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Dear Colleagues,
on behalf of the Organizing Committee of the
XIII. Congress of our Society I hereby present
to you the proceedings of its deliberations.
These transactions consist of one volume comprising the plenary papers, three volumes containing informative extended abstracts of the
voluntary papers and 2 volumes containing the
results of the symposia.
Volumes 1-4 were prepared in advance of the
congress and handed to the participants at registration. The idea for this procedure was to
ensure that participants might have maximal
informations on the items touched by the particular authors.
The form of the informative extended abstract
was chosen after a thorough discussion of the
matter at a meeting of the executive committee
of our society at Wageningen in September 1984.
It was felt that too short abstracts would decrease
the scientific value of the transaction. The quick
edition of the prolonged abstracts should encourage authors to send their newest results to
be published in our transactions in order to
secure their rights of priority.
These abstracts gain weight by the fact that in
order to avoid too many parallel sessions a
relative large proportion of the voluntary papers
had to be presented as posters - in these cases
it is particularly important to participants to have
sufficient information at hand to make best use
of the advantages of the poster exhibition. This
advantage gives the participant full choice to
which contribution he will turn his preferential
attention - whereas in parallel oral presentations
this choice is definitely limited. Poster exhibition
furtheron facilitate the use of different languages
in the discussion of a particular object. Thus,
one of the most prominent problems of an international scientific community finds a proper
treatment.
K.H. Hartge
- Chairman of the organizing committee

