvent être évacués normalement.
L'irrigation d'hiver est assez simple, demande moins de moyens techniques, est plus effective et moins onéreuse que l'irrigation au cours de la
période végétative. Elle coûte 4 fois moins cher que cette dernière, et 5 fois
moins cher que la pluie artificielle. Elle assure en outre une grande efficacité
du système d'irrigation étant donné sa plus longue période productive.
ZUSAMMENFASSUNG

Winterbewässerung in Halbwüstengebieten superkontinentalen Klimas
ist von hydrothermischer Bedeutung.
Aus den Versuchen auf hell kastanienbraunen Böden der Wolga-DonKanal-Gebieten mit Winterbewässerung ausgeführt ging hervor eine Temperaturerniedrigung von 3—4° C während der vegetativen Periode, und von
4—6° C im Frühjahr, im Vergleich mit nicht im Winter bewässerten Feldern.
Nicht allein für das hydrothermische Regim des Bodens ist diese WinterHerbst-Bewässerung von grosser Bedeutung, sondern auch für den Boden
selbst. Grosse Blöcke kompakter Boden werden verbröckelt, durch weitere
Verkrümelung wird die Bodenstruktur verbessert, die Wasseraufnahme erleichtert und die Salzkonzentration vermindert. Sie hilft auch schädliche
Insekten und Nagetiere auszurotten. Resultat der Winterbewässerung ist
demnach Anregung des Planzenwuchses und Erhöhung der Ernteerträge.
In den ariden Süd-Wolga-Gebieten ist die gewöhnliche Temperatur in
einer Tiefe von 15—20 cm etwa 28—30° C, zur Zeit, dass Knollen anfangen
sich zu bilden. Hohe Temperaturen verhindern jedoch diese Bildung. Auf
Feldern mit Winterbewässerung wurde jedoch die Temperatur von 26° C
nicht überschritten und es konnte keine Knollenverkümmerung beobachtet
werden; die Produkte der Photosynthese entwickelten sich normal.
Diese Bewässerung ist 4 x billiger als diejenige während der Vegetationszeit und 5 x billiger als künstliche Beregnung. Ihre Anwendung hat
eine hohe Effizienz und ihre produktive Periode wird deutlich verlängert.
DISCUSSION

D. O. ROBINSON: What was the precipitation or water supply during the
growing season in the area where winter irrigation was used as a supplement?
V. F. SHUBIN: The average precipitation during a year is from 250 mm.
to 300 mm. In addition to winter watering it is necessary to have two or three
irrigations of 50—60 mm each, because winter irrigation alone is not sufficient.
E. R. LEMON: At what soil depth was the temperature measured?
V. F. SHUBIN: The temperature was being determined to a depth of 25 cm
with an interval of 5 cm and to a depth from 25 cm up to 150 cm with an
interval of 10 cm at a precision of 0.1° C.
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ROOT DEVELOPMENT IN COARSE TEXTURED SOILS AS
RELATED TO TILLAGE PRACTICES AND SOIL COMPACTION
by
H. C. DE Roo
The Connecticut Agricultural Experiment Station, New Haven, Connecticut,
U.S.A.
The coarse to medium textured soils of Connecticut are readily compressed when they are intensively cultivated. Normal tillage induces
plowsole hardpans just below the recent plow layer, and these pans inhibit
root penetration.
Tobacco is known to be particularly susceptible to poor soil tilth and
aeration. Its effective rooting depth in the well-drained and well-aerated
tobacco soils in the Connecticut Valley is generally shallow. A better understanding of the root system of Connecticut tobacco and an enlargement
of the volume of soil that provides a suitable medium for roots seemed
prerequisite for improvement in tobacco production.
SMALL PLOTS TILLED BY HAND

A small-plot experiment, with the soil conditions and treatments established by hand, guaranteed a carefully controlled test in the field. Specifically, we studied the effects of deep shattering and of fertility on root distribution; the factor of fertility was divided into 1) native nutrients and
humus and 2) added fertilizer. The experiment was carried out on a typical
tobacco soil, a Merrimac sandy loam. Beneath the recent plow zone of
about 8 inches depth lay the compacted, platy-structured older plow zone,
not recently plowed. The latter layer of soil, varying in thickness, averages
3.5 inches. The upper subsoil or B 21 horizon, 11.5 to 17 inches deep, comprises
the main body of the compaction pan. The depth of the subsoil, B-horizon,
averages 24 inches. The mechanical composition of the soil in the pan and
in the layers above the pan is essentially the same; with depth, the layers
below the pan gradually become coarser textured and more open. The
plots, 40 by 90 inches, gave room for one row of 5 tobacco plants, planted
and managed by hand according to standard schedule. The treatments,
listed in Table I, were replicated four times in randomized blocks and were
applied after the surface soil was removed by spade and laid aside. Deep
shattering — S — was performed by loosening the pan and lower subsoil
with a fork to a depth of 11 inches. Deep placement of fertilizer — F —
was accomplished by broadcasting fertilizer upon the loosened subsoil and
mixing with a fork to a depth of 4 inches. Thereafter, on the Is and lsf
plots the original surface soil was replaced. On the 0 plots no surface soil
was replaced, but it was exchanged for the subsoil of the 2 plots which
required a double layer of surface soil. The 2 plots were completed by
replacing their surface soil. The surface soil, as well as the subsoil layers,
had a pH favorable for tobacco, averaging 5.6 and 5.5. Deep fertilization
was done according to standard practices for surface applications: in addition to the 6-3-6 fertilization at the rate of 3500 pounds per acre, these
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layers had phosphate, and potash added according to soil tests. Thus the
F plots with deep placement of fertilizer, lsf, 2sf and Osf received at least
twice the amount of fertilizer applied to the other plots, 1, Is, 2s and Os.
Havana seed tobacco (var. Kl) was transplanted in the first week of June.
After a predominantly dry season, the three center plants of each plot
were harvested in the customary way. Root monoliths were obtained for
the correlation of root distribution with soil environment in the plots,
soil profile descriptions were made and undisturbed soil core samples of
measured volume were collected (3). This was done across at least one of
each of the treatments, sampling the root system of the plant in the center
of the plot.

Fig. 1. A tobacco root system grown in the deeply loosened profile of plot Osf,
tilled by hand and fertilized at the levels of 0—4 inches and 12—16 inches.
An examination of rooting depth and distribution showed a scarcity of
roots beneath the depth of plowing on the control plots 1. On the other
hand, the root profiles from the other plots, which were all deeply loosened
— S —, showed dense rooting to 24 inches, the depth of sampling (Figure 1).
Quantitative support for these observations is provided by the data in
Table 1. Since we are concerned with root distribution and penetration,
the relative root weights are calculated by dividing the root weight in a
soil layer by the depth of the layer and the total weight of roots beneath
a depth of 6 inches. These relative root weights clearly demonstrate the
shift in root distribution as a result of a deep, porous and friable soil profile.
The cause of inhibited root growth in the 1 plots can be seen in the
physical properties of the soil given in Table II. Mechanical impedance in
the compacted soil, due to a reduction in porosity at the expense of the
larger non-capillary soil pores, and due to an increased mechanical strength
of the soil mass, appears to be of primary importance. Soil aeration in this
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TABLE 1. The distribution of roots from mature tobacco plants in the hand-tilled
plots.
Soil
condition
and
treatment

0—6
Grams

1 (control)
Is
lsf
2s
2sf
Os
Osf

42.5
33.0
54.0
45.4
40.8
27.3
43.0

A p p r o x i m a t e d e p t h in inches b e n e a t h hill
6—12*
Grams Relative

12— - 1 8 * *
Grams Relative

15.2
9.7
10.8
11.1
9.4
10.8
10.8

2.8
3.1
4.9
5.2
5.3
3.3
4.4

0.3
1.6
1.8
1.7
2.8
1.2
1.7

1.1
5.0
4.0
3.6
4.9
4.1
4.2

18-- 2 4
Grams Relative
.65
.90
.93
1.39
.55
.67

2.0
2.0
2.0
2.5
18
1.7

* On 1 (control) 6—10 inches: 2.40 g; plowsole pan at 10 inches depth.
10—12 inches: 0.39 g; old plow zone
** On 1 (control) 12—20 inches: 0.28 g; no roots below 20 inches depth.
moderately coarse textured soil was not affected by the compaction, at
least oxygen diffusion through the soil in the unloosened and loosened
soil layers of these experimental plots did not reveal any measurable
difference (3).

1 (control)

Is, lsf

2s, 2sf

0s, Osf

Core
sample
depth
beneath
hill *

Bulk
density

inches

g/cc

%

/o

7—9
11—13
16—18
7—9
12—14
18—20
7—9
12—14
18—20
7—9
12—14
18—20

1.40
1.63
1.56
1.30
1.33
1.43
1.27
1.30
1.28
1.36
1.38
1.40

29
29
31
28
28
29
28
29
29
30
30
32

16
8
10
21
21
16
22
22
22
17
17
15

Porosity
Capillary

Noncapillary

CD

X3

^

w

o

**

Soil c o n d i t i o n
and
treatment

Resistance
to
penetration

TABLE 2. Soil physical properties in the hand-tilled plots at harvest time.

N o . of
strokes
8
23
16
3
2
4
3
2
2
3
4
5

s
0/

/o

12
12
11
13
13
14
13
14
13
11
12
13

* Average of 4 determinations.
** Number of times a 12-pound hammer was dropped 2 feet to drive a 3 5/16
inch diameter core sampler 3 % inches into the soil,
f When sampled.
Fertility of the soil had little effect upon the root distribution; the
relative root weights of Table I show no remarkable changes in the lower
portions of the root systems due to fertility. For example, the deep placement of organic matter and fertility inherent to surface soil in the 2s plot
was not more effective in shifting the roots to lower depths t h a n deep
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shattering in the Is plot. Surprisingly, the presence of fertilizers at two
depths also failed to affect markedly the root distribution or penetration:
even in the infertile all-subsoil profiles, Osf, the two highly fertilized layers
at depths of 0—4 and 12—16 inches did not produce notably greater
root development or more profuse branching, nor did they retard deeper
rooting, Figure 1.
Although fertility, either in the form of surface soil or fertilizers, had no
discernable influence upon the root distribution, it increased the root
yields in the 6—24 inch profile zones and the yield and quality of the
shoots. The change in total root growth below 6 inches is pronounced, Table
III; the higher the fertility, produced by surface soil or by fertilization,
the larger the amount of deeper roots. The leaf yields were proportional
to the root yields (r = .87**). The conditions of nutrition were reflected
in the leaves' nitrate content which was closely correlated with the amount
of roots (r = .76*). Nicotine, predominately synthesized in the roots
(1), is also correlated with the amount of roots, although the coefficient
is not significant (r = .49). The contents of other nitrogen forms, such as
the protein fraction and ammonia, were not affected by soil condition and
treatment; the latter compounds are known to be markedly influenced
in the process of curing.
TABLE

3. The yields and composition of plants from the hand-tilled plots.

Soil condition
and
treatment

R o o t weight
6—24 inches

depth
Oven dry Percentage

1 (control)
Is
lsf
2s
2sf
Os
Osf
L . S . D . (.05)

g

°/
/o

3.07
5.42
7.60
7.83
9.44
5.08
6.79

100
177
248
255
308
165
221

Leaf yield *
air cured
Weight

Quality

g
276
297
343
312
344
309
336
40

.502
.492
.578
.562
.542
.508
..530
.057

Leaf c o m p o s i t i o n
N0 3 —N
0/

/o

.68
.52
1.03
.83
1.22
.76
1.12
.15

Nicotine

Iron

%

%

1.39
1.56
1.32
1.73
1.63
1.24
1.38
.26

.088
.086
.081
.084
.080
.116
.112
.014

* Leaves stripped from the three center plants of each plot.
** The larger the figure (grade index), the better the quality.
The micronutrient content of the foliage could conceivably be changed
by an altered root distribution if the different soil horizons had different
micronutrient concentrations. A suitable indicator of this phenomenon is
iron because the free iron content is higher in the upper subsoil of the
Merrimac soil than in the surface soil (4). Increased growth of roots in
the subsoil can change the content of this micronutrient in the leaves,
Table III. Because the iron content of the subsoil is only one-fifth greater
than that of the surface soil, it took the all-subsoil profiles of plots 0s
and Osf to work this change; shattering alone did not increase the iron in the
leaves.
LARGE PLOTS TILLED BY MACHINERY

The next step was to apply the findings of the hand-tilled plots to field
scale and machinery. Over a period of three years, during which moisture
deficiencies frequently occurred, deep tillage, with and without deep
fertilization, was tested. Again this was done in the Merrimac sandy loam
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with the compaction pan. In the main, yield and quality of the tobacco
were used for comparing the effectiveness of these different methods;
however, root monoliths of harvested plants were taken regularly for a more
scrupulous evaluation.
The increased occupation of soil by roots was reflected consistently in
increased harvest following two methods of spring plowing plus breakage
of the subsoil to a depth of about 12 to 15 inches. First, the soil was subsoiled with a chisel — 7 inches deep — from the furrow bottom, with deep
fertilization — 130 lbs/A 13-0-14 and 360 lbs/A 0-47-0, all in one operation
(2) with regular plowing — 8 inches deep. The other method to which the
tobacco responded favorably was sub-base plowing; the lower shares on the
sub-base or T.N.T. plow broke the soil 4 inches below the bottom of the
furrow turned by the regular bases; in this way the soil was loosened about
12 inches deep without much soil inversion. This was particularly beneficial
when half of the surface fertilization was broadcasted and plowed under.
Apparently, the plowing down of some of the surface fertilization onto the
sub-based furrow bottom insured adequate nutrient during dry weather
when the surface layer with the rest of the fertilizer dried.