- 1Demands on soils increasing in diversity and intensity
K.H. Hartge
Institut f. Bodenkunde, Universität Hannover
Introduction
Nowadays if somebody talks about the extensive use of soils
and the dangers arising from overuse of them, he is sure to
have an eager audience. However, very often people are unable
to judge the true extent of the dangers arising from such
misuse. The reason for this is that many people have rather
less knowledge of soil science than of, for example, botany
or meteorology. Although ecological awareness has changed .
over the past few years, basic knowledge has not.
Until recently, soil was not regarded as a rare and valuable resource. Generally, the higher the technical level of
a country, the more the population is dependent upon food
imports, i.e. products of soil from other countries. Consequently the populace is less ;ware of the connections between
soil and food production. In industrialised countries, many
people have general fears about their environment rather than
specific concern about the destruction of food-producing
areas. This situation provides the background against which
an awareness of the need for soil protection was developed.
In areas of low productivity, arguments for long-term soil
conservation are weak when set against the urgent need for
food production to prevent starvation in the short-term.
most human activities occur on the ground (as opposed to
in water or air). Consequently soils can be classified according to the uses to which they are going to be put, and
therefore there are many definitions for the term "soil".
Definitions
Our environment consists of the atmosphere,hydrosphere and
lithospere. At first glance it appears that these three zones
are sharpely separated. Seen from distance it would appear
that the atmosphere would be outermost and the lithospere the
innermost part of the earth.
However,a closer look shows the deliniation is not so
clearcut. There is a mutual penetration of the three zones.
This penetration decreases with increasing distances from the
interfaces; it is most obvious at the interface, where the
most , and fastest, transformations of substances occur.
There is one group of interactions which is particularly
intensive in this area; those associated with general biological activities. Therefore, the broadest possible definition of soil is: soil is the zone of mutual penetration of
lithosphere, hydrosphere and atmosphere (Fig. 1 ) .
Plant material occurs in all three areas; therefore, a
fourth sphere is defined, the biosphere, Which includes
parts of the three other spheres. The part of the biosphere
in the lithosphere is more limited to the interfaces than
those in the hydrosphere or atmosphere. Thus, a narrower
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atmosphere, lithosphere and hydrosphere as far as they are
simultaneously a part of the biosphere. Even this definition
is still so broad that it does not appear satisfactory to
everybody. There are therefore several other definitions in
use which are narrower. They will not be described here in
detail.
Origin and limits of soil development
If the first definition given of a soil above, is followed,
then biologic activity is a frequent but not a necessary feature of a soil.
When judging the biological activity of a soil, it should
be kept in mind that it always has to start with composition
of organic matter. Thus assimilating plants that live under
the influence of daylight have to come first. Only if these
plants have effected accumulation of organic matter, organisms can come in or develop, that decompose it and thereby
help to form those organic components that are specific to
soils.
The organic components in soils therefore originate from
plants growing into the soil, or from plant material incorporated by animals.
Specific processes of soil development, i.e. formation and
incorporation of humic substances, presuppose presence of
an appreciable production of green plant tissue.
This fact gives a hint towards the arrangement of soildeveloping processes into geological scales of time. In the
carboniferous-period there were soils with organic components
only observed in areas close to permanent groundwater (Fig.2).
This was because opulent growth of plants in that time was
mainly limited to areas of regular water supply. In course
of the millions of years that have passed on to our time,
plants have "learned" to use water that was bound in soil and
held in place against gravity. Thus they became more and
more independent from groundwater or from regular supply by
precipitation. This was achieved by the development of a root
system. The root system is, therefore, adapted to life in an
aerated environment , i.e. an area of soil that is only
partly saturated with water. This corresponds to previously
described zone of mutual penetration (Fig.1).
Thus geological development of soil formation processes
can be formulated that goes parallel to increasing coverage
of land surface by higher plants. Under this development
soil formations under extreme growth conditions for higher
plants, such as drought, accumulation of salt or low temperature are the youngest ones. Those occuring under ample
water supply in warm humid climates are potentially the
oldest.
Plants influence soil development and thus their growing site
When roots of higher plants penetrate soil and extract water
and nutritive elements from it, they change the arrangement
of mineral paricles - i.e. the soil structure. Changes are
brought about by the demand for space by the root. Therefore
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Depending on the kind of soil material two extreme situations
may here be distinguished:
1. soil consisting of sand with particle-particle contacts.
Herejroots can pentrate only if they diplace particles. This
can be effected under the prevailing conditions only by
moving them up. This demands the more physical work the deeper
the root penetrates, because mechanics require that the
amount of material to be heaved up per unit penetration depth
increases with depth.
Considering the whole soil volume this means a loosening,
an increase of porosity and an upheaval of the soil surface.
If a root dies in the soil, its body remains in place. The
loosening therefore persists. It is even stabilized by the
organic components brought about by way of decomposition. The
components resist the collapse of structure to its initial
packing.
2. Clays in which particles do not contact each other but
are separated by firmly adsorbed water films (Fig. "5). Since
these films are not as rigid as sand particles, roots can
penetrate here more easily. Penetration would not be necessary here because of availability of plenty of water and a
deficiency of air. Water extraction however contracts the
soil-water system.Hereby fissures develop according to laws
of physical stress distributions. This development of cracks
can likewise be looked at as the formation of aggregates.
It secures aeration in the soil and thus faciliates advancement of roots.
In contrast to the loosening of packing brought about in
the sand , in the extreme case of pure clay the most important feature of the development is desiccation. This, however,
brings about a decrease of bulk volume and thus a lowering
down of the soil surface. This process is confined however to
the early state of soil formation. Furthermore here also
an upheaval usually occurs. This is brought about by the
growing diameter of roots- and by animal activities as soon as
the aggregates become sufficiently stable to be displaced
rather than deformed. Though this model is primarily orientated on newly sedimented clays, it is valid principally for
all diagenetically consolidated clays as well,if they undergo remolding as first step of soil development.
In both cases - sand as well as clay - biologic processes
increase receptivity for water and penetrability for later
root growth ( Fig. 4 ) .
If growth of higher plants is to start on heavily consolidated soil without preceding frost-heave or animal activity
root penetration is initially slow. First, penetration is
frequently achieved by so called pioneer-species.
The physical changes are not the only ones, but frequently
the first to be observed. They are accompanied by chemical
ones which are also brought about by biological processes.
Roots take up nutrients from the soil and transport them into
the hypergeic parts of the plant. Successive litter formation
and its decomposition result in a nutri ert distribution
that is extremely different from that in unhabitated soils
It shows accumulation of nutrients which are extremely low
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are found. On the other hand roots desorb hydrogen-ions,
carbon dioxid and
organic compounds that are accumulated equally in the rooting area. These compounds are important factors in the acidification that takes place in virgin
soils under humid climatic conditions.
The described processes can improve soil properties for
plant growth. This character of improvement however must not
be generalized too far.There are situations where plants
decrease suitability of a site for the next generation. Increasing accumulation of undecomposed organic debris, compaction of subsoil by heavy trees and acidification might be
mentioned as examples.
How far equilibria in cycles of matter originate or persist, is still the subject of comprehensive discussion.
Utilization of soils by mankind
If utilization of soils is discussed, arguments usually
start at an agricultural use. It must be stressed however
that grazing and forest managements also influence soil properties. This is less well known in general opinion , than
the severe changes brought about by intensive cropping like
horticulture or dumping and all kinds of deposition of waste
material.
Thus the scope of utilization is wide. It is difficult
therefore to define any common features of changes caused by
human activities.
Nevertheless an increasing concern can be observed within
recent times, that soils might be spoiled or even destroyed
by utilization.
This concern gains importance by the fact that destruction
of soils means irreversible loss of areas for production of
food, and thus starvation.
This deeply pessimistic view, however,is unnecessesary.
There are a sufficient number of examples which show that productivity of soil i.e. high crop yields can be maintained
over long times. Furthermore, there are examples that unfavourable soils can be made to givehigh crop yields by expensive amelioration. It is in cases like this, where modern
technology and heavy machinery make a meliorative soil movement and gradation possible, that was far out of reach earlier, or confined to very small plots because of a lack of
labour.
There seems , however, to be a "circulus vitiosus" in the
way how low crop yields and consequently starvation promote
inconsiderate methods of food aquisition and, therefore,
changes in soils that decrease yields. There are also cases
where lack of fuel to prepare meals has the same consequences
on the soils. On the other hand thoughts towards preservation
of production resources like soil can only be followed with
sufficient vigour if on the next day needs for food and fuel
are secured.
Activities to improve and even to sustain productive properties of soils are usually expensive. They presume availabilbity of labour.Therefore they are in most cases confined
to areas of highly intensive cropping i.e. small areas with
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are traditional horticulture in temperate climatic zones, or
traditional rice-growing in tropical climates, furthermore,
locally limited to special crops like grapes or fruit. Under
conditions like these a decrease of soil productivity is
usually observed in its very firt stages. It will be mended
successfully because the areas are small.
Under the conditions of large-area cropping at comparatively low intensity, expenditures per unit area necessarily remain small. Thus it is impossible to improve productivity to
an appreciable extent. Here it must be considered a success
if soil conditions can be maintained in a way that no regular increase in fertilization, plant protection and tillage
becomes necessary in order to sustain the level of yield.
The situation in pasture-grazing areas is somewhat
similar. In most cases it is here also impossible, to improve
production capacity of the soil to an appreciable extent.
The correlation between deterioration of soil and inconsiderate use on one hand, and neighbourhood of starvation on the
other hand, however, is here equally strong as in the case
of agriculture.
In forest economy the described circulus vitiosus is less
obvious if only moderate treecutting is performed. Tree harvesting with modern mechanized equipment can however severely
change the tree growing conditions of forest soils.
In cases where there is additional utilization, like grazing animals or gathering litter, changes become more clearly
visible. It is interesting to follow up how difficult
it is to establish a working silvipastoral system , as recent
investigation from New Zealand and from Chile show. It
should not be overlooked, however, that even the most moderate utilization, like suppressing forest fires, will change
around vegetation and shrubs in the forest and therefore the
organic layer and finally the soil development as was clearly shown in investigations of Swedish forests.
Silvicultural growing of trees in monoculture is relatively young if compared with monocultural systems in agriculture.
The number of generations of the samespecies that follows
each other is still relatively small. It can, therefore, not
yet be seen what kind of consequences in soil development
will follow. There are hints , however, showing that changes
in soil may develop under these circumstances which will
impede any further continuance of monoculture. Here, however,
lack of knowledge is particularly obvious.
Quite a particular topic is waste deposition. This gains
importance with a more intensive general economy and means
of transportaion. With the term "waste deposition" all those
facts shall be included that aim for getting rid of materials.
If the amounts are big there is no other way than just to
depose them by putting them on or into soil. It can be tried
in these cases, to incorporate these materials into areas in
agricultural use. There will be no problems with this as long
as the only substances concerned will be decomposed completely with time, like most natural organic components.
Problems will come up, however, if there are components
or elements that will be accumulated in the soil. In these
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these substances,or partly decomposed parts of them, might be
taken up by plants, and thus might finally end up in human
food. Here a number of problems arise, for which there are no
answers yet. Here a great amount of research and development
work is necessary.
If substances appear in such amounts or in forms that
can not be incorporated in cropping areas, they must be disposed of in some other way. Usually this is done by filling
in quarries, big open mine holes, or by piling up mounds
(Fig.5). These accumulated masses are prone to processes of
soil development, from when disposal ends.
This means that water movement and weathering take place,
that there will be a redox milieu, organic matter will be
formed and the disposed organic substances will decay. It
should be clear that there is no means to stop these processes in the long run. For example, it is impossible to exclude
a heap fro» the general water regime. In a humid climate this
means that leaching can not be avoided and that some percolation will always occur.
Only if the inevitability of these facts is recognized
will there be some possibility of avoiding unwanted consequences - like contamination of groundwater or damage brought
about by emergence of methane (Fig.5). This is another case
where pedologic work is enormously overdue. Most of it, however, is more directed towards technological development
than toward original basic research.
It may be observed, fortunately, that perception is increasing that those waste deposits in or on soil surface are
manmade soils and therefore should be judged according to
pedological lines of thought.This is the more so,as the facts
that are important here, are not actually new in themselves.
Only the points of view are new from which problems and
questions arise. This seems to be a classic example of emergence of a new branch of science, starting on its own from
the background of elder established ones like geology, geography and botany on the one hand, and chemistry, physics and
mathematics on the other hand.
The great dangers
Looked at on a global scale, the greates danger that threatens soils is probably erosion. In the most serious cases soils
which were suitable for cropping, simply vanish. At this
state usually there islnolonger any chance to reverse the process. Only recently is it conceivable to retransport eroded
material and to rebuild the soil. The mechanisms of erosion
are generally well understood, the ways to avoid them as well.
It is generally recognized that it is impossible to stop erosion completely.
Erosions tends to become a practical problem if shortage
in food enforces ways of soil management that increases erosion-risk (for example overgrazing;. Another reason for increase of erosion risk is brought about by introduction of
new soil management techniques (modernization) or new crops.
In such case risks are often unknown and old experiences
fail.
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is basically understood. Offences against theoretical laws
are usually again consequences of local constraints, like
shortage of food or unconsciousness of effects of new techniques on the water regime and its inevitable climato-topographic features (Fig.6). Whereas salinization is the trauma
of the arid regions, leaching is the fate of soils of the
humid areas. It promotes acidification if biologic activity
supplies carbon dioxide in the soil air. Thus it promotes
exchange and therefore for higher plants, loss of nutrients,
which are transferred to the groundwater by the more or less
permanent slow movement that goes downward even if water
saturation is only partial. The same transfer downward is
the inevitable fate of all substances that are mobile. Thus
contamination of groundwater is hardly avoidable, if the
substances that are brought in by the water that recharges
groundwater are neither decomposed nor filtered out by mechsbnical or chemical processes.
Here the requirements of food production and water utilization meet. The contrast of interests that arise from
this, can .not be solved definitively. If looked at from the
aspect of fresh water recharge, the soil is a filter. Like
all filters it has a limited capacity, the limitation being
different for ions, molecules, colloids or suspended matter.
Looked at from the aspect of plant production the filtering
may well be a contamination. Here the concern is that substances which are deposited in the soil may be poisonous to
man, if they get into human food via edible plants or via
grazing cattle. Concern is directed towards heavy metals as
well as towards organic compounds. Some of them are brought
in as pesticides for plant protection, others as consequences
of technological processes far from agriculture. The danger
is more conceivable in areas with high general technological
level than in those with a lower one. At the moment things
are still quickly moving in this field and news about new
cases of danger are frequent. It is not yet clear whether
this will become one of the big dangers in the end or remain
a more local problem. This again is to some extent a consequence of the discussion on theshold values which in many
cases is rather emotive.
Another example of a problem that - atleast for the
moment - is more locally confined, is the weight of agricultural equipment. Here another conflict of interests develops
because the effective use of increasing power of machinery
is impossible without exactly those loads that compress the
soil so that it becomes unfavourable for plants.This is a
particular important trend, because it counteracts one of the
most important pedologic processes - the loosening by biological activity and by freezing.
Finally it should be stressed once more, that erosion,
salination and leaching are natural processes that affect
soil development even if there is no human activity. They
become dangerous only if inconsiderate utilization lets
them increase to an extent that obstructs continuation of
this use. As was shown in the preceding text, it is always
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this may be extremely difficult. Compaction and contamination, however,are processes which rarely occur without human
activity.
Outlook
Development in the utilization of soils can be assumed to be
irreversibly directed towards an increase in diversity and
intensity.
Arguments in the previous sections of this text show that
this does not necessarily cause deterioration of the soil.
In view of further development some constraints should be
mentioned, however, that must not be neglected in future
planning.
First the wellknown fact should be repeated, that the
amount of soil areas can not be increased significantly. It
is possible, however, to increase the area for one or another
particular utilization at the expense of the rest of them.
Therefore it becomes important to decide for which utilization a particular area shall be prepared, and which limitations exists for this.
Since on the whole foo<$roduction will have to take priority
in all cases of severe changes their effect on possibility
of cropping must be studied. All other utilization that may
compete within short intervals of time and on small areas
must obey the principle, that cropping for food production
should remain possible in the worst case.
In other words this means that shallow, stony soils,
slopes or other areas less suitable for cropping without extensive amelioration should be preferably transferred to
non-cropping use. Deep, stonefree, level areas, well-suited
for cropping, however are in most cases more attractive as
well for all other kinds of use.
In these cases competence for use becomes the more visible
the higher the general state of technological development
of the area is. In those areas the need for food production
does not seem to exist, because food is imported from cropping areas of other countries or even other continents. It
should be kept in mind that turnung to all kinds of non-cropping utilization like construction or waste disposal sites is
easier than reverting to conditions of vigorous food-plant
growth.
It is only one step from this line of thought towards increased intensity of cropping. Here it is important to keep
in mind that increase in intensity always means an increase
in regulating adjustment or control . With respect to cropping this means more accurate adjustment of fertilizer use,
and of irrigation or drainage. Here there are still large
possibilties of technological development - particularily
with water regimes.With high intensity of cropping failures
of adjustment usually bring about more serious damage than
with low intensity.
These facts may be summed up in the following sentences:
—If we want to use our soils more intensively and
diversely, then we will have to provide better deve-