Fig. 2. A tobacco root system grown in Merrimac sandy loam, deep tilled in
the fall and managed by machinery. The upper roots were abruptly confined
to the zone of secondary tillage by the compacted disk-harrow sole; there was
a scarcity of roots in the uncultivated and recompressed part of the plow layer,
while the shattered zones in the subsoil remained porous enough for satisfactory
root development.
The response to deep tillage in the fall was inconsistent, indicating
the ease with which this moderately coarse textured soil resettles during
t h e winter and compresses under spring tillage or cultivation operations.
This recompaction of weakly structured soils is clearly demonstrated b y the
distribution of roots seen in Figure 2. The plot from which this monolith
was taken was treated in the fall with our most effective spring-time method:
chiseling from the furrow bottom during plowing with deep fertilization;
spring preparation was restricted to disk and spring tooth harrowing.
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But even when the primary tillage is delayed until the transplanting
of the tobacco, such fluffed-up soil must be handled with caution if the
benefits are not to be lost. The established favorable tilth is easily damaged
or nullified, and only a program of minimum secondary tillage and the
best possible timing of operations to the moisture status of the soil can
minimize this possibility. The general shallowness of the roots of tobacco
and other crops in Connecticut's intensively cultivated soils appears to
be caused mainly by excessive tillage or pulverization and compaction.
REFERENCES

1. DAWSON, R.
2. D E Roo, H.
3. DE Roo, H.
4. TAMURA, T.,

F. and M. L. SOLT, Plant Physiol. 34, 656—661, 1959.
C, Agron. Jour. 48, 476—477, 1956.
C, Conn. Agr. Expt. Sta. Bul. 608, 1957.
Soil Sei. 81, 287—299, 1956.
SUMMARY

In hand-tilled plots on moderately coarse textured soil, we found that
deep rooting of tobacco was primarily effected by breaking the resistance
to root penetration created by a compaction pan at plow depth. Neither the
penetration nor distribution of the roots was greatly influenced by fertility.
The yield of roots was increased by both deep tillage and fertilizer with
concomitant increases in the yield of leaf and the concentration of nitrate
and nicotine in the leaf.
Subsequently, in plots tilled by machinery, consistent increases in yield
followed spring-time deep plowing plus subsoiling and deep fertilization
from the furrow bottom or followed spring-time sub-base plowing with
half of the fertilizer plowed down. When fluffed up, these soils are readily
recompacted and the benefits nullified.
RÉSUMÉ

Dans des parcelles établies sur sol à texture moyennement grossière
et cultivées à la main, il fut constaté que l'enracinement profond du tabac
était affecté en premier lieu par la diminution de la résistance qu'opposait
à la pénétration des racines une couche compactée située juste en dessous de
la profondeur normale de labour. Ni la pénétration, ni là distribution des
racines n'étaient beaucoup influencées par la fertilité.
Le rendement en racines augmentait avec le labour profond et avec
l'application d'engrais, de même que le rendement en feuilles et les teneurs
en nitrate et en nicotine des feuilles.
Comme on pouvait le prévoir, des augmentations de rendement furent
obtenues dans des parcelles labourées mécaniquement après labour printannier profond, soussolage et application d'engrais en profondeur. Une fois
ameublis, ces sols se récompactent très facilement ce qui annule le bénéfice
des opérations précédentes.
ZUSAMMENFASSUNG

Auf mit Handkraft bearbeiteten Versuchsfeldern, auf einem massig
grobkörnigen Boden fanden wir, dass eine tiefe Bewurzelung von Tabakpflanzen in erster Linie erreicht wurde durch Aufbrechen des Widerstandes, den eine verdichtete Schicht in Pflugtiefe der Eindringung der
Wurzeln entgegen setzt. Weder die Eindringung noch die Verteilung
der Wurzeln wurde merklich beeinflusst durch den Fruchtbarkeitszustand.
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Der Ertrag an Wurzeln wurde sowohl durch tiefe Bearbeitung wie durch
Düngung erhöht, und damit ebenfalls der Blattertrag und der Gehalt an
Nitrat und Nikotin im Blatt.
Ferner erfolgten auf maschinell bearbeiteten Feldern zuverlässige
Ertragserhöhungen nach Tiefpflügen im Frühjahr des Ober- und des
Unterbodens und gleichzeitiger tiefer Düngung von der Pflugsohle aus,
oder nach Pflügen im Frühjahr in Einem bis unter die Pflugsohle, kombiniert mit Einpflügen der Hälfte des Düngemittels. Wenn die Böden
jedoch all zu luftig aufgearbeitet sind, schlagen sie bald zu fest zusammen
und alle Vorteile gehen wieder verloren.
~-

DISCUSSION

DON KIRKHAM: We find in compaction experiments in Iowa that maize
yield is directly proportional to dry weight of root growth. Do I understand
you find this same situation for yield of tobacco ? I ask because other workers,
with other crops, don't seem to have always found the direct proportionality.
H. C. DE Roo: Yes, we do, as shown by the data to be published. The leaf
yields obtained on the small plots were closely correlated with the root yield
in the 6 to 24 inch profile zones (r = .87**).
L. D. BAVER: I wish to confirm the results of Dr. de Roo as found on the sugar
cane soils of Hawaii. We got 'disk soles' on all of our latosols. It takes only a
small amount of compaction to restrict roots.
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SOIL T E M P E R A T U R E , SOIL MOISTURE AND CORN G R O W T H
AS I N F L U E N C E D BY MULCHES O F CROP R E S I D U E S *
by
W.

E.

LARSON, W.

C. BURROWS AND W.

O.

WILLIS**

Tillage practices t h a t maintain mulches of plant residues on the surface
of the soil are effective in aiding erosion control in North Central United
States. However, surface mulches frequently retard corn growth early in
the season and often result in reduced yields of corn grain. This paper
summarizes a series of studies relative to some of the causes of reduced
yields in the presence of a mulch.
HEATING

EXPERIMENTS

Experiments have shown that during the growing season the average
soil temperature is lower under mulched t h a n unmulched soil. Therefore,
two experiments were designed to study the effects of artificially varying
the soil temperature under mulched and unmulched conditions. A technique
previously described by Willis et al f for warming the soil with electric
heating cables was used. A thermoregulator connected to the power lead
for each heating cable controlled the minimum soil temperature in the
area around the plant roots. There was no control on the maximum temperature. Isotherms around the heating cable and showing the relation
of the corn seed and thermoregulator to the cable are diagrammed in figure 1.
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Fig. 1. Diagram of location of heating cables, thermoregulator, temperature
sensing element and corn seed in soil. Isotherms shown were measured on May 31,
1955 at 1 : 30 P.M.
* Contribution from Soil and Water Management Research Division, Agricultural Research Service, USDA and the Iowa Agr. and Home Econ. Exp.
Sta. Journal Paper No. J—3890 of the Iowa Agr. and Home Econ. Exp. Sta.,
Ames, Iowa, Project 787.
** Soil Scientists, USDA, Ames, Iowa; Morris, Minnesota; and Mandan,
North Dakota; respectively.
f Willis, W. O., Larson, W. E., and Kirkham, D., Corn Growth as affected
by soil temperature and mulch. Agron. Jour. 49: 323—328, 1957.
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In experiment 1 conducted at Ames, Iowa, in 1955, it was demonstrated
that a mulch of 2.5 tons of oat straw per acre reduced the soil temperature
and the reduction in temperature was accompanied by a decrease in the
rate of seedling emergence, growth during the early season and grain yield f.
However, when mulched soils were heated by means of electric heating
cables to the approximate temperature of unmulched soils, growth differences were not found. Willis et al f suggested that the most favorable
soil temperature (seasonal average) at the 4-inch soil depth for corn growth
in Central Iowa is about 75° F.
A second experiment conducted in 1957 similar to experiment I included treatments of mulched and unmulched soils heated to various soil
temperatures and generally confirmed the results of experiment I for growth
early in the season. Results of soil temperature and corn height measurements early in the season, and soil temperature throughout the season,
and grain yields for both experiments I and II are tabulated in table 1.
Because of the location of the heating cables in the soil with respect
to the temperature sensing element and because comparisons are made
between heated and unheated soil, the temperatures shown in table 1
may not be descriptive of the rhizosphere as a whole. They are of value
for comparative purposes.
While the results of experiments I and II are generally in agreement,
some important differences occurred. In experiment I the depression in
growth early in the season caused by a mulch was rather completely overcome by heating the soil to a temperature comparable to unmulched soil.
In experiment II heating a mulched soil appeared to overcome much of the
deleterious influences of a mulch early in the season but another factor
became a limiting variable.
Soil moisture was 'near optimum through the season in experiment I
due to ample irrigation. Under these conditions growth responses early
in the season due to increased soil temperature appeared to carry through
and result in higher grain yields on all treatments except the warmest
unmulched treatment. In experiment II soil moisture was critically low
because irrigation facilities were lacking and rainfall limited. Hence in
experiment II soil moisture in July and August became a limiting factor.
Soil moisture samples taken in August (not shown) indicated that at the
two lower temperatures the mulch had conserved soil moisture as compared
to the unmulched treatments. At the highest soil temperature under a mulch
little or no soil moisture was conserved. It is interesting that under the
seasonal conditions of experiment II the highest grain yields resulted from
mulched treatments at the coolest soil temperature. Soil moisture in
experiment II was thus probably more important than soil temperature
in governing grain yields.
MULCH EXPERIMENTS IN IOWA

Applications of mulches of plant residues not only have an influence on
soil temperature but also on soil moisture in the root zone early in the growing season in Iowa. Frequently mulches of plant residues aggravate excessive soil moisture problems in the early growing season and result in higher soil moisture during stress periods which usually occur during the later
growing season. The interrelationships between growth, soil temperature and
moisture have been studied in a number of experiments in Iowa.
In experiments at Beaconsfield, Iowa in 1957, 1958 and 1959 plots were
established with the following treatments: (1) straw plowed under, (2) straw
t See ref. page 1.
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TABLE 1. Corn heights and yields as affected by mulching and heating the soil, Ames, Iowa, 1955 and 1957.
Experiment

I

(1955)

F i r s t 31 d a y s
after p l a n t i n g
Soil t e m p .
4 in. d e p t h
4 P.M.

Treatment

°F.
1.
2.
3.
4.
5.

Mulch, u n h e a t e d
Bare, u n h e a t e d
Bare, heated (75°F.)6
Mulch, h e a t e d (71°F.)
Mulch, h e a t e d (67 & 75°F.) «

63.8
70.2
80.3
71.6
77.4

Entire
Season

Plant
height
June 3
1955,
inches
16.0
19.1
25.9
25.6
27.5

Experiment

1

(1957)
Entire
Season

F i r s t 40 d a y s
after p l a n t i n g

Soil t e m p .
Grain
daily a v . yield b u .
4 in. d e p t h p e r acre
°F.
71.6
73.3
79.9
75.9
74.2

II

Soil t e m p .
daily a v .
4 in. d e p t h
°F.

114
116
109
118
127

2

60
61
70
68
71

Plant
height
J u n e 10
1957,
inches
13.6
18.2
19.8
16.3
19.3

s

•Soil t e m p .
Grain
daily a v . yield b u .
4 in. d e p t h p e r a c r e

°F.
67.6
68.7
72.5
71.6
72.8

127 *
117
116
121
114

1
There is statistical significance at the 1 % probability level between treatments 1 vs. 3, 1 vs. 4, 1 vs. 5, 2 vs. 3, 2 vs. 4
and 2 vs. 5 and at the 5 % probability level between 1 vs. 2.
2
Statistically treatment 5 is significantly greater than all other treatments at the 5 % level. All other comparisons not significant.
3
There is statistical significance at the 1 % level between treatments 1 vs. 2, 1 vs. 5 and at the 5 % level between 3 vs.
4, 4 vs. 5, and 1 vs. 4.
4
No statistical significance at the 5 % level.
6
Thermoregulator settings.
* 67° was the thermoregulator setting on experiment I and 75°F. on experiment II.

#
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uniformily spread over the soil surface, (3) straw plowed under plus 100
pounds of N per acre and (4) straw uniformily spread over the soil surface
plus 100 pounds of N per acre. Hereinafter treatments 1 and 3 will be referred to as the unmulched treatments and treatments 2 and 4 as the mulched treatments. Oat straw was applied (on all plots) at the rate of 3 tons
per acre. Treatments were arranged in a randomized block design and replicated four times.
Maximum and minimum temperatures were measured 5 days or more per
week during the growing season, at a 4-inch depth in the soil and at 5-foot
height in the air.
Soil moisture was measured gravimetrically in the 0- to 6-, 6- to 12- and
12- to 18-inch depth at approximately twice weekly intervals during the
first 2 months of growth and weekly thereafter. In addition, samples were
taken to a 5-foot depth 4 times during the season. Because of the difficulty
in obtaining accurate gravimetric soil moisture samples in 1957 and 1958
tensiometers were set at a 4-inch soil depth and read daily during the first
2 months after planting in 1959. Corn height measurements were made at
weekly intervals and dry matter yield samples (weights of over-dried tops)
were taken on 3 or 4 sampling dates during the first 2 months of growth.
Further details of this experiment have been published. *
UNMULCHED
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Fig. 2. Soil moisture by weight at the 0- to 6- and 6- to 12-inch depth and
moisture tension at the 4-inch soil depth in mulched and unmulched soil on
Grundy Silt Loam at Beaconsfield, Iowa, in 1959.
* Van Wijk, W. R., Larson, W. E. and Burrows, W. C, Soil temperature
and the early growth of corn from mulched and unmulched soil. Soil Sei. Soc.
Am. Proc. 23, 428—434, 1959.
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TABLE II.

Dry matter yields of corn, average soil moisture, soil temperature, and degree-days as influenced by a mulch of oat straw
during the early growing season.

Treatment*

Straw plowed Under
Straw on Surface
Straw plowed Under + N
Straw on Surface + N

Soil
Yield
Degree Ave.
moistemp.
dry
matter, ture,
days °F. 4-in.
grams 0—6 in.
depth
per 10 percent
plants by wt.