- 9lopment and adjustment.
-»If damage is to be avoided with these activities, then
we will have to improve our knowledge of soils.
This knowledge again has not only to be worked out, but also
to be extended.
The first step in extension is towards the scientific
community. Here the scientific discussions have to take place
before new things are presented to the public.
To provide such a forum for the community of soil scientists is the purpose of this congress.

Acknowledgement:
The author is indepted to Dr. R. Tippkötter for help in
preparation of the English text

10
precipitation

. lithosphere

j J J, J J

Fig.1: All changes that are brought about to the lithosphere via atmos- and hydrosphere start at the
zone of mutual penetration - at the soil

silur
UO COO

320

tertiary
2W
160
70
0
million years befor our time

Fig.2: Phylogenetic develoDment of rootsystem of plants
started about 400 million years ago. It makes survival
possible further and further away from permanent
contact to groundwater (GWL=groundwater level)

-

11 -

sand

oipïop.

clay

Fig.3: Plant roots influence soil structure right
from their first growth. The effect is
loosening in sands and contraction and
cracking in clay

- overconsolidation
due to humon activity
or loss of strength
overconsolidation
by drying

(leaching)

upheaval
by
cryo/bio-turbation

time

Fig.4: Three main processes change soil structure
and thus water and air regimes for plants.
Primary desiccation maybe brought about
by drying or weight of overlying material

12
precipitation
J degassing

tolerable soil
development

drainai

coveringirnaterial

drainage

to dan fication
plant

*-

n

1
GWL

impermeable subsoil

Fig.5: Principle of a waste dump. The kind »f water
regime developed in it depends on climate
( GWL=Groundwater level)

humid
Iprec >evap I

arid
levap>prec

I

1 / / / / / / / / / /
,CWL
,FWL

Fig.6: General scheme of movement of soil water and
consequently its ingredients due to climatic
situation (FWL=Surfacelevel of free water;
GWLT= Ground waterlevel in the soil)

- 13 SOIL HATER AND PLANT PRODUCTIVITY
Joe T. Ritchie
Michigan State University
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Variations in rainfall and the soil water reservoir affect crop
productivity and create a risky environment for growing crops. When soil
water balances can be evaluated along with plant growth and yield, using
validated simulation models, yields can be predicted to determine how
weather and soil factors affect yield and profit variability-

When soil

water availability is marginal for rainfed crops, accurately evaluating
the amount of water roots can extract from the soil is important.
Management strategies can be designed to apply variable amounts of
fertilizer, seed or irrigation depending on the soil requirements.
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Of all the major physicochemical resources needed by plants (water,
soil

nutrients, carbon dioxide, oxygen and

light),

water

is

the most

limiting globally (Boyer 1982) in the variations that occur in the natural
environment.

The combined water requirements by domestic, industrial and

agricultural sources are lowering water tables in many parts of the world.
For

example,

irrigated

the

cropland

Ogallala

aquifer, which

in the United

States, is

supplies

one-fifth of

section is already half depleted, with little hope of recharging
1985).

the

fast diminishing: a large
(Postel

Throughout the United States, agricultural irrigation uses about 3

x 10

cm/year more than can be resupplied (Wittwer 1984).

Groundwater in

Northern China is under severe stress: annual use in Beijing exceeds the
sustainable

supply by

levels

dropped

have

25 percent.

In Tamil Nadu, India, water

25-30 m in a decade from heavy use for

table

irrigation

(Postel 1985).
As demand by domestic and industrial uses for clean water increases,
it is realistic to assume that less water will be available for irrigation.

Thus, the task is to use precipitation more efficiently.

In many

parts of the world, irrigated agricultural production regions are shifting
from

arid

available.

and

semiarid

regions

to areas where water

is more

readily

Understanding crop water use is essential to improving plant

productivity in irrigated and non-irrigated regions.
Rainfall

distribution

is sporadic

and unpredictable.

Therefore,

although total annual or within-season precipitation may be sufficient in
rainfed regions to satisfy crop demands for maximum productivity, stability

of

production

is not

insured.

Non-uniform

precipitation

creates

periods of water deficit.
Increased supplemental irrigation in humid and subhumid regions is an
important key to increasing and stabilizing
tivity.

future agricultural produc-

An advantage of using irrigation in humid regions is a greater

availability of renewable water.

Less water is required than needed in

arid regions—with little danger of salinization.

However, soils in humid

and subhumid regions are often not as good in inherent nutrient capacity
or depth as are soils in more arid regions.

Also, erosion and nutrient

leaching are greater problems in humid regions when a rainfall follows an
irrigation.

Therefore, management of humid region soil requires different

irrigation and fertilization practices to minimize leaching and erosion.

- 15 Plant Productivity and Evaporation
When the soil and plant factors are held constant but the supply of
water

for evaporation

proportional
When

separated

proportional

from

crops

to the cumulative

is varied, plant

evaporation

from

production

from soil evaporation, transpiration

to biomass production.

is often

the soil-plant
is often

system.
directly

The constant of proportionality is

affected only by the vapor pressure deficit of the air surrounding the
plants (Tanner and Sinclair 1983).
lower efficiency of water use.

Higher vapor pressure deficits cause a

Thus humid regions generally have higher

productivity per unit of transpiration than do arid regions.

In rainfed

agriculture, when the water supply for evaporation is held constant and
other

factors

such as nutrient

cause significant

levels, plant populations, or varieties

yield differences, the proportionality between above-

ground biomass production and evaporation from the soil-plant system is
not constant

(Ritchie 1983).

Poor yielding crops often have less cover

and the soil evaporation is greater.

There is also an interaction between

soil evaporation and plant evaporation: when the soil surface is dry, the
microenvironment around

plant leaves causes a larger transpiration rate

than when the soil surface is wet.
Another
biomass
affect

factor

production
root: top

proportion

of

affecting
and

ratios.

total

the proportionality

transpiration
When

assimilate

between

above-ground

is the way nutrient

deficiencies

nutrient

supplies

is partitioned

are

to roots

low, a
(Brouwer

greater
1965).

Also, when the water supply to plant roots in different, more assimilate
is partitioned to roots.

With the connection between soil evaporation and

transpiration and the root-shoot partitioning dynamics, caution should be
used in interpreting the generality of a proportionality constant between
crop productivity and cumulative evaporation from plants.
In

evaluating

how

soil

water

affects

plant productivity, it is

important to be able to quantify not only the rates of evaporation from
the soil-plant system, but also the quantity of water in the soil that is
available to plant roots.

The temporal variation in the supply of soil

water from precipitation and the spatial variability in the soil factors
affecting the amount of water roots can extract from plants provides a
challenge in interpreting large area and long-time plant productivity.

Plant Kxtractable Soil Water
Of all the soil-related properties, the one most closely related to

- 16 plant productivity in regions where the water supply for plants is
marginal during part of the year is related to the amount of water that
can be extracted

from the soil by plant roots—normally called the

available water holding capacity.
The amount of water plant roots can remove from the soil must be considered a biophysical process. The rate of root growth and the density of
roots within the soil system also are important in determining the amount
of water that can be extracted from soil.

It is difficult to quantita-

tively calculate the amount of water roots can actually extract from soil
based only on laboratory measurements of physical properties of the soil.
If roots are not growing in some part of the soil, no extraction is
possible except for a small amount of flow that will occur from wetter
seil where no roots exist to soil that is drier because of root
absorption.

Annual plants often have a low root density at depths below

about 1.2 m, thus incomplete extraction of the available water usually
occurs in deeper soils.

This conservation of water helps plants survive

during drought by providing small quantities of water to plant roots at
low rates for relatively long time periods.
A comparison of upper and lower limits of available water made with
pressure extraction equipment and with field-measured limits is shown in
The data were taken

from a sorghum field at Phoenix, Arizona,

U.S.A. (van Bavel et al. 1968).

Figure 1.

The drained upper limit was obtained from

covered bare soil when drainage had practically stopped after about 10
days.

The lower limit values were obtained when the crop was practically

dead because of a shortage of soil water.

The water contents at the

various potentials shown were determined using pressure extraction
equipment.
Using 160 cm as the reference rooting depth, available water can be
calculated from data in Figure 1 in several ways.

Setting the measured

and interpolated -15 bar potentials as the lower limit, available water
figured from the -0.1 bar potential is about 19.4 cm, from the -0.33 bar
potential about 15.3 cm, and from the field-measured drained upper limit
about 17.5 cm.

The amount extracted between the drained upper limit and

the field measured lower limit water contents is 19.2 cm.

This value

could have been somewhat larger if the measurements had continued because
of an apparent active depletion of water below 120 cm when the study was
terminated.
Although the various estimates of available water are in fair

- 17 agreement,

errors

could

be much

larger

in other soils.

The

potential

measurements at 160 cm fail to show the increase in water content below
about 130 cm for the drained upper limit, which probably resulted from a
compacted

horizon

containing

Bavel et al. 1968).

calcareous

deposits

at

those

depths

(van

Also, there was a consistent error in estimating the

lower limit with the -15 bar values above 100 cm.
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Figure 1.
Soil water content
profiles for various estimates of
the lower and upper limits of
water availability for a sorghum
crop on Adelanto clay loam. The
open circles represent laboratory
measurements at the potentials
shown.
The solid
circles
r e p r e s e n t the field measured
limits (from Ritchie 1981).
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assessment

of

the accuracy

of

laboratory

measurements for estimating field soil water holding capacity, Ratliff et
al. (1983) obtained and evaluated a comprehensive data base of 401 sets of
field and laboratory measurements of the limit of soil water availability
from several sites throughout the United States.
similar

to those shown

in Figure 1.

The available data were

In the study considerable

spatial

variability often existed within a soil series at a particular site for
the

field

measured

upper

and

lower

limits.

However,

the

between the upper and lower limits were relatively constant.
caused

only minor differences

difference

Crop species

in the lower limit water content for the

upper part of the soil profile where root length density was apparently
above some critical limit.
than others.
laboratory
ranges.

Some species extracted water to greater depths

There was usually a consistent bias between the field and
measured

limit

of water

availability

within

soil

textural

The differences in water content between the field measured upper

and lower limits were rather constant, averaging about 13 volume percent,
for all textural classes except for the sands.

- 18 It seems reasonable to conclude that laboratory measurements used to
estimate
These

plant available

potential

soil water are subject

errors, when

combined

with

to significant errors.

the problem

of

incomplete

extraction at the lower parts of the profile and the extra water loss near
the surface due to evaporation from the soil, leads me to conclude that
accurate water balance models need to have field-measured limits of water
availability, especially when the water supply to crops is marginal.

Other Factors Affecting Soil Hater Supply
Accurate
amount

of

water-balance

water

irrigation.

modeling also

infiltration

into

the

The amount of infiltration

requires
soil

an estimate

from

of

precipitation

the
or

is governed by many variables,

mainly the amounts and rates of precipitation, soil type, amount and type
of vegetative

cover, land

slope, surface roughness, initial soil water

content and frozen soils.
infiltration
models

are

The most commonly used approach to estimating

is statistical
usually

models

developed

fitted

with

the

to experimental
sole

aim

of

data.

These

optimizing

the

prediction by use of appropriate regressions.
Infiltration can be studied

using models

that embody, as fully as

possible, our knowledge of the physical processes

involved.

While

the

statistical strategy may yield a useful predictive system, it ignores the
physical processes and is often useless for extrapolation outside the area
where experimental

data have been

taken.

The

physical

strategy

often

leads to an intolerably complicated model with limited usefulness and high
labor

requirements

for

characterizing

the real system

and

its

initial

stage.
I believe that practical infiltration models must take advantage of
the statistical strategy by fitting "rationally" empirical expressions to
functions

with

physical

meaning.

As

with

extractable

evaluations, infiltration prediction on any specific

soil

water

field will require

some field calibrations.
Infiltration equations that require precipitation data for less than
24-hour periods may not be useful for many operational models because of
the lack of short-term rainfall data.

Thus, it may not be possible to

model infiltration accurately with a single general approach.
Also important

to soil water availability

is drainage.

In poorly

drained soils, a significant amount of water can be held above the drained
upper

limit

which

is

used

by

plants.