Yield
Soil Degree Ave.
dry
moistemp.
matter, ture,
days °F. 4-in.
grams 0—6 in.
depth
per 10 percent
plants by wt.

Yield
Soil Degree Ave.
Grain
dry
moistemp.
yield
matter, ture
days °F. 4-in. bu.
grams 0—6 in.
per
depth
acre
per 10 percent
plants by wt.

May 7 to June 4, 1957 2

May 7 to June 19, 1957

May 7 to June 26, 1957

20.7
10.9
17.2
9.7

Correlation Coefficients3
Moisture and dry matter
Degree-days and dry matter
Degree-days and moisture

31.5
32.3
31.3
33.5

294
247
294
235

60.1
58.5
60.1
58.1

-0.52 *
+ .83**
- .44

plowed Under
on Surface
plowed Under -f- N
on Surface + N

4.7
1.8
4.5
2.0

30.0
32.5
30.4
32.2

Correlation Coefficients 3
Moisture and dry mat er
-0.60**
Degree-days and dry m atter . + .47 *
- .41
Degree-days and moist ure
1
2
3

31.4
31.1
30.8
33.5

593
530
597
501

64.1
62.6
64.2
61.9

151
95
195
105

—0.22
+ .77 **
- .46

May 2 to June 1, 1959
Straw
Straw
Straw
Straw

73.3
36.3
82.5
29.9

293
266
298
244

59.8
58.9
59.9
58.1

27.9
31.4
28.0
30.6
-0.35
-I- .69**
- .43*

726
660
731
623

64.2
62.9
64.3
62.2

94
90
87
90

- 0.06
+ .59*
— .49*

May 2 to June 15, 1959
34.5
11.2
60.1
16.4

31.0
31.2
30.5
33.2

589
528
594
496

63.4
62.0
63.5
61.3

May 2 to July 1, 1959
178
94
235
96

27.8
29.2
26.2
28.3

990
885
972
845

66.5
64.7
66.2
64.1

- .27
+ .54*
+ .07

Oat straw applied at 3 tons per acre and nitrogen at 100 pounds per acre.
In each case the first date given is the planting date and the second date is the time of sampling for dry matter production.
Simple correlation coefficients. Logarithm of yield was used in calculating coefficients.
os * Significant at 0.05 level.
g§ ** Significant at 0.01 level.

80
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Soil moisture in the 0- to 6-, and 6-, to 12-inch depth and moisture tension
values as influenced by mulching treatment is presented in figure 2. In the
0- to 6-inch depth soil moisture content by weight varied from about 1 to 3.5
percentage units higher in the mulched soil as compared to unmulched soil.
Differences were not greatly different at deeper depths. Moisture tension
values also reflect the higher moisture (lower tension) in the mulched soils.
Of special interest is the extremely low tensions (generally less than 0.1 bar)
during the first month after planting.
Dry matter production, average soil moisture, degree-days and the average
soil temperature for different periods of the growing seasons during 1957 and
1959 are given in table 2. The d a t a for 1958 are not shown to conserve space
but are in general agreement with 1957 and 1959 data. In nearly all cases a
mulch significantly reduced dry matter production during the first 6 to 8
weeks of growth following planting. In most cases the reduction was in the
order of 50 % of t h a t from unmulched soils. The reduction in soil temperature
at the 4-inch depth due to a mulch during the early stages of growth during
1957, 1958 and 1959 averaged 2.0°F. which agrees closely with t h a t predicted
b y van Wijk et al based on theoretical considerations. Maximum soil
temperatures (not shown) were considerably higher from unmulched soil
and ranged u p to 10°F. warmer than mulched soils on warm days with
bright sunshine. Minimum soil temperatures were not greatly influenced.
Degree-days are defined as the sum of the average daily degrees above 50°F.
at a 4-inch soil depth for a series of days. A base temperature of 50°F. was
chosen because Lehenbauer * has shown corn growth will not proceed below
this temperature.
These d a t a point out that mulches of crop residues have a marked influence on the temperature and moisture content of the soil and t h a t these soil
properties influence dry matter production. For example in 1957 the correlation coefficients between degree-days and dry m a t t e r was 0.83, 0.77 and
0.59 for the first, second and third growth period, respectively. In 1959 the
correlation coefficients between degree-days and dry matter production was
0.47, 0.69 and 0.54 for the three sampling periods. The relation between
dry m a t t e r production and moisture was negative. In 1957 total precipitation during the 3 sampling periods (May 7 to J u n e 26) was 6.12 inches and
in 1959, 11.66 inches (May 2 to J u l y 1). However, because of difficulty in
sampling for gravimetric moisture determinations in extremely wet soil, the
moisture values shown (Table 2) are generally not higher in 1959 than in
1957. The soil moisture tension values presented in figure 2 attest to the
wet conditions in 1959 and it is believed t h a t excessive soil moisture had a
greater influence on dry m a t t e r production in 1959 than in 1957. In both
years the relation between degree-days and soil moisture was significant
during some of the sampling periods.
In areas where spring soil temperatures are not greatly above the minimum
for growth of corn, and where excessive soil moisture is often a problem, it
appears difficult to devise management practices which leave plant residues
on the soil surface without retarding growth or delaying mechanical cultivation.
MULCH EXPERIMENTS IN EASTERN U N I T E D STATES

In 1959 van Wijk, Larson and Burrows presented d a t a from 4 locations
in eastern United States showing t h a t dry m a t t e r production b y corn
early in the growing season was decreased b y the lowered soil temperatures
* Lehenbauer, P. A., Growth of Maize seedlings in relation to temperature.
Physiol. Res. 1, 247—288, 1914.
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caused by a mulch in the northern states but was little influenced in southern
states. The d a t a from Iowa, Minnesota, South Carolina and Ohio agree
in à general way with the data of Lehenbauer who found t h a t for a range
of temperatures from about 50° to 86° F., there is an increase with temperature of seedling growth rate; whereas around 86° to 90° F . there is
little influence; and from 90° to 111° F . there is a decrease. The experiments
conducted in 1957 and reported by van Wijk et al were of the same design
as those described in the section of this paper entitled 'Mulch experiments
in Iowa'. The experiments in Iowa, Minnesota and South Carolina were
continued in 1958 and 1959 and similar experiments were conducted in
Wisconsin, Virginia and Georgia in 1958 and 1959 and in Maryland in 1958.
® VA. 1958

1.20

®WISC.1959

1.00

VA. 1959
©

u
5 .80
x
C .60
o
o:

MD. 1958
% S.OI959
©S.C.1958
5GA.I958 ® s c . 1957

©OHIO 1957

IOWA 1957
- / I O W A 1958
®
®MINN. 1957

MINN.1958

®.0WA ,959

® GA. 1959

.40

60

70
SOIL TEMPERATURE (°F), 4 " IN. DEPTH

80

Fig. 3. The ratio of corn growth on mulched treatments to corn growth on
unmulched treatments during the first 6 to 8 weeks following planting versus
the average soil temperature for the unmulched treatment.
The ratio of corn growth from mulched to unmulched soil during the
first 6 to 8 weeks after planting versus the average soil temperature for
16 experiments in the Eastern United States is presented in figure 3 *.
Experiments in Wisconsin in 1958 and South Carolina in 1959 where extreme drougths obliterated the effects of soil temperature were not included
in this figure. The ratio of growth from mulched to unmulched soil was near
.50 in Iowa and Minnesota and increased rapidly as the soil temperature
increased. The ratio approached 1.0 at an average temperature of about
75° F. which was considered optimum in the field by Willis et al. The
line in figure 3 is drawn by eye to show the trend in the ratios. Since the
* The authors wish to thank C. A. van Doren and R. E. Burwell for the data
from Minnesota, O. W. Beale for the data from South Carolina, A. P. Barnett
for the data from Georgia, R. E. Taylor for the data from Wisconsin, J. E.
Moody for the data from Virginia, H. L. Borst for the data from Ohio and
C. S. Slater for the data from Maryland.
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decrease in soil temperature due to a mulch was about 2° F. at the 4-inch
soil depth at each location, the decrease in growth may be considered the
decrease caused by a 2° F. lowering of soil temperature.
While a good relation exists between soil temperature and the early
seasou depression in growth caused by a mulch, deficiencies in soil moisture
later in the season and the effectiveness of a mulch in conserving moisture
in humid regions of the United States often overshadow the influences of
soil temperature on grain yields. The results of the soil moisture studies and
grain yields as influenced by mulches from the experiments reported in
figure 3 will be reported elsewhere.
SUMMARY

Tillage practices that maintain mulches' of plant residues on the surface
of the soil usually keep the soil cooler during the early part of the growing
season and frequently maintain a higher moisture content in the surface
soil in North Central United States. The lowered soil temperatures are
directly associated with lowered growth of corn in the early growing season.
Excessive soil moisture caused by the mulch is inversely related to corn
growth early in the growing season.
In experiments where the soil under a mulch was heated to about the
same temperature as bare soil, corn growth was about equal. In 16 experiments over the humid region of the United States growth early in the
growing season was reduced generally by a mulch in areas where the average
soil temperature at a 4-inch soil depth was below 75° F. Above this temperature growth was not usually influenced.
RÉSUMÉ

Dans la partie centrale-nord des Etats Unis il fut constaté que les
systèmes de labour qui laissent à la surface du sol des paillis de résidus
végétaux, dépriment généralement la température du sol au début de la
saison de croissance, et qu'ils maintiennent souvent une humidité plus
élevée dans les couches superficielles. La croissance du maïs en début de
saison diminue en raison directe de la diminution de la température du sol,
en raison indirecte de l'humidité excessive.
Dans une expérience où un sol sous paillis fut porté à la même température que celle d'un sol nu, la croissance du maïs était à peu près la même
dans les deux cas. Dans 16 essais, répartis sur la région numide des Etats
Unis, la croissance en début de saison était chaque fois déprimée par le
paillis quand la température du sol à 4 pouces de profondeur tombait en
dessous de 75° F. A des températures plus élevées, la croissance n'était
généralement pas influencée par le paillis.
ZUSAMMENFASSUNG

In den nördlichen Zentralstaaten der U.S. hat man erfahren, dass Bodenbearbeitungsweisen, die Bedeckung mit Pflanzenresten beibehalten, den
Boden während der ersten Kulturzeit kühler halten und auch öfters einen
höheren Feuchtigkeitsgehalt des Oberbodens wahren. Mit der erniedrigten
Bodentemperatur geht ein geringeres Wachstum von Mais in der ersten
Vegetationszeit zusammen. Übermässige Feuchtigkeit, durch die Bodenbedeckung verursacht, steht in umgekehrtem Verhältnis zum Wachstum
des Mais, besonders im Anfang.
In Versuchen, wobei der Boden unter Bedeckung künstlich bis auf ungefähr dieselbe Temperatur wie der unbedeckte Boden anwies, erwärmt
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wurde, war das Maiswachstum dem ungefähr gleich. In 16 Versuchen,
gelegen in der feuchten Region der U.S., wurde das Wachstum durch
eine pflanzliche Bedeckung im Allgemeinen zurückgehalten, wenn die
mittlere Bodentemperatur in 10 cm Tiefe unter 75° F lag. Wenn über
dieser Temperatur wurde das Wachstum gewöhnlich nicht beeinflusst.
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HUNGARY

by
I . SZABOLCS.

Research Institute of Soil Science and Agricultural Chemistry of the Hungarian
Academy of Sciences, Budapest
Most of the soils used for rice growing in Hungary have a distinct alkali
content. Among the exchangeable bases sodium is present in a significant
quantity. Although this is often only 5 to 10 per cent it may exceed 20 per
cent.
These soils are usually rich in soluble salts, but as these only seldom
reach the surface layers, they do not exert a direct physiological influence
on the life of the plant.
The quantity of salts rarely reaches 0.2 per cent in the surface layer, so
considering the salt tolerance of the rice plant it means no serious danger.
Therefore, in these alkali soils rice cultivation is wide-spread since because
of the above mentioned characteristics they are more suitable for growing
rice than for any other culture.
Distribution of the exchangeable bases is shown in Table 1 where the
solonetz character is clearly observable. Among the soils of the Hungarian
Lowland the alkali soils forming the basis of rice growing customary on the
alluvial plane, belong basically to the solonetz type.
In consequence of the degradation, the organomineral complex of the
soil disintegrates and organic matter soluble in water is formed in great
quantity being washed away in the course of erosion processes. The mineral
part of the soil disintegrates too, its sesquioxide compounds being transported in a finely divided state into the illuvial layer and in the upper part
of the soil the so-called compounds of amorphous silicic acid increase. This
process is called by de Sigmond the degradation of alkali soils; Gedroiz
calls it solodization.
As mentioned above, in the course of these processes the mineral part
disintegrates into silicic acid and into sesquimetal compounds. The 'amorphous silicic acid', as Gedroiz calls it, accumulates in the upper layers of
the soils, lending it a gray colour and dusty structure. Its accumulation is
sometimes so considerable that it covers the surface of the soil in the form
of a white dust layer that may be several centimeters thick.
It is a frequent case, however, that after exploitation of some years the
soils lose their fertility, their colour, whereas their physical, chemical and
biological characters deteriorate.
In the course of our investigations we found that the cause is the degradation of the irrigated alkali soils, which often arises in the irrigation
systems of the Hungarian Lowland. That is easy to understand if we realize
that rice irrigation in the form of submersion entails for a long time all those
conditions which are necessary for the above mentioned degradation.
These conditions cause an excess of wetness, a constant anaerobiosis,
whereas the alkali always present in the soils leads naturally to degradation,
to the disintegrating of the material of the soil.
This process resembles in many respects the solodization process mentioned
at the beginning of this paper, but since the inducing factors are constantly
active, it is far more intensive and of a greater extent.
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The process was examined in the old monocultural rice field of the
Hungarian Lowland, Hortobâgy as well as Puztabânréve. Since solodization
is well characterized b y the quantity of S i 0 2 soluble in 5 % K O H as well
as the ratio Si0 2 /Al 2 0 3 expressed in equivalents, these data are given in
Table 2.
TABLE 2. The p H values and the results of the 5 % KOH extraction of solonetz
soils from beyond the Tisza river.
A1A,

SiO,
Horizons and
d e p t h s in c m

Profile

soluble in 5 %
KOH

Si02:
Ai203
ratio
in eq.