Useful

functions

to estimate

- 19 drainage can be established from relatively simple field studies (Ritchie
1985).
Some dynamic soil characteristics must be either monitored frequently
or, at best, modeled to account for their within-season variability.
example, soil
canopy

surface

changes,

conditions

crop

residue

For

that are changed by cultivation, crop
additions

and

residue

decomposition

conditions can have a great deal to do with how much water

infiltrates

into the soil.

Spatial Variability
Spatial variability is of major concern in evaluating variables such
as lower limit, drained upper limit and drainage characteristics of the
soil.

Spatial variability of soil is not an academic question. It is
a real landscape attribute; our unwillingness or inability to
identify it in no way decreases its magnitude or existence....
As scientists we must document the magnitude and form of soil
variability; accommodate its existence in models of soils; and
transmit accurately the expected pattern and implication of
spatial changes to users of soil resources. (Wilding 1985)

The above quote comes from Soil Spatial Variability, a workshop sponsored
by the International Society of Soil Science and the Soil Science Society
of

America.

The workshop

dealt with geostatistical

interpretation

variability to contemporary soil classification programs.
geostatistical
(Nielsen

and

design and
Bouma

analysis

1985).

are well covered

I believe

of

Details of the

in the proceedings

the principles

discussed

in the

proceedings need to be given greater emphasis in soil science education
and

research.

assumed

that

Statistical
observations

identically distributed.

techniques
obtained

for data

in the

analysis

field were

have usually

independent

and

There is increasing evidence, however, that data

from many field trials are inherently spatially correlated (Shumway 1985).
Thus there needs to be an increasing emphasis on statistical methods that
deal with spatial variability.
However, we still have little understanding regarding specific soil
properties that cause variations

in yield.

The scale of spatial vari-

ability of yield is likely to be considerably finer than the scale used in
detailed
interest

soil

surveys

to

differentiate

soil

in scaling spatial soil variability

types.

The

heightened

in the last ten years has

20
mostly been

related

to the physical and chemical properties of the soil

that may not directly impact crop yields.
of

value

in

demonstratable

evaluating

plant

correlation

between

For spatial variability to be

productivity,

there

measurable

properties

soil

should

be

and

a

crop

productivity.
Some classical work related to spatial variation in yield was done at
Rotham6ted, England, by Mercer and Hall (1911).

They measured yields of

grain and straw in a field that was divided into five hundred 3.3 x 2.5 m
plots.

The total yield of grain and straw ranged from 3.1 to 6.2 kg per

plot.
N

Figure 2. Spatial variation
of total above ground
biomass for wheat grown at
Rothamsted, England. Dark
shaded area = > 7.7 t/ha;
non-shaded area = 6.2 - 7.7 .
t/ha; light shaded area =
< 6.2 t/ha (adapted from
Mercer and Hall (1911)).

Figure
total yields
data.

2

(adapted
separated

To decrease

three

and

Hall

classes

(1911)) shows

after

some

the plot of

smoothing

of

the

the number of isolated plots within the scale, each

plot yield was weighted
indicated

from Mercer
into

with the average of its neighboring plots.

As

in Figure 2, the left side of the field produced more biomass

than the right side.

The Mercer and Hall data includes no information on

the spatial variation of the soil.

It is reasonable to assume, however,

that the cause of the yield differences was related to variations in soil
properties because of the high degree of correlation between yields in the
different sections of the field.

- 21 During part of the growing season because of the nonuniformity

in

soil properties, one possible cause of the yield variation could be the
differences in the amount of water available to plants in the root zone,
as discussed in the previous section.

Extractable soil water in a field

such as shown in Figure 2 can have variations in rooting depth and soil
density that would cause yield differences of the type found in the Figure
2.

If the crop was rainfed and had some degree of e trees caused by soil

water deficits, the yield

variation

then

could be

strongly

related

to

variations in the amount of stress experienced by the plants as a result
of such differences in extractable soil water.
While it is reasonable to expect soils to be variable on the field
scale shown in Figure 2, it is unlikely that factors associated with the
atmosphere

would

cause

such differences.

Although

rainfall would

be

uniform over this small an area, the variation in topography or other soil
properties could cause runoff and infiltration to differ.

However, the

topography of the experimental fields at Rothamsted has little slope, and
the soil surface appears uniform.
that the yield

Thus, for this paper, 1 am assuming

differences were due to extractable water during a year

when plant growth was sometimes limited by water deficiencies.

Model ing Soil Water and Plant Productivity
Not only is soil spatial variability a problem in evaluating how soil
water affects productivity, but temporal variability in weather also has a
strong influence on year-to-year variations of productivity.
the

difficulty

in

obtaining long-term variability

Because of

in yield, computer

simulation models of the soil water balance and crop growth are necessary.
Knowing the probabilities associated with productivity and profitability
is important when making management decisions.
Almost every decision a farmer makes is centered around the productivity and profitability of the crop.

Weather, especially water avail-

ability, is a critical component of productivity; it is also one of the
most unpredictable.
that

will

allow

Only a few field trials have had experimental designs

yield

response

estimates

for conditions beyond

the

experimental site and year, and even when data are available, applying the
knowledge

is usually

established

less

than satisfactory.

from experimental

Yield

data often provide

response

functions

little assistance

farmers in making decisions about farm management strategies.

to

The reason

is because experiments cannot be carried out over a wide enough range of

- 22 weather sequences.

Thus, the data required to generate probability

functions usually cannot be obtained directly from field experiments
because of the time involved.

When soil water balances can be evaluated

along with plant growth and yield using validated models, however, yields
can be simulated over many years to determine expected variations that
result from weather.

This kind of evaluation makes it possible to do risk

analyses to determine alternatives for minimizing risks.
Several research groups have developed crop models to evaluate how
the environment affects crop growth.
of the models.)

(See Legg 1981 for a summary of some

An interdisciplinary team that I have participated with

developed models for several grain crops. The most widely tested of these
are CERES-Wheat (Ritchie and Otter 1985) and CERES-Maize (Jones et al.
1986).

The models were designed to predict the yield of crops sown

anywhere at any time and to be a useful tool for decisionmaking by
farmers, researchers and governments.
The models are structured such that (a) weather, soil and genetic
information for input is readily available; (b) the program language is
familiar to the greatest number of potential users; and

(c) the

computational time per run is minimal. Most of the input information came
from daily weather data and standard soil classification data.
program is written in FORTRAN.