H.O

KCl

pH

Solodized

A
B

2-10
16-24

3,96
2,40

0,260
0,272

13,0
7,2

6,9
8,0

6,1
7,1

Solodized

A
B

3-12
25-34

4,42
3,16

0,254
0,342

14,8
9,1

6,7
7,4

5,9
6,6

Not
Solodized

A
B

2-12
40-60

1,38
1,75

0,550
0,790

2,1
1,9

6,7
7,7

5,9
6,5

In Table 3 profile No. 144 figuring as first in the table is from a rice
field where rice was continuously grown in monoculture for 4 years. Similar
circumstances prevailed in the area of profile No. 148; however, in the latter
after 4 years of rice, grassy clover was grown for 2 years, and after organic
fertilization, maize was planted into it. The area of profile No. 146, on the
other hand, was used for wheat for several years, after 1 year of rice growing.
TABLE 3. Ratio of Si0 2 and A1 2 0 3 soluble in 5 % KOH.
Profile
No.

D e p t h of
horizon
in c m

SiO a

A1 2 0 3

0/
10

%

SiO,
mgeq

A1 2 0 3
mgeq

Si02:
A1 2 0 3

144.

4-15
30-40

2,33
1,104

0,080
0,498

19,4
9,22

0,784
4,88

24,78
1,89

145.

3 - 8
18-22
30-40
60-65

3,26
2,42
1,24
0,992

0,184
0,070
0,290
0,470

27,2
20,2
10,32
8,34

1,82
0,686
2,92
4,6

14,95
29,40
3,54
1,81

146.

4-20
35-45
60-70

3,492
0,954
0,666

0,076
0,206
0,262

29,1
7,93
5,56

0,745
2,1
2,57

39,1
3,92
2,16

147.

3-14
23-33
40-48
58-68

2,436
3,00
1,098
0,978

0,560
0,144
0,318
0,312

21,4
25,0
9,6
8,15

5,49
1,41
3,1
3,06

3,74
17,75
3,18
2,66

148.

4-14
22-33
38-48

2,042
1,464
1,16

0,218
0,730
0,704

17,05
12,2
9,68

2,69
7,15
6,9

6,36
1,71
1,4

140.

0-20

1,574

0,404

13,1

3,96

142.

3-13
23-35

1,492
1,150

0,056
0,134

12,45
9,58

0,549
1,315

3,31
22,7
7,28
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If we study the ratio Si0 2 /Al 2 0 3 we see, that after monocultural rice the
values are very high (profile No. 144) but they are high even if wheat is
sown after rice (profile No. 146). Contrary to this, in case of profile No. 148
the effect of grassy clover as well as that of organic fertilization is favourable,
the degradation being much less as shown by the low Si0 2 /Al 2 0 3 ratio.
From the above profiles it can be observed that the upper layers are strongest
degraded while going downwards in the profile the Si0 2 /Al 2 0 3 ratio shows
that the degree of degradation decreases. On the other hand, in the case
of profiles 145 and 147 which figure in Table 3, we see the maximum of
degradation not in the uppermost but in the second layer as indicated by
the Si0 2 /Al 2 0 3 ratio. From these two profiles No. 145 is an unbroken original
lawn, No. 147, however, is from a maize field which has not been irrigated
since the first tillage. So if we consider the location of the most degraded
layer, we see that in the irrigated fields the degradation is found in the
surface layer, which supports the view that in the given cases irrigation
causes degradation. There is no reason to suppose that as an effect of
breaking up the degraded layer came on top; as in profile No. 147 — which
is an irrigated maize field — the highest degree of degradation can be seen
likewise below the surface layer.
The statements given above are supported by the data which are presented in Table 3. Here the profile No. 142 shows a strong degradation of
the surface layer as a result of rice monoculture for five years. On the
other hand, in the area of profile 140 after four years of rice growing, irrigated red clover followed. The benificial effect of the leguminous plant
finds expression in the narrowing of the Si0 2 /Al 2 0 3 ratio.
The process of degradation is shown not only by the analysis of the
5 % KOH extract but also by the investigations of the adsorption complex
of the soil. The S-value decreased in the degraded layer, whereas the value
T—S increased. With these soils, in consequence of irrigation, the surface
layer was the most degraded. Contrary to this, in profile 145 and in profile
147 where there was no irrigation and the maximum of degradation is
not found in the highest, but in the underlying so-called A2-layer, neither
the S-value decreased nor the value T—S increased. This phenomenon is
explained by the fact that in the above mentioned areas the profiles are
quite near to the irrigated fields. In connection with this, the effect of
irrigation is manifest in the environment, showing characteristics of secondary alkalization.
Secondary alkalization, i.e. salt accumulation goes with the saturation
of the adsorption complex with cations, so neither the S-value decreases
nor the T—S increases. In these cases together with the natural degradation,
another process, a secondary alkalization is observable in the fields surrounding the irrigated areas. This is supported by figure 1.
SALT PROFILES

The diagram shows that whereas in profiles 144, 146 and 148 soluble
salts are less, although these were under irrigation, in profiles 145 and 147,
which were near the irrigation system, soluble salts especially NaCl increase a great deal in the surface layer.
All these processes are intensively developed in areas of which otherwise
the alkalized natural conditions are very favourable for the degradation
of the soils. The irrigation not so much starts as develops and intensifies this
process.
From the above detailed investigations and data it is clear that this
particular degradation of soils is a phenomenon connected with the irrigation system in the Hungarian Lowland, which is considerably wide-spread
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and exerts an unfavourable influence on the fertility of Hungarian irrigated fields. This process is unfavourable because the organic matter becomes soluble and part of it disappears from the soil. Further consequence of
disintegrating degradation of the colloid complex is that not only the
chemical but also the structure-forming potentiality and other physical
characteristics deteriorate.
Excessive anaerobic conditions, as well as the process of degradation,
badly influence the microbiology of the soil, a consequence which in all
probability is to be found in the mineralization of the nutritional elements
and in other processes of the life of plants too. As our data prove, the
organic fertilization and clover planting have a good effect in compensating
degradation to a certain extent.
The soil improvement which has been going on in the Hungarian Lowland
for a long time on a large scale, to our experience, counteracts at least in
part the process of degradation of the soil. The improvement of Hungarian
alkali soils of alluvial origin and of acid surface soils takes place with
materials containing calcium carbonate which makes the soil resistant
642

Vl.30
against degradation. So numerous measures, for example the correct plant
rotation, fertilization and soil improvement promise a counterbalance to
this harmful process which even may be eliminated.
SUMMARY

1. In the irrigated areas of the Hungarian Lowland soil-degradation
is very wide-spread and exerts an unfavourable influence on the fertility
of the soil.
2. Both the data of the 5 % KOH-extract of the soil and the examination
of exchangeable bases present evidence of the particular degradation in
connection with alkalization, the Si0 2 /Al 2 0 3 ratio of the soils in question
is very wide, the exchange complex shows signs of definite degradation
(decreasing S, increasing T—S).
3. In irrigated soils the surface layer always shows the process of degradation contrary to soils degraded under dry conditions in which case
the A2-layer often shows a maximum.
4. In consequence of degradation the physical, chemical and biological
characteristics of the soil deteriorate with regard to its fertility.
5. Organic fertilization and the planting of leguminous plants decrease
degradation. Probably similar effects can be reached with improving the
soil.
RÉSUMÉ

1. Dans les terrains irrigués de la Grande Plaine Hongroise la dégradation
du sol est très répandue et elle exerce un effet défavorable sur la fertilité
du sol.
2. Les dates de l'extrait obtenu par KOH à 5 % et l'analyse des bases
échangeables du sol donnent des renseignements sur la dégradation particulière accompagnée d'alcalisation, le quotient Si0 2 /Al 2 0 3 des sols en question
est très large et le complexe échangeant montre les signes d'une dégradation
définitive (S décroissant, T—S accroissant).
3. Dans les sols irrigués c'est toujours la couche superficielle qui présente
le processus de dégradation contrairement aux sols dégradés dans des
conditions d'aridité dans lesquels le maximum de la dégradation se voit
souvent dans la couche A2.
4. En conséquence de la dégradation les caractères physiques, chimiques
et biologiques du sol sont détériorés au point de vue de la fertilité.
5. La fumure organique et la culture des légumineuses réduit la dégradation. Il est probable que le même effet pourra être atteint en améliorant le sol.
ZUSAMMENFASSUNG

1. In den bewässerten Gebieten des Ungarischen Tieflandes ist die Degradierung der Böden weitverbreitet und das übt auf die Fruchtbarkeit
der Böden einen sehr ungünstigen Einfluss aus.
2. Sowohl die Daten der Bodenextraction mit 5 % KOH, als die Bestimmung der austauschbaren Basen, geben Anweisung der speziellen
Degradierung mit Alkalisation zusammengehend; das Si02/Al203-Verhältnis der betreffenden Böden geht weit auseinander; der Austauschkomplex zeigt die Kennzeichen der definitiven Degradierung (abnehmende S,
zunehmende T—S).
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3. In bewässerten Böden zeigt die Oberflächenschicht immer dass der
Degradierungsprozess in umgekehrte Richtung zu dem unter trockenen
Verhältnissen verläuft, wobei öfters der A2-Horizont dieses Maximum
zeigt.
4. Infolge der Degradierung werden viele physische, chemische und
biologische Eigenschaften der Böden vom Standpunkte der Fruchtbarkeit
aus zerstört.
5. Organischer Dung und die Kultur von Leguminosen halten die
Degradation zurück. Es ist wahrscheinlich dass durch Bodenverbesserung
derselbe Erfolg erreicht werden kann.
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SOIL MANAGEMENT AS R E L A T E D TO I R R I G A T I O N
PRACTICES AND I R R I G A T I O N D E S I G N *
•

by

STEPHEN J. MECH **

The rate at which soil absorbs water is a basic consideration in irrigation.
This absorption rate, called 'intake rate' under furrow irrigation, influences
the design of the irrigation system and irrigation equipment. Knowledge
of its magnitude and other characteristics is fundamental in efficient water
application.
Management of crops, soil, and irrigation has a pronounced effect on
the rate at which soil absorbs water. For example, the intake rate for a
field of a sierozen soil, Sagemoor fine sandy loam, varied from 1/8 inch
per hour to more t h a n 7/8 inch per hour depending on the combination
of crop, tillage, stream size, furrow grade, and soil moisture.
Intake has been described in many ways. The average for a given time
interval or the average for a given amount of absorption are but two of
the more common designations. Intake can be described more completely
b y an equation. A number of intake equations have been discussed by
Swartzendruber and Huberty (1). This paper will deal largely with the
two-parameter empirical equation i = at b , where 'i' is the instantaneous
at(b+D
. where T
intake rate at the time 't', and with its integrated form I = ,
is the accumulative depth of water absorbed in the time 't'.
PROCEDURE

The basic d a t a were obtained from irrigation experiments conducted
on Sagemoor fine sandy loam at the Irrigation Experiment Station, Prosser,
Washington. Tests were conducted on two furrow grades, three soil
moisture ranges, and three stream sizes in the irrigation furrows. The
experiments were conducted on a 7-year rotation of wheat-alfalfa, alfalfa,
alfalfa, alfalfa, potatoes, sugar beets, and corn. In addition, one year of
corn and one year of potatoes, outside of the rotation, were tested.
Each crop was grown on one field irrigated straight down the 7 percent
slope, and on another with the furrows directed across the same slope
with a grade of 2 percent in the furrow channel.
Each furrow grade was tested in a 'wet', 'medium', and 'dry' soil moisture
treatment. The available moisture in the 4-ft. depth ranged from 60—100
percent, 35—100 percent, and 15—100 percent for the 'wet', 'medium',
and 'dry' treatments respectively for all crops except 1948 potatoes. The
potatoes had ranges of 75—100 percent, 60—100 percent, and 35—100
percent. Water was applied only when the average soil moisture in the
4-foot profile reached the lower limit. Irrigation was stopped when the
amount of water absorbed was sufficient to bring the available soil moisture
to 100 percent.
* Contribution from Soil and Water Conservation Research Division, Agricultural Research Service, U. S. Department of Agriculture, Washington
Agricultural Experiment Stations cooperating.
** Agricultural Engineer, Western Soil and Water Management Research
Branch, Soil and Water Conservation Research Division, Agricultural Research
Service, U. S. Department of Agriculture, Prosser, Washington.
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Each soil moisture block was further sub-divided into three stream sizes,
q, 2q, and 3q. The 'q' was the application rate which got through the
250-foot plot in about 2 hours and produced a small but sustained amount
of runoff. The 'q' varied from plot to plot and often varied for the same
plot during the season.
ANALYSES OF DATA

Data from which the intake equations were determined came from
continuous hydrographs of application and runoff from 648 plot-irrigations
on alfalfa and 1044 on row crops. These showed the rate at which water
was applied to and the rate at which it was running off the experimental area.
By difference, these gave the rate at which the plot was absorbing irrigation
water at any given time.
When the logarithm of the intake rate is plotted against the logarithm
of time, the resulting curve is essentially a straight line. The equation
i = at b is a straight Une on log paper. Data from each plot-irrigation were
transformed to logarithms, and subjected to a linear regression analysis
by least square method, and the 'y' intercept 'a' and the regression coefficient computed.
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Fig. 1. Cumulative intake curves for crops in a rotation. Beets reduced to 36-inch
spacing.

TABLE 1. Equations for intake curves fo* crops shown in Figure 1 based on 36" furrow spacings.
Intake

Crop

Alfalfa, 1947,
Alfalfa, 1946—47,
Alfalfa, 1945,
Alfalfa, 1952,
Alfalfa, 1946,
Sugar Beets, 1949
Potatoes,
1948
Wheat,
1951
Corn,
1944
Corn,
1950
Potatoes,
1945
646

Rate
3rd cut.
2nd cut.
1st cut.
1st cut.
1st cut.

yr.
yr.
yr.
vr.
yr.

in/hr
.66 t - ° ' 0 8
.54 t - ° - 0 9
.46 t - ° - 1 0
.46 t ^ " 1 4
.32 t ^ " u
.31 t - ° u
.32 t - ° - 1 5
.38 t - * 2 7
.33 t - ° - 2 1
.28 t - ° - 2 4
.25 t ^ 1 9

equations
Cumulative
inches
72 ^0.92

'.60
.51
.53
.38
.36
.37
.52
.42
.36
.30

t 0 ' 91
t°- 90
t°- 86
t0-86
t086
t°- 85
t073
t°- 79
t0-76
t°' 8 1

Time Required
For
5" Irrigation
hours
8.2
10.3
12.6
13.6
19.9
21.4
21.4
22.2
23.0
32.0
32.2
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equations

Cumulative

Rate

Intake

equation

Cumulative

Rate

R o w crops
Furrow Grade
9 0/

7' °//o
Moisture Treatment
Wet
Medium
Dry
S t r e a m Size
q
2q
3q
C o m b i n e d over
treatments

in/hr

inches
18

.37 t - ° .25 t - ° ' 1 8

82

.45 t°.31 t 0 8 2

.25 t - ° - 1 8
34t-o.l8
.39 t - ° - 1 8

Time Required
For 5"
Irrigation

Intake

Time Required
For 5"
Irrigation

TABLE 2. Intake equations showing the influence of treatments on alfalfa and row crops, based
on 36-inch furrow spacings.

Alfalfa
hours

in/hr

inches

hours

18.8
29.7

10

.57 t - ° .42 t - ° - 1 0

0 90

.64 t .47 t 0 - 90

9.8
13.8

.30 t 0 - 82
.41 t°- 8 2
.47 t 0 - 82

31.0
21.1
17.8

.42 t - ° 1 0
.48 t - ° - 1 0
.58t-°'12

47 t 0 - 90
:53 t 0 ' 9 0
.66 t 0 8 8

13.8
12.1
10.0

.28 t - ° ' 1 8
.31 t - ° - 1 8
.33 t ~ ° 1 8

.34 t°- 8 2
.38 t 0 - 82
.40 t 0 - 82

26.5
23.2
21.8

.40 t ^ > 1 0
.49 t ^ 1 0
.58 t " 0 - 1 2

.45 t 0 9 0
.55 t 0 - 90
.66 t 0 8 8

14.5
11.6
10.0

.31 t - 0 1 8

.38 t 0 - 82

23.2

.49 t - °

u

.55 t 0 ' 8 9

11.9

The type of information obtained is shown in Figure 1 and in Tables
1 and 2. 'Time required for 5 inch irrigation' is intended as a quick comparison of intake.
Cumulative equations were obtained by integrating the rate equations.
The integrated intake rate equation (cumulative curve) may be considered
as an irrigation 'rating curve' whereby the irrigator can tell at a glance
how long he will have to irrigate to add a given amount of water to the
soil. This cumulative curve is not only more readily usable in the field,
but it is inherently more accurate and less laborious than computations
based on average intake rate taken from segments of the intake rate curve.
PARAMETER 'a'

Parameter 'a' in the general intake equation i = at b is the best single
criterion of the intake magnitude. How 'a' varied during the irrigation
season for the crops studied is shown in Figure 2. It shows a consistently
lower value for row crops than for alfalfa.
The high value for the early part of the 1948 potatoes came from a preplanting irrigation made about 3 weeks following the plowing-under of
alfalfa. The large number of voids in the plowed soil no doubt contributed
toward the high 'a'.
High 'a' values for August 9 irrigation in the 1951 alfalfa seeding are
attributed to the fact that this irrigation was made in 18-inch furrow
spacing on a very dry wheat stubble seedbed.
Sugar beets were irrigated in 24-inch furrow spacings. Furrows on other
crops were spaced 36 inches apart. This accounts for the generally higher
'a' values for sugar beets. The increase in 'a' beginning in July is attributed
to greater wetted area resulting from the obstruction of the flow of water
by beet leaves in the irrigation furrow. It is about this time that the leaves
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meet between the rows and they make very effective water-spreading
devices.
Age of alfalfa has a pronounced influence on intake and on the parameter
' a ' . This influence is greatest during the first year or two following row
crops.
ALFALFA -- Q

APR.

MAY

JUNE

JULY

AUG.

SEPT.

Fig. 2. Variation in parameter " a " in intake equation i = atf> within irrigation
seasons and between crop years for crops in a 7-year rotation.
The difference in 'a' for the 1945, 1946, and 1952 first-cutting alfalfa
is attributed largely to differences in the actual age of the stand and to
differences in the seedbed condition. The 1946 first-cutting alfalfa was
seeded on September 7, 1945 on a field from which a crop of potatoes had
just been harvested. During the 1946 season it was just getting started.
The 1945 alfalfa was seeded in wheat in March, 1944 and was, during its
first cutting year, about one year older than the 'first-year — 1946'. The
'first year — 1952' was seeded in stubble on August 9, 1951 following wheat
harvest. The wheat straw and stubble are credited with maintaining 'a'
at a relatively high value.
Figure 3 shows how the 'a' value is affected by furrow grade and soil
moisture throughout the year on a representative row crop, sugar beets.
Curves for the different crops shown in Figure 2 were obtained b y estimating
a n average curve through d a t a such as t h a t shown in Figure 3.

MAY

JUNE

JULY

AUG.

SEPT.

Fig. 3. Variation in the parameter " a " in intake equation i = at b for 1949
sugar beets with 24-inch spacing.
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PARAMETER

'b'

Variations in the parameter ' b ' in t h e intake equation for different crops
during the irrigation season are shown in Figure 4. The most striking
impression this figure presents is t h e consistent drop in t h e ' b ' value for
row crops from a high in t h e early part of t h e season to a value of about
0.10 beginning in September. The 0.10 value approaches t h a t for alfalfa.
For alfalfa statistical analysis showed t h a t ' b ' values were significantly
affected only b y cutting year. T h e values were —0.14, —0.09, a n d —0.08
for t h e first, second, and third cutting year, respectively. The probability
level was 1 percent.
For row crops the effect of treatments on the ' b ' value did not test significant. The mean regression coefficient averaged —0.18 for t h e five
years of data consisting of corn in 1944 and 1950, potatoes in 1945 and 1948,
and sugar beets in 1949.

APR.

MAY

JUNE

JULY

AUG.

SEPT.

Fig. 4. Variation in parameter " b " in intake equation i = at b within irrigation
seasons and between crop years for crops in a 7-year rotation.
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SUMMARY

Two-parameter intake rate equations, i = at b , have been computed
for crops in a 7-year rotation of wheat-alfalfa, alfalfa, alfalfa, alfalfa,
potatoes, sugar beets, and corn. The influence of crop, age of alfalfa, furrow
grade, soil moisture and stream size on the parameters 'a' and ' b ' have been
determined.
The parameter 'a' was consistently low for row crops and increased
progressively when t h e land was seeded to alfalfa and remained in alfalfa.
I t remained relatively uniform throughout t h e growing season.
The parameter ' b ' was relatively uniform throughout the season only
for established alfalfa. For row crops it ranged from about —0.40 a t t h e
beginning of t h e season to about —0.10 b y t h e first part of September
when it approximated that found for alfalfa.
Cumulative irrigation curves have been developed for more accurate
and less laborious determination of irrigation duration.
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RÉSUMÉ

Des équations à deux paramètres, de la forme i = at 6 , exprimant la
vitesse d'entrée dans le sol de l'eau appliquée par irrigation, ont été calculées
pour terres cultivées, soumises à une rotation de sept années et portant
successivement du froment-luzerne, de la luzerne-luzerne-luzerne, des
pommes de terre, des betteraves à sucre et du maïs. L'influence de la plante
cultivée, de l'âge de la luzerne, de la pente des sillons, de l'humidité du
sol et de la quantité d'eau appliquée par opération, sur les paramètres a
et b ont été déterminées.
La paramètre a était toujours bas pour les cultures sarclées, augmentait
progressivement quand le terrain était semé en luzerne et restait sous
luzerne. Le paramètre restait relativement constant pendant la saison de
croissance.
Quant au paramètre b, il ne restait constant au cours de la saison que pour
les luzernières bien établies. Pour les cultures sarclées les valeurs variaient
d'environ —0.40 au début de la saison à —0.10 au début de Septembre,
valeur qui s'approchait de celle trouvée pour la luzerne.
Afin de pouvoir déterminer la durée optimale d'irrigation de manière
plus précise et moins laborieuse, des courbes cumulatives d'irrigation ont
été établies.
ZUSAMMENFASSUNG

Zwei-Parameter Wasseraufnahmegleichungen, i = at*, wurden berechnet
für Kulturen in einem 7-jährigen Kulturwechsel von Weizen-Alfalfa,
Alfalfa-Alfalfa, Alfalfa-Kartoffeln, Zuckerrüben und Mais. Der Einfluss
des Gewächses, des Alters der Alfalfa, der Furchentiefe, der Bodenfeuchtigkeit und der Stromstärke auf die Parameter 'a' und ' b ' wurde bestimmt.
Parameter 'a' war durchlaufend niedrig für Gewächs in Reihen und nahm
progressiv zu, wenn Alfalfa eingesäht wurde und das Land unter Alfalfa
blieb. Dies blieb so durch die ganze Kultursaison hindurch verhältnismässig gleichförmig.
Parameter 'b' war verhältnismässig gleichartig während der ganzen
Saison nur für Alfalfa in gefestigter Kultur. Für Furchenreihengewächse
schwankte es zwischen etwa —0.40 beim Anfang der Kultur bis etwa
—0.10 in der ersten Septemberhälfte, wobei der Faktor sich dem für
Alfalfa gefundenen näherte.
Für mehr scharf gestellte und doch weniger Arbeit erfordernde Bestimmung der Bewässerungsdauer wurden kumulative Bewässerungskurven
entwickelt.
,
DISCUSSION

DON KIRKHAM: I am not sure whether your data are in form to compare with
infiltration theory of John Philip of Australia given in recent issues of Soil
Science etc. Australian field infiltration data support the rationality of the
theory (see a recent issue of the Journal of Geophysical Research). I wonder
if your equation, especially, the coefficient 'b' therein, agrees with Philip's
result.
STEPHEN J. MECH: I have not made comparisons with Philip's theory. I appreciate your suggestion and will check into it further. Our purpose was to
provide values for field use; theoretical considerations were secondary.
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T H E R O L E O F I R R I G A T I O N IN H U M I D R E G I O N A G R I C U L T U R E *
by
W.

A.

RANEY **

Humid region agriculture embraces farming in areas where rainfall is
generally sufficient to permit sustained production of crops and pasture.
The level of production m a y be quite low in years of deficient rainfall
b u t irrigation or arid region practices, such as alternate years of crops
and fallow, are not absolutely essential. In the United States the humid
region is predominantly in the Eastern half of the country. Throughout
this area, annual rainfall ranges from about 25 inches in the Northwestern
part of the region u p to 60 inches in the South. The rainfall seldom coincides
completely with crop needs, however. Winter excesses and summer droughts
are common occurrences. Crop yields are reduced by these droughts yet
a prominent role for irrigation is not assured. In some cases, limitations
on use of irrigation result from inadequate water supplies; in other cases
costs of irrigation exceed economic benefits.
The use of irrigation to reduce drought damage in humid climates is
certainly not a new idea. In his USDA Farmers' Bulletin No. 46, written
in 1896, Dr. F . H. King pointed out advantages and limitations of irrigation
which were based largely on European experiences between the 12th century
a n d 1896 (1).
RESOURCE REQUIREMENTS AND SUPPLIES

Evaluations of recurrence probabilities of droughts of different intensities are quite useful in determining the role t h a t irrigation should
play in humid region agriculture. Such studies, which are based on climatic
data, have been completed for a number of the Southern and Eastern
states in the United States (2, 3, 5, 6, 7, 8, 9, 10). These studies not only substantiate the earlier observations of King and others t h a t droughts were
likely to occur but also provide a basis for estimation of water requirements to minimize drought damage. B y such methods the potential annual
soil moisture deficits in the Southern states were found to be as much as
13 inches one year out of every ten years. In the Northeastern states,
where temperatures were lower and rainfall more evenly distributed, the
potential annual soil moisture deficits were only 6 inches at the same
probability level.
These rather large soil moisture deficits would tend to assure a major
role for irrigation. The extent to which irrigation m a y be actually used as
a production practice, however, is limited b y the extent to which excess
rainfall can be stored and utilized to offset moisture deficits.
The amount of rain t h a t falls in excess of plant needs and soil moisture
storage capacity can be evaluated at different probability levels (5). In
order to insure adequate irrigation for dry years, storage capacity should
* Contribution from the Soil and Water Conservation Research Division,
Agricultural Research Service, USDA.
** Soil Scientist, Eastern Soil and Water Management Research Branch,
USDA, Beltsville, Maryland.
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equal the excess rainfall that can be expected one year in ten. If facilities
can be provided for storage of a two year supply instead of one, then the
minimum amount of excess one year out of five may be used as the reliable
water resource. Such an evaluation is more conservative than resource
estimates which are based on river flow measurements. Stream flow under
natural rainfall conditions without irrigation over-estimates the water
resource.
This more conservative estimate results in part from two assumptions.
Firstly, that évapotranspiration is a function of incoming solar radiation
and is not reduced to a lower level by insufficient soil moisture or crop
cover. Since the potential évapotranspiration exceeds actual évapotranspiration, the calculated amount of rainfall left over to maintain stream
flow is less than that actually observed. Secondly, it is assumed that
soil moisture recharge must be complete before any moisture excess exists.
These two assumptions must not be altered, for most efficient use of
rain that falls dictates maximum recharge of depleted reserves. Evapotranspiration is still the major method of dissipation of the incoming
solar radiation and cannot be appreciably reduced until some alternate
method of energy dissipation is developed.
Water surpluses in the Eastern half of the United States, based on
this conservative estimate, exceed one acre-inch per acre only one year
out of five. It is thus obvious that the role of irrigation will be restricted
because of inadequate water resources. Furthermore, this same limited
water resource must be shared with urban and industrial users.
Urban and industrial users of water can afford to pay a higher price
for water than agricultural users. This automatically establishes a higher
priority from those groups in many areas. The legal structure in many of
the non-riparian states may also influence the priority of water use. Urban
and industrial usage is currently equal to about 300 gallons per day per
person. This is approximately 4 acre-inches per person per year. Urban
and industrial demands are expected to increase as population increases.
The distinct ceiling on size of the water resource demands very efficient
utilization of the resource under all conditions with a somewhat restricted
role for irrigation.
EFFICIENT WATER RESOURCE DEVELOPMENT