The

A mainframe computer requires about one

second of central processing unit (CPU) time to run a single growing
season.

On an IBM PC/AT, or equivalent, the program takes about 30

seconds to run.
One of the somewhat unique features of the CERES models is the
emphasis on the duration of crop growth cycles as influenced by genetic
differences in sensitivity to photoperiod, vernalization and temperature.
Duration is emphasized because it is the major factor enabling crops to be
selected for regions with different lengths of growing seasons. The CERES
models do not depend on information regarding known yield potentials in ;
region. Management is limited to selection of the genotype; time, density
and depth of sowing; and the time and amount of irrigation and nitrogen
fertilization.
To better understand possible reasons for yield variations as
influenced by soil and water relationships, a 30-year yield sequence was
simulated using CERES-Maize and weather data from St. Joseph County,
Michigan, U.S.A.

The weather patterns in St. Joseph County are typical of

many humid and subhumid regions where rainfall during some part or all of

- 23 the growing season is often insufficient

for maximum crop productivity.

Three soil properties were assumed—shallow, medium and deep—each having
rooting depths of 50, 100 and 150 cm and extractable soil water amounts of
6.5, 13 and 19.5 cm, respectively.

All other management factors were held

constant and nitrogen was assumed to be non-limiting.

Results from the

simulation are shown in Figure 3, which shows that weather and soil both
strongly influence yield.
In Figure 3, years 13 and 26 of the sequence indicate that soils had
yield differences that were quite small between the different soil depths.
In years 13 and 26 (Figure 3 ) , the difference between the shallow and deep
soils was quite small.
environment

exists

In these types of years, a favorable soil-water

even

in shallow soils—probably

because

rains

are

frequent throughout the growing season.
However, years

6

and

29 in the sequence

had

almost

total yield

failures for the shallow soils, while the deeper soils provided relatively
good yields.

In environments like this, spatial variations in extractable

soil water amounts become very important in affecting the productivity of
the whole field.
The maximum single plot yield in the Mercer-Hall data was twice that
of the minimum single plot yield.

If those yield differences were caused

by variations in extractable soil water, similar instances can be found in
the data in Figure 3.

In years 8 and 24, deep soil yields were indeed

about twice that of the shallow soil yields.
In regions where water is available to supplement rainfall, yields
usually

increase with irrigation.

If the strategy is to minimize the

amount of water added through irrigation, the potential extractable soil
water amounts will be important in the decisionmaking process regarding
when

and

how much to irrigate.

information as used

Using the same weather and

management

for Figure 3, the model was altered to simulate an

irrigation of 15 mm each time the soil water in the root zone reached a
critical

threshold

value.

The amount

of irrigation

required

for the

season was then determined (Figure 4 ) .
Although
drained

upper

15

mm

limit

is

considerably

less

than

the deficit

belov

soil water content, maintaining a relatively

the

large

soil water deficit allows the soil to store more precipitation should a
rain follow an irrigation.

It also decreases the possibility of leaching.

In the summer, 15 mm is equivalent to two to three days of evaporation;
therefore, with

this strategy, applications have to be frequent during
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Yields with Dryland Method
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Figure 3.
Simulated maize yields over a 30-year weather sequence (from
St. Joseph County. Michigan. U.S.A.) on a field with three soil depths not
irrigated.
(The deep soil yields not shown are equal to the medium
soils.)
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Figure A. Simulated amounts of irrigation water, applied in increments of
15 mm. required for optimal plant growth over 30-year weather sequence
(from St. Joseph County, Michigan, U.S.A.) on a maize field with three
soil depths.

- 25 rainless periods.

Martin et al. 1985) demonstrated that approximately 40Z

less irrigation water was needed with an application of 6 mm of irrigation
for this type of soil and weather when compared to 32 mm per application,
the latter being a more common practice for farmers in the area.
Using the 15 mm irrigation strategy, yields from the three soil types
were practically the same every year.

The yields from year-to-year varied

between 10,000 and 12,500 kg/ha ninety percent of the time.
of ca. 9500 kg/ha occurred

The low yield

in year 25 of the sequence and the maximum

yield of ca. 13,000 kg/ha occurred in year 17.
Because of soil spatial variability, it is possible to have soils
similar to those depicted in Figures 3 and 4 contained within a relatively
small field.

Most large field irrigation systems, such as center pivot

sprinklers or linear move sprinklers, uniformly irrigate fields, despite
the different soil types.

The critical management problem then becomes

one of deciding which soil type to use as a basis for making decisions
concerning irrigation.

If irrigation is applied whenever plants in the

shallow soils are stressed, the plants in the medium and deep soils would
be overwatered.
or

deep

soils

If irrigation is applied only when plants in the medium
show

stress, the

plants

in

the

shallow

invariably be stressed more than the other plants.

For

soils would
example,

in

year 1 of the sequence (Figure 4 ) , 105 mm of water would be required if
the

shallow

soil

was

used

strategy, then, 45 and

to

indicate

when

77 mm of water more

to

irrigate.

than was

applied to the medium and deep soils, respectively.
yields

for

these

three

needed

For

this

would

be

In the simulation,

irrigation amounts were 11,200 kg/ha.

For the

entire 30-year sequence and using the shallow soil as the reference point
for irrigation, the average percent of excess water applied would be 30
and 45 mm for the medium and deep soils, respectively.
A

modern

technology

approach

would

be

to

design

an

irrigation

strategy that would conserve water, but would provide an environment so
that soil water does not limit yield.
the

field would be

strategy would

irrigated

according

Under this strategy each part of
to its individual needs.

This

require knowledge of the soil spatial variability and a

computerized

irrigation

information.

Once the spatial variation of extractable soil water was

system

that

included

the needed

geographical

known, each outlet along the irrigation line could be turned off or on,
depending on

the water

needs of

the different

soils.

Thus a minimum

amount of water would be applied to achieve maximum yields for the entire

- 26 field.
Assuming for this discussion that the three yield level delineations
in the Mercer-Hall data (Figure 2) represented an agricultural field with
the three soil types and weather pattern shown in the simulation (Figures
3 and 4 ) , the implications of water conservation can be calculated using
the Mercer-Hall

data.

The high yields

field, the medium yields
soil)

13%.