Efficient utilization of water resources depends upon: (1) the efficient
development of the resource itself, (2) the efficient control of soil-moisture
reserves, and (3) the efficient utilization of water by plants in the synthesis
of tissue.
Efficient water resource development requires the conservation of a
high percentage of the water that is now lost by runoff or deep seepage.
The former involves water detention structures while the latter involves
controlled drainage of saturated aquifers.
Once runoff water is impounded, further losses are by no means insignificant. Under humid region conditions, losses by evaporation average
four to six feet each year, and similar amounts may be lost by seepage.
The use of chemicals, such as the long-carbon-chain alcohols as barriers
to evaporation, has met with only limited success. These materials are
effective barriers to evaporation at low temperatures but are relatively
ineffective at high temperatures when evaporation losses are really serious;
moreover, these materials do not form a permanent film across a pond or
lake surface. They are ideal under windless conditions but very ineffective
in exposed areas. In exposed areas they must be dissolved in a suitable
652

Vl.32
solvent and re-applied frequently. Plastic covers, perforated to allow rainfall
penetration, are effective in reducing evaporation, but mechanical, economic
and other problems such as deterioration by sunlight, must be overcome
before plastic may be utilized effectively. The current status of research
suggests that evaporation might best be reduced by use of better pond
or lake design. A small, deep pond has less area exposed than a large, shallow
pond of the same volume.
Compacting the surfaces of water-impounding structures made of soil
and of the storage area is considered the most reliable means of reducing
seepage losses. When mechanical compaction fails, the use of a mantle of
soil that is more susceptible to compaction, such as sandy-clay or the use
of some foreign material to reduce hydraulic conductivity of the soil itself,
is essential. The sodium phosphates and silicates have been used with
limited success as dispersants to break down soil structure into a less
permeable mantle. These materials can also deactivate any calcium or
magnesium ions that might be present and which would have a flocculating
effect. The use of dispersants is generally limited to high lime soils and
not too effective on acid or alkali soils.
Pond linings of soil cement, plastic sheets, asphalt or asphalt-coated
materials, among other things, have been successfully used to reduce seepage
in humid areas. Their future influence on the role of irrigation requires
further research. Of particular importance is a more comprehensive knowledge of the economic criteria to be used in their evaluation.
Conveyance losses are, like surface reservoir losses, predominantly
those of evaporation and seepage. Both types of losses are eliminated when
water is transported in pipes, but initial cost of closed conduits delays
their acceptance. Canal liners to reduce seepage losses look promising and
may, when fully and economically developed, increase conveyance efficiency.
In the humid regions of the United States, the water in underground
aquifers represents the recharge storage of about 150 years. Since evaporation losses are negligible, this may ultimately be the most efficient means
of resource storage. These saturated aquifers must be protected and their
recharge with pure, clean water during periods of excess rainfall assured
in order to utilize them on a continuing basis. The aquifer may be damaged
if recharged with sediment-laden water. Filters for removal of sediment
have to be flushed clean of sediment periodically. This limits the use of
filter beds which merely extend into the aquifer. The development of
précipitants, such as starch, to remove sediments before they are introduced
into the aquifer is encouraging.
The alteration of the spacial arrangement of material in the aquifer
during water removal results in cavitation and subsequent damage to the
aquifer. Mechanical removal of sediments by screens offers the only solution to this problem at present.
EFFICIENT RESOURCE MANAGEMENT

Soil moisture management, which includes recharge of the moisturedepleted profile as well as control of the extent of moisture depletion,
presents many problems. Moisture uptake by plants is controlled both by
soil moisture stress and by the water transmission characteristics of the
soil itself. Even though the distance over which water is transmitted
is small, water must move to the root interface to replace that which is
absorbed before any more can be taken up at a given place on the root.
These flow phenomena probably play a major role in maintaining adequate
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nutrient supplies and adequate oxygen at the root interface also.
The efficient control of soil moisture which involves tillage, cultivation,
weed control, irrigation, and drainage, will continue to be the most expensive phase of crop production. Tillage and cultivation operations, in
addition to killing weeds which waste water, are of primary significance
to entry of water into soil. Wherever it is possible, the modification of
intake rates to more effectively utilize rainfall, represents a much more
efficient means of soil moisture control than irrigation.
Efficient soil moisture control will require both surface and subsurface
drainage facilities. Row grade control is essential for irrigation and for
removal of excess surface water without undue erosion. Controlled subsurface
drainage facilities are essential for maintaining minimum allowable soil
moisture stresses in the root zone itself. Unless both types of drainage
are provided, productive capacity of the fields is limited and possible
damage from rainfall immediately following irrigation is enhanced.
EFFICIENT WATER RESOURCE UTILIZATION

Only about 60 percent of the water that is withdrawn from the soil
profile is removed by plants. The remainder is lost through evaporation
or by movement out of the root zone. Reduction of evaporation losses
through control of row direction or crop geometry is encouraging. The
use of chemicals or plastics to suppress evaporation from moist soil has
not been too successful as yet.
It is not to be inferred that a reduction in evaporation will result in a
reduction in évapotranspiration. If evaporation is reduced over rather
sizable areas, transpiration must be increased by a like amount or the
solar energy so conserved will be used to heat the soil and the air. There
is some possibility of increasing the photosynthetic activity and of increasing turbulent transfer of heat away from crop surfaces. This would
make possible a reduction in évapotranspiration.
Since water use is essential in tissue development by plants^ water
use efficiency may be defined as the units of dry matter produced per inch
of water removed from the soil profile. When so defined it is possible to
develop some concepts to guide the efficient utilization of water by plants.
An examination of data from a number of places reveals that most efficient
use of water resources requires a careful examination of the environment
and a combination of management practices that will assure the highest
possible production of dry matter. Soil productivity and water resources
will generally dictate the level of fertility, crop geometry, and the kinds
of plants selected.
Dry matter production is not always related to economic returns. Where
the reproductive part of the crop, such as grain, is the harvested part,
it is imperative not only that there must be a large amount of dry matter
produced per acre, but also that a maximum amount of the dry matter
be the harvested part.
The genetic constitution of the plant species has an influence on the
efficiency of water use. Plant species which are genetically limited from
making high yields (such as western wheat grass), can never utilize water
efficiently. Genetic constitution also controls climatic adaptability of many
species which, if violated, result in lowered water use efficiency.
The productivity of the soil itself has a profound influence on the efficiency
with which plants grown thereon can use water. On unproductive soil,
management can never make efficient use of water.
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The need for improved efficiency of water resource development a n d
utilization has long been recognized in arid regions. Their significance
to irrigation in humid regions is now fully recognized.
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SUMMARY

In summarizing, it has been shown t h a t crop restricting droughts reoccur
with sufficient frequency to assure a major need for irrigation in t h e humid
region of t h e United States. Throughout t h e area t h e moisture excesses
t h a t m a y be reliably developed to meet irrigation requirements are inadequate and restrict t h e role of irrigation. Limited resources tend t o force
efficient resource development, control, and utilization b y plants.
Efficient use of water b y plants depends upon effective integration of
all good management practices along with good genetic materials planted
on productive soil.
RÉSUMÉ

Il est montré que des sécheresses capables de déprimer les récoltes se
manifestent de manière suffisamment fréquente dans les régions humides
des E t a t s Unis pour justifier un besoin majeur d'irrigation. Dans toute
cette région, les excès d'humidité sur lesquels on pourrait éventuellement
compter pour alimenter cette irrigation sont insuffisants et de ce fait en
diminuent le rôle. Cette limitation des resources oblige à mieux les développer, à les contrôler et à les faire utiliser par les plantes d'une manière
plus efficace.
L'utilisation efficace de l'eau par les plantes dépend d'une intégration
effective de toutes les bonnes méthodes culturales et de l'emploi de bons
matériaux génétiques sur des sols productifs.
ZUSAMMENFASSUNG

E s wurde gezeigt, dass in den feuchten Gebieten der U.S.A. genügend oft
die Ernteerträge beeinträchtigende Trockenzeiten vorkommen u m eine
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grössere Vorsehung mit Bewässerungsanlagen zu rechtfertigen. In jenen
Gebieten jedoch sind die Wasserüberschüsse, welche zu Bewässerungszwecken entwickelt werden könnten, dem Bedürfnis nicht entsprechend,
und das beschränkt die Bewässerungsmöglichkeit. Diese Beschränkung
führt zur Entwicklung der effizientesten Ausnützung des vorhandenen
Wassers, und zur Kontrolle und zu richtigem Gebrauch davon durch
die Gewächse.
Effizienter Wassergebrauch durch Pflanzen hängt von der effektiven
Integrierung aller guten praktischen Kulturmassregeln, sowie von gutem,
genetischem Material auf fruchtbarem Boden, ab.
DISCUSSION

STERLING A. TAYLOR: Comments: I should like to point out that the term
water use efficiency has been used in the irrigated regions of western U.S.A.
to refer to the efficiency with which the water stored in the soil is used by the
crop. Also, if the term as now defined is expressed in dimensionless numbers and
the reciprocal taken it is the old term of water requirement. It would seem to
be wise to avoid introducing confusing terms if possible when usable terms are
already in existence.
K. J. HOEKSTRA: Comments: You said, water use efficiency may be defined
as pounds of dry matter produced per inch of water. We, as Europeans, think
you make yourself much trouble with inches, pounds and so on; it is so much
easier to manage water/plant relationships in Kg/mm.
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INTERRELATION OF NITROGEN FERTILIZATION
AND I R R I G A T I O N O F C O T T O N *
by
O. L. BENNETT, C. E. SCARSBROOK, B. D. DOSS aND

R. W.

PEARSON**

Yield and fiber quality of cotton depends upon a number of interrelated
factors, chief of which are soil moisture and fertility level, especially nitrogen. Wadleigh (7) and Sturkie (6) have established that a sufficient reserve of nitrogen in plant tissue is essential if a large amount of fruit is to
be set and matured. The effects of adequate moisture levels on cotton yields
have been reported b y various authors (1, 2, 5, 6). The effects of moisture
and nitrogen on yield and fiber quality of cotton grown under arid conditions was reported by Hamilton et. a.1 (3).
The purpose of this investigation was to determine the interrelations
of soil moisture level and rates of nitrogen on yields, plant characteristics,
and fiber quality of cotton under the soil and climatic conditions typical
of the Southeastern United States.
EXPERIMENTAL

PROCEDURE

The experiment was carried out on a Greenville fine sandy loam during
1956, 1957 and 1958 at Thorsby, Alabama. A commercial variety Coker
100A was used in the study for the years 1956 and 1957. However, because
of the weak stem of the commercial variety, Deltapine-15 variety was
planted in 1958.
There were 4 replications, with plots 7 rows wide (40 inches apart) and
20 feet long. Main plots in the split plot design were (1) non-irrigated
(Mj), (2) intermediate irrigation (M2), and (3) high irrigation (M3). Rates
of nitrogen used on sub-plots were 0, 60,120 and 240 pounds of N per acre for
the 1956 and 1957 studies and 0, 120, 240 and 360 pound rates of N per
acre for the 1958 study.
Moisture was determined gravimetrically and the tension read from a
moisture-tension graph (Figure 1) prepared by use of the pressure plate and
pressure membrane method of Richards (4). The M2 moisture level plots were
irrigated when the average soil moisture tension in the surface 2 feet of soil
reached 7.75 atmospheres in 1956, 4.80 atmospheres in 1957, and 2.31
atmospheres in 1958. Corresponding tensions for the M 3 moisture level plots
were 2.45, 1.70 and .78 atmospheres respectively. M2 plots received 5
irrigations for a total of 8 inches of water in 1956, 6 irrigations for a total of
11 inches in 1957, and 3 irrigations for a total of 4.61 inches in 1958. The
M3 plots received 8 irrigations for a total of 12 inches in 1956, 9 irrigations
for a total of 13 inches in 1957, and 5 irrigations for a total of 5.58 inches
in 1958. Irrigation was applied by the furrow method using gated pipe.
Rainfall for the 3-year period during the growing season was as follows:
* Contribution from the Soil and Water Conservation Research Division,
Agricultural Research Service, USD A, and the Auburn University Agricultural
Experiment Station.
** Soil Scientist, USD A, Thorsby, Alabama, Soil Chemist, Auburn University,
Auburn, Alabama, Soil Scientist, USDA, Thorsby, Alabama, and Soil Scientist,
USDA, Auburn, Alabama, respectively.
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1956 - 14.43 inches, 1957 - 24.25 inches and 1958 - 29.10 inches. Rainfall distribution was extremely poor in 1956 and 1957, but was very good in
1958.
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Figure. 1. Moisture- tension curve for Red Bay sandy loam.

Nitrogen was applied in 3 applications; 20 pounds at planting, and the
remainder split into equal portions and applied 1 and 2 months after
planting. All plots received an annual application of 210 pounds per acre of
both P 2 0 5 and K 2 0, with 168 pounds of each broadcast before planting and
the remainder placed 2 inches to the side and 2 inches below the seed at
planting. Dolomitic limestone was applied to maintain the soil pH between
6.0 and 6.5. The experimental area was fumigated to control nematodes and
subsoiled before planting each year. A minor element mixture was applied
to all treatments in 1956.
Plant populations were as follows: approximately 35,000 plants per acre
in 1956, 15,000 to 30,000 plants per acre in 1957, and 18,000 to 29,000
plants per acre in 1958. The variation in plant population for 1957 and 1958
is the result of a severe hail damage in 1957 and loss from rhizoctonia fungus
in 1958. One or two dustings with an insecticide were made early in the
season to control thrips and leaf hoppers. After plants started fruiting the
entire area was sprayed or dusted with an insecticide at regular intervals to
control boll weevil and other cotton insects. Insect control was continued
until the middle of September each year. Cotton was killed by frost on
November 9, 1956, October 26, 1957, and November 8, 1958.
A sample consisting of the above-ground portion of four plants from each
plot in the Mx and M3 moisture levels was cut for nitrogen determinations.
Plant samples were taken 100 and 130 days after planting. Nitrogen content
of plant material was determined by the Kjeldahl procedure.
Standard fiber tests were made by the U. S. Department of Agriculture
Fiber Laboratory, Knoxville, Tennessee.
RESULTS

Cotton lint yields for 1956 and 1957 were similar and are combined in
Table 1. However, since rates of nitrogen and cotton variety were changed
for the 1958 study, these data are reported separately. The interaction of
moisture and nitrogen is well defined for all three years. Without irrigation
there was a response to only 60 pounds of N (or 120 pounds of N for 1958).
At the intermediate moisture level, there was a response to 120 pounds of N,
whereas, at the highest moisture level cotton responded to all levels of
nitrogen.
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The efficiency of water utilization was increased as rate of nitrogen
application increased. At the M3 moisture level, the lint produced per acreinch of water used was 29, 40, 45 and 57 pounds for the 0, 60-, 120- and
240-pound nitrogen levels, respectively. Comparable values for 1958 were
46, 70, 76, and 83 pounds of lint.
Water was used by the plants in proportion to the amounts of available
soil moisture with average rates of .11, .20 and .27 acre-inches per day for
1956—57 and rates of .17, .20 and .22 acre-inches per day for 1958 at the
M1( M2 and M3 moisture levels, respectively. Evapotranspiration rates
in excess of .35 acre-inches per day were recorded during periods of maximum
growth and fruiting.
Maturity of cotton was delayed by high moisture level and high rates
of nitrogen. Cotton on high moisture level plots continued to grow and
set fruit until killed by frost. Where 240 pounds of N was applied in 1957,
most of the cotton on non-irrigated plots was picked by the third harvest;
however, on the highest moisture treatment, the maximum yield per harvest
was not obtained until the fourth picking (Figure 2).
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Figure 2. Maturity of cotton as affected by moisture and nitrogen.
Plant size and height increased as rate of nitrogen and soil moisture
level was increased. Maximum plant heights for the Coker 100A and Deltapine-15 varieties were approximately 60 and 66 inches, respectively, when
killed by frost.
Lodging of main stem and lateral branches of Coker 100A variety was a
serious problem where the highest rates of moisture and nitrogen were used
in 1956 and 1957. However, the plants tended to straighten after the bolls
began to open. Lodging was not a serious problem in 1958, even where
360 pounds of N was used in combination with the M3 moisture level. Boll
rot was increased by both nitrogen and soil moisture, but it was never a
serious problem. It should be emphasized that boll rot can be, and often is,
a serious problem when plants lodge, especially when high rates of nitrogen
are used with irrigation.
Boll size increased as rate of nitrogen increased. Irrigation also increased boll size; however, there were no differences in boll sizes for the
two levels of irrigation. The increase in boll weight was primarily the
result of larger seeds. The lint percentage decreased with increasing rate of
nitrogen. Lint percentages as related to moisture were erratic.
Cotton fiber data indicate that irrigation increased fiber length, but
reduced fiber strength in 1956 and 1957. With good rainfall conditions
during the 1958 growing season, irrigation did not affect fiber length.
Increasing the rate of nitrogen caused an increase in fiber length and a
decrease in fiber strength. Cotton micronaire values were not affected by
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either rate of nitrogen or soil moisture level. Micronaire values for t h e
1956 and 1957 lint were all within t h e acceptable range (3.5 or greater).
Most of t h e micronaire values on t h e 1958 samples were below those acceptable b y industry for sale without penalty.
Nitrogen content of the plant material and total d r y matter production
increased as rate of nitrogen a n d soil moisture level increased. However,
the relationship between nitrogen content of t h e plants in late J u l y a n d
eventual yield on non-irrigated plots was poorly defined. A direct relationship was found between nitrogen content of t h e plant during t h e heavy
fruiting period and yield when moisture is not a limiting factor. However,
it is recognized that this relationship can be upset b y other factors, such
as inadequate insect control, nematode damage, and excessive boll rot.

0

60

120
Nitrogen applied, lb/acre

240

Figure 3. The relationship between nitrogen content of the above-ground
portion of 130-days-old cotton plants and nitrogen applications a t two irrigation
levels, 1957.
The amount of nitrogen per plant after t h e bolls were opening in late
August was independent of moisture levels at t h e lower rates of nitrogen
applications (Figure 3). However, t h e higher t h e rate of nitrogen t h e
greater was the influence of moisture on the nitrogen content of the plants.
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SUMMARY

Studies were conducted at Thorsby, Alabama, on a Red Bay sandy
loam soil over a 3-year period to determine the effects of three moisture
levels and 5 levels of nitrogen on yields, growth characteristics, and fiber
quality of cotton. Yield, boll rot, boll weights, height of plants, nitrogen
content of plants, stample length, fiber strength, micronaire values and lint
percentage were measured.
RÉSUMÉ

Pendant une période de trois années, des études ont été effectuées à
Thorsby, Alabama, sur un limon sablonneux Red Bay, afin de déterminer
les effets de trois niveaux d'humidité et de cinq niveaux d'azote sur le
rendement, les caractéristiques de croissance et les qualités de la fibre du
coton. Les valeurs suivantes ont été mesurées: le rendement, la pourriture
de la capsule, le poids des capsules; la hauteur des plantes, la teneur en azote
des plantes, la résistance de la fibre, les valeurs micronaires et le pourcentage
de coton-fibre.
ZUSAMMENFASSUNG

Auf einem sandigen Red Bay Lehmboden zu Thorsby, Alabama, wurden
während einer Zeitfrist von 3 Jahren Versuche durchgeführt zur Bestimmung wie drei Feuchtigkeits- und fünf Stickstoffstufen sich auswirkten
auf Baumwollenerträge, Wachstumseigenart und Faserqualität. E s
wurden gemessen: Ertrag, Kopf faule, Kopfgewicht, Höhe der Pflanzen,
ihr N-Gehalt, Stapellänge, Faserstärke, mikronäre Werte, und Faserprozentgehalt.
DISCUSSION

D. O. ROBINSON: When using 240 lbs. of N per acre when was this applied
during the season?
O. L. BENNETT: 20 lbs/A were applied at planting, the remainder was applied
in equal applications 30 and 60 days after planting.
E. SHMUELI: 1) What was the depth of the root zone in the mature plants?
2) What was the depth of the root zone when you began to irrigate and to what
depth did you irrigate each time? 3) Have you calculated for treatments Mj and
M, how many days the moisture in the two upper feet was below 65 % available
moisture ?
Remark: In general we have received similar results to those that you presented here. From economic considerations and from the lack of sufficient water
we advise the farmers to irrigate as described in your intermediate treatment
and not as the wetter one.
O. L. BENNETT: 1) This was not determined. 2) Irrigation was started at the
first bloom stage but rooting depth was not determined. 3) No. But we do have
the information to determine this.

662

7 T H INTERN. CONGRESS OF SOIL SCIENCE, MADISON, W I S C , U.S.A., 1 9 6 0

Vl.34

E F F I C I E N C Y O F W A T E R USE R E L A T E D TO N U T R I E N T S U P P L Y *
by
H.

R.

HAISE, F. G. VIETS AND J. S.

ROBINS**

More efficient use of water supplies available for crop production on both
irrigated and nonirrigated lands is becoming more and more essential in
view of increasing world population. Recent experiments have shown t h a t
in some cases one-half or more of the water used in évapotranspiration
b y certain crops is lost by evaporation from the soil and from dew and rain
on plant surfaces (6). Considerable research is currently directed toward
methods to control a portion of the moisture lost b y surface evaporation
using plastic membranes, crop residues, and chemical and physical soil
treatments. However, those materials found most effective are costly and
economically questionable at present. A more practical but by no means
complete solution to the problem of more efficient moisture utilization is
to increase soil productivity with fertilizers and other amendments.
This concept is not new. As early as 1913, Briggs and Shantz (3) stated,
after a comprehensive review of the literature, t h a t 'Many investigations
have been made regarding the effect of fertilizers on the water requirement,
and with few exceptions the experiments show a reduction in the water
requirement accompanying the use of fertilizers. In highly productive soils
this reduction is slight. In poor soils the water requirement may be reduced
one-half, or even two-thirds, by the use of fertilizers'.
Briggs and Shantz were primarily concerned with crop production under
semiarid conditions. This concept, however, is equally important in arid
regions where critical shortages of water exist for irrigation, domestic and
industrial use. Even in the subhumid areas of the United States, irrigation
is increasing and surplus water supplies decreasing. Hence, anything which
can be done to increase the efficiency of water use by plants deserves
consideration. Some recent investigations pertaining to the question of
water use efficiency as influenced by fertility have been summarized by
Haise and Viets (4).
It is the purpose of this paper to discuss some conditions where fertilizers
can be expected to increase water use efficiency under conditions of both
adequate and limited soil moisture supplies and to present data that illustrate
the influence of fertilizers on water use efficiency.
DEFINITION OF TERMS

To avoid confusion of terminology, the following terms will be used as
defined:
Water requirement: The ratio of units of water absorbed by the plant
during the growing season to the units of dry matter produced b y the plant
during that time.
Irrigation requirement: The quantity of irrigation water t h a t must be
applied for successful production of a given crop on a particular site. I t
is the total water required including surface evaporation, deep percolation
* Contribution from Soil and Water Conservation Research Division, Agricultural Research Service, U.S. Department of Agriculture.
** Soil Scientists, Western Soil and Water Management Research Branch,
Soil and Water Conservation Research Division, Agricultural Research Service,
U.S. Department of Agriculture, Fort Collins, Colorado.
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or leaching requirement, conveyance losses on the farm, distribution inefficiencies, and other economically unavoidable wastes and is usually
expressed as depth in inches or feet to produce a crop.
Evapotranspiration
or consumptive use: The sum of the water removed
b y vegetation and t h a t lost by evaporation for a particular area during a
specified time. It is usually expressed as a volume per unit area (acre-feet
or acre-inches per acre) or more simply, in depth units (feet, centimeters,
inches, etc.).
Water use efficiency: The units of harvested portion of the crop produced
per unit volume of water used in évapotranspiration. In this paper the unit
of volume is an acre-inch.
EVAPOTRANSPIRATION

AS

INFLUENCED

BY

FERTILIZERS

Water requirement and water use efficiency depend on the magnitudes
of two quantities — évapotranspiration and the dry weight or other product
produced from C 0 2 assimilation. Each should be examined from the standpoint of effects fertilizers m a y have.
Some recent investigators of évapotranspiration and potential evaporation
in relation to available energy have taken the view that évapotranspiration
per unit area from green plants possessing a continuous canopy of leaves
and adequately supplied with moisture is almost independent of the size
of the crop. Penman and Schofield (5) reported t h a t two lysimeters of
turf at Rothamsted were left unfertilized and one was fertilized so that
the growth was increased about threefold. Evapotranspiration was approximately the same from each. Schofield (7) states: 'This maximum evaporation depends almost entirely on meteorological conditions and scarcely
at all on the nature of the vegetation, as long as it is green (i.e., in a stage
of vegetative growth) and effectively covers the soil'. V a n B a v e l and Wilson
(9) have used the same assumption in calculations of the time to irrigate in
relation to évapotranspiration in North Carolina, U.S.A. These investigations made in humid regions, indicate that growth differences resulting
from fertility response would have little effect upon évapotranspiration.
Tanner (8) has pointed out t h a t évapotranspiration m a y not be the
same in all cases in a large field as in small plots due to differences in plant
height, plant density, and plot size because of horizontal divergence of
heat available for evaporation. Such effects m a y be greatly magnified in
arid and semiarid areas where energy available for evaporation is sometimes
twice as great as the net radiation due to advected heat received from
surrounding hot and dry areas. At Bushland, Texas, measured seasonal
évapotranspiration on a nonfertilized winter wheat plot 12 b y 65 feet
was 20.3 inches compared to 30.2 inches on a similar sized fertilized plot
(120 pounds N/per acre) *. Measurements above irrigated grain sorghum
at the same location indicated t h a t only about 80 per cent of the measured
évapotranspiration could be attributed to incident net radiation **. Further
research is needed to fully understand the effects of advected energy on
évapotranspiration in dry areas.
The amount of solar radiation intercepted depends upon the leafiness and
density of crop grown. Measurements by Tanner (8) indicate t h a t drilled
corn (maize) intercepts only about 80 per cent of the incident solar radiation
and 30 to 40 per cent of the net radiation measured above the corn is exchanged as heat at the soil surface. Bowers and Hanks (2) working with
* Unpublished data of M. E. Jensen.
** Unpublished data of J. J. Bond.
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vigorously growing grain sorghum at Manhattan, Kansas, measured about
45 per cent of net radiation exchange at the soil surface where plant foliage
essentially shaded the soil area between rows. Thus, where water is artificially
applied or rainfall is frequent, evaporation losses at the soil surface could
be appreciable. Moreover, the partitioning of energy used in transpiration
and in evaporation would vary depending upon the degree of plant cover and
amount of solar radiation reaching the soil surface. It would appear, then,
that any factor such as fertility, moisture, plant density, etc., that affects
the degree of plant cover could affect évapotranspiration.
Abrupt changes in height of vegetation also affects wind turbulence, and
hence, exchange of C0 2 and water vapor between the crop and the surrounding atmosphere. However, once the turbulent boundary layer becomes
stabilized with distance from the edge of field, it is doubtful that pronounced differences in évapotranspiration would be apparent. In other words,
from a practical viewpoint, two large similarly cropped fields adequately
watered and alike in all other aspects but height would probably use the same
amount of water. Further research is needed also to clarify this matter.
Fertilization effects on crop maturity could increase total évapotranspiration of some crops and decrease it for others. For example, nitrogen
hastens development of crops like corn and sorghum in contrast to effects
of delayed maturity that can occur with wheat. Hence, the length of growing
period and thereby the amount of water used could be affected.
ASSIMILATION AS INFLUENCED BY FERTILIZERS

Efficiency of net assimilation or reduction of C0 2 to form carbohydrates,
fats and proteins determines the amount of dry matter and marketable
crop produced. D. J. Watson (10) has suggested that the best estimate of
photosynthetic capacity is the 'sum of areas of all leaf laminae per unit area
of land' or so-called leaf area index. He states that 'cultural practices that
increase yield do so wholly or mainly by influencing leaf growth. Fertilizers
and farmyard manure act in this way but major nutrients differ in the
time they are most effective'. Where C0 2 cannot be used efficiently by the
plant due to lack of an essential nutrient, leaf area may be less but water
continues to escape from open stomates and by evaporation from the soil
at the same rate per unit of land area. Under such conditions water requirement increases and water use efficiency decreases.
As pointed out by Haise and Viets (4), plant growth response to additions
of a deficient nutrient can be characterized by one of several decreasingincrement functions. Where plant growth is limited by a deficiency of one
nutrient where other essential nutrients are adequate or at least constant,
response to the first increment of fertilizer is usually greatest regardless of
the function that best fits the data. Greatest increase in water use efficiency
occurs for the first increment of fertilizer; whereas, succeeding increments
have progressively less effect in increasing the water use efficiency.
Where plant growth is limited by two or more nutrients, response surfaces
characterized by mathematical models are sometimes used to show the
relationship of various nutrient combinations. If interaction occurs between
added nutrients, the water use efficiency would not be affected unless
yield was also affected.
Factors such as source, time and method of application of fertilizers and
moisture supply can affect yield response and hence water requirement and
water use efficiency. Implications of data showing fertilizer response under
limited adequate moisture supply in relation to water use efficiency are
discussed in a subsequent section.
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EXPERIMENTAL RESULTS

The relationship of water use efficiency to dry matter production of
several grasses and mixtures as influenced by fertilizer use is shown in figure
1. Lines A and B represent results obtained under conditions of limited
moisture; whereas, lines C, D, E and F were from plots irrigated to maintain
ample available moisture for continuous growth.
In general, all grasses responded to additions of nitrogen as reflected by
increased dry matter production and water use efficiency. As pointed out
earlier, the greatest increase in water use efficiency per unit of nitrogen
generally occurred between zero and the first increment of added nitrogen
(first and second plotted values of each line). Measured évapotranspiration
values for each fertilizer rate and each grass are given in parenthesis in the
figure legend. Maximum seasonal variation in water use for a given grass due
to fertilization was 2.2 inches or less. This essential constancy of évapotranspiration resulted in linearity between yield and water use efficiency.
Linearity could also result from évapotranspiration increasing hyperbolically
as yield increased.
Deviation in slope of the lines for the various locations indicates that
the data cannot be grouped to express in one equation the relationship of
water use efficiency to dry matter production. This is in contrast to data
presented by Allison, et al. (1) who reported that water use efficiency of
crotolaria, cowpeas, millet, cotton, velvet beans and soybeans grown at one
location in small lysimeters was nearly a linear function of dry matter
production.
Maximizing water use efficiency through fertilization does not necessarily result in more economical procedures. Water use efficiency is
subject to the effect of decreasing increments of fertilizer just like yield.
In figure 1 this is apparent in the decreasing interval between points as
the fertilizer rate increases. For example, in line E the first 200 pounds of
nitrogen increased yield of Sudan grass 4,417 pounds and water use efficiency 174 pounds per acre-inch. The second increment of 200 pounds of
nitrogen increased yield only 696 pounds and water use efficiency only 10
pounds per acre-inch.
The data in figure 1 (lines A and F) also show that wide differences in
total dry matter production can occur even though water use efficiency
is essentially the same. Note that 2,455 and 9,340 pounds of dry matter
was produced where the water use efficiency was 306 and 326 under limited
and adequate moisture conditions, respectively. These results emphasize
the necessity for considering economic aspects of production regardless of
water use efficiency values obtained.
The data in figure 1 also emphasize the dependence of water use efficiency
upon crop capabilities. Lines C and D show production of negative blue grama
(Bouteloua gracilis) with nitrogen application rates of 0, 200 and 400 pounds
andO, 200,400 and 800 pounds per acre, respectively, while line E represents
Sudan grass (Sorghum sudanense) grown with 0, 200, 400 and 800 pound
nitrogen rates on the same soil. With 200 pounds of applied nitrogen, Sudan
grass produced about 9,530 pounds per acre of dry matter on about 24
inches of water in 1959 compared to corresponding figures for blue grama
of 3,940 pounds of dry matter on about 43 inches of water in the same year.
Water use efficiency for the Sudan grass was over four times greater than
for blue grama at this level of fertilization. Such data serve to emphasize the
importance of crop selection if maximum forage is to be produced from the
water available.
Data showing the relationship of water use efficiency to grain pro666

Figure 1. Relationship of water use efficiency to dry matter production
as influenced by fertilizer use. Details of lines are shown below.
Fertilizer rates are given as plotted in ascending order. Figures in
parenthesis after fertilizer rates are measured évapotranspiration.
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** Unpublished data of J. R. Thomas.
*** Unpublished data of J. J. Bond.
**** Haise and Viets (4).
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Figure 2. Relationship of water use efficiency to grain production as
influenced by nitrogen fertilization. Details of lines are shown below.
Fertilizer rates are given as plotted in ascending order. Figures in
parenthesis after fertilizer rates are measured évapotranspiration.
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duction as influenced by fertilizer use are presented in figure 2. Lines A
and B, and C and D are for corn and winter wheat, respectively, grown
under limited moisture supply. Lines E and F represent irrigated winter
wheat and grain sorghum, respectively, grown under adequate available
moisture. Water use efficiency of corn with little available moisture
in t h e soil a t planting (line A) was about 50 per cent less with 80 pounds of
nitrogen than where no nitrogen was applied. The yield reduction with
fertilizer was probably due to more complete foliar coverage resulting in
increased rates of water use and early exhaustion of available moisture
compared to the nonfertilized plot even though seasonal use was essentially
the same (see évapotranspiration values in figure legends). These d a t a
illustrate the problem of balancing fertilizer application with anticipated
available soil moisture. Where 8.8 inches of available moisture was stored
in the root zone at planting time (line B) 80 pounds of nitrogen and 4.6
inches of rainfall increased water use efficiency from 196 to 295 pounds
per acre-inch and grain production from 2,060 to 3,370 pounds per acre.
Similar results are illustrated for winter wheat b y t h e group of points
C and line D. W i t h no water stored at planting time, and 10 inches of
subsequent rainfall there was no appreciable difference in yield for nitrogen
application rates of 0, 40 and 80 pounds per acre (line C). Where 8.1 inches
of available moisture was stored at planting (line D) and the same amount of
rainfall, nitrogen rates of 0, 20, 40 and 80 pounds per acre increased wheat
production from 912 to 1,872 pounds per acre with a corresponding overall
increase in water use efficiency from 54 to 97 pounds per acre-inch of water.
These data further illustrate t h e practical manner in which fertilizer can be
used to increase the efficiency of water use.
The group of points E again show that the crop must respond t o fertilizer
additions in order to increase water use efficiency with fertilizer. Here
five nitrogen application rates on winter wheat varied from 0 to 120 pounds
by 30-pound increments at Garden City, Kansas, had no effect upon yield
and hence, no effect upon water use efficiency. On t h e contrary, t h e first
nitrogen application increment (120 pounds per acre) on irrigated grain
sorghum at Bushland, Texas, (line F) markedly increased yield and water
use efficiency. Again, the first added increment of nitrogen resulted in t h e
greatest increase in water use efficiency.
The data presented in figures 1 and 2 clearly show that water use efficiency can be increased with fertilizer on responsive soils under conditions
of both limited and adequate soil moisture supply. At a given location with
a given grass the amount of water required for grass production was nearly
the same regardless of fertilizer additions or dry matter production. These
d a t a support Penman's viewpoint t h a t where vegetation completely covers
the surface and soil water is adequate, seasonal évapotranspiration is
essentially the same regardless of dry matter production.
Where fertilizers increase yields, water use efficiency can be greatly
increased as indicated b y evidence presented. This does not necessarily
mean t h a t use of fertilizer in an irrigated project will reduce the overall
irrigation requirement. I t does mean, however, t h a t to supply a given
demand for a commodity such as hay, the demand can be supplied on a
regional basis a t a considerable saving in water if fertilization and other
production factors are placed a t optimum.
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SUMMARY

D a t a are presented to show water use efficiency as influenced by nitrogen
fertilizer appliciaton for various grass and grain crops grown at different
locations and under limited a n d adequate moisture conditions. Other
plant nutrients were adequate in most cases. Where available soil moisture
is adequate and plant response is obtained with added nitrogen, water use
efficiency and dry m a t t e r production are markedly increased. Usually,
the greatest increase in water use efficiency occurs between zero and t h e
first increment of added nitrogen.
Regression coefficients for t h e relationship between yield and water use
efficiency varied from crop t o crop a n d season t o season. Linearity of t h e
relationship was due t o t h e essentially constant water use regardless of
fertilizer rate or amount of dry matter produced. Under limited moisture
conditions, similar increases in water use efficiency with nitrogen fertilizer
use are observed b u t with lower dry m a t t e r production. Increasing water
use efficiency does not necessarily mean more profitable production.
Hence, it is important to consider economic aspects as well as most efficient
use of water.
RÉSUMÉ

Les résultats présentés ici montrent comment l'efficacité de l'utilisation
de l'eau est influencée par des apports d'azote chez différentes graminées et céréales, cultivées en des endroits différents en des conditions d'humidité limitées et suffisantes. Dans la plupart des cas, les autres éléments
nutritifs étaient présents en quantité suffisante. Quand l'eau ne manque
pas et que les plantes réagissent a u x apports d'azote, l'efficacité de l'utilisation de l'eau et la production de matière sèche augmentent nettement.
Généralement, l'augmentation la plus marquée de cette efficacité a lieu
entre le témoin 0 et la plus faible dose d'azote apportée.
Les coefficients de régression pour les rapports entre rendement et efficacité de l'utilisation de l'eau variaient de culture en culture et de saison
en saison. Le caractère linéaire des rapports est dû à l'utilisation essentiellement constante d'eau, quel que soit l'apport d'azote ou la quantité de
matière sèche produite. Quand l'humidité disponible est limitée, on observe
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des augmentations analogues de l'efficacité de l'utilisation de l'eau quand
on apporte de l'azote, mais les productions de matière sèche sont moins
élevées. Une augmentation de l'efficacité de l'utilisation de l'eau ne signifie
pas nécessairement une production plus rentable. Il est donc important de
prendre aussi en considération les aspects économiques en même temps que
l'utilisation la plus efficace de l'eau.
ZUSAMMENFASSUNG

Anhand von Versuchsresultaten wird gezeigt, wie N-Düngung von
Einfluss ist auf die Effizienz des Wassergebrauchs durch verschiedene
Gräser und Zerealien, an verschiedenen Orten, unter beschränkten und
geeigneten Feuchtigkeitsverhältnissen gezüchtet. Andere Pflanzennährstoffe waren in den meisten Fällen in geeigneter Menge vorhanden. Wo
genügend verfügbare Bodenfeuchtigkeit war, und die Pflanzen auf zugefügten N. reagierten, wurden die Wasserbenutzung und die Produktion
von Trockensubstanz erheblich erhöht. Gewöhnlich ist die grösste Zunahme
des Wasserverbrauchs zwischen Null und der ersten Stufe der N-Gabe
gelegen.
Rückläufigkeitskoeffizienten für das Verhältnis zwischen E r t r a g und
der Effizienz des Wasserverbrauchs schwankten von Gewächs zu Gewächs u n d von einer Saison zur andern. Geradlinigkeit der Verhältnisse
war dem wesentlich konstanten Wassergebrauch zuzuschreiben, ungeachtet
der Düngermenge oder der produzierten Menge Trockensubstanz. Unter
eingeschränkten Feuchtigkeitsverhältnissen wurden ähnliche Zunahmen
der Wasserbenutzung mit dem Verbrauch von N-Dünger beobachtet, jedoch
mit geringerer Produktion von Trockensubstanz. Zunehmender Wasserverbrauch will nicht notwendig eine vorteilhaftere Produktion bedeuten.
Darum ist es wichtig, oekonomische Gesichtspunkte ebensosehr in Betracht
zu ziehen wie den meist effizienten Wassergebrauch.
DISCUSSION

C. VAN DEN BERG: The present data refer to the total yield of different crops.
Better agreement could be obtained if W.U.E. would not only include unit
water and unit weight but as well unit time.
J. S. ROBINS: The point made is well taken. In comparing different crops,
the length as well as season of growth are important factors in determining both
total water use and photosynthetic ability. However, the fact that one crop
produces a given amount in 90 days whereas another takes 120 is a part of the
basis of W.U.E. differences.
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