Thus,

(deep soil) occupied

7% of the

(medium soil) 80% and the low yields

in year

1, using

the modern

(variable

(shallow

irrigation)

approach, the total irrigation would be 63 m m — a savings of about 42 mm or
a 40% savings over using the shallow soil strategy for the entire field.
The savings for the 30-year sequence is 32%.
magnitude of other agricultural
weather

patterns.

quantified

This

Obviously distribution and

fields would be different as would

example

simply

demonstrates

the need

the

to have

information regarding spatial variability and soil properties

in addition

to the temporal variability

in the weather.

In instances

where the rainfall is either very abundant or very short, knowledge of the
soil variability becomes less important as it effects crop productivity.
For regions where rainfall is marginal, however, knowledge of the soil
properties and their variability becomes much more critical.
The difficulty
lack

of

knowledge

in implementing a variable irrigation system is our
of spatial variability

interact with the weather

in the soil properties

to affect crop productivity.

that

The task is to

describe the above ground plant variability as being an indicator of soil
variability.

Above ground measurements are considerably simpler to take

than are soil measurements if field extractable soil water is the cause of
yield variability.

For the measurements to be most effective, they would

need to be taken when the biomass difference is expressed at its maximum
amount, which would be at a time when there has been a long drying cycle
without rainfall and the growth of the biomass throughout the field has
practically
optimum;

stopped.

For

plant populations

this

evaluation, nutrient

levels

should

be

relatively high, constant and uniform; and

pest damage minimal.
Using a validated
paper

simulation model of

and by successively varying

the type discussed

the extractable

soil water

in this
amounts,

repetitive iterative runs of the model could be made until the measured
biomass amounts agreed with the simulated amounts.

This would provide an

approximation of the spatial variability of extractable soil water.
For this evaluation to be credible, it would be important to verify

- 27 that information from the simulation model was approximately correct.
Using the known biomass information, it would be possible to define the
parts of the field where biomass differences were greatest.

Those

locations could become sites to evaluate the critical parameters for
quantifying extractable soil water.

Manual evaluations of biomass

production, such as conducted by Mercer and Hall, have limited practical
application because they are so labor intensive.

The alternative is

remote sensors that would scan large agricultural fields quickly and
economically to evaluate the biomass spatial variability.

A prototype

radiometer for estimating biomass was reported by Tucker et al. (1981).
Conclusion
In many regions of the world where crop production is important, the
growing season is often characterized by large variations in water supply,
both spatially and from year to year.
environment for farmers.
their risks.

These variations, create a risky

Our job as researchers is to help them minimize

Of course, risk assessment is more than productivity, it is

also economics and resource conservation.

In this paper, I have attempted

to outline the need for a better understanding of the efficient use of
water and its relationship to soil properties which are necessary for any
reasonable risk analysis.
This

improved

understanding

can lead

to the development of

agrotechnology packages that will optimize profitability and protect our
natural soil and water resource base.

To be able to design the

appropriate agrotechnology packages, we, as researchers, need to
accelerate our efforts to include more spatial and temporal variability
considerations in our research.

We then will be more able to transfer to

the farmers those technologies most needed by them.
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ESSENTIAL
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AND
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SOILS

AND

THEIR
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I.

INTRODUCTION
Many of the

measured

with

'essential' and

difficulty,

and

'toxic' elements could once only be

were

termed

'trace

elements'.

'Trace

elements' is a useful description of those elements present in soils and
plants

in

small

physiological
essential

in

physiological
essential

role

amounts,
in

living

nutrition,

at

elements.
commonly

without

things.

any

connotation

For those elements

'micronutrients'

is

a more

of

their

known to be

useful

term.

The

function of some elements depends on concentration, being

for life or passively absorbed without physiological function

at low concentrations but
health

but

higher

concentrations,

The terms
applied

environmental

in some cases having a deleterious effect on

as

'toxic' and
an

when

umbrella

pollutants.

they

may

be

termed

'toxic'

'heavy', or both combined, have been

The

for

a

group

problems

of

of

metals

classed

terminology

have

as
been

discussed by Phipps (1981).
The micronutrients of importance for plant growth are Cu, Zn, Fe,
Mn, Mo, Co, Na, B, Cl and possibly V and Ni.
some

rare

earths

may

stimulate

crop

There are also reports that

growth.

For

animal

health, the

following elements are essential, Cu, Zn, Fe, Mn, Co, Mo, Cr, Sn, Si, Ni,
Na, Cl, I and Se.

Many of these elements essential for animal and plant

life are considered 'heavy metals' .
There has been a long history of association between metals and
human development

(Encyclopedia Britannica 1980).

Copper has been used

since about 8000 BC, initially as native copper, but smelting of copper
from oxide ores

is thought to date from about 6000 BC.

Lead was used

before 5000 BC, zinc and mercury by about 500 BC, and nickel in alloys by
200

BC.

Cadmium

was

discovered

comparatively

recently

(1817).

The

chronology of the environmental impact of heavy metals has been assessed
by examination of cores

from sediments (Muller 1981), ice (Murozumi et

ai. 1969), and peat (Chamberlain 1983).
at

A peak in lead usage was noted

the time of the Roman Empire but metal use accelerated

during the

industrial revolution of the nineteenth century and since that time heavy
metals have become 'essential' to modern society because of the range of
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All-time production of Cd, Cu, Pb, Ki and Zn has been estimated to
have been 0.5, 307, 241, 17 and 250 (each xlO 9 k g ) , respectively, while
the total amounts of these metals dispersed through the atmosphere have
been estimated

as 0.32, 2.2, 20, 1.0, 14 (each xlO 9 kg), respectively

(Nriagu 1979).

These huge amounts are supplemented by liquid effluents

and direct deposition of solid wastes onto land and into waters.
Pollution can arouse community
research

and

remedial action.

concern, and has often stimulated

The possible effect of the continuing,

irreversible transfer of massive amounts of potentially toxic metals from
localized

ore

bodies, coal

seams, etc., to

global scale, is also cause for concern.
advancing

contamination, and

the

earth's surface on a

Unfortunately the stealth of

its lack of respect for national borders,

weakens the resolve for coordinated counter-measures.
In

this

paper,

I

review

some

general

pollution, with emphasis on Cd, Pb and Zn.
references consulted can be quoted.

aspects

of

heavy

metal

Only a few of the numerous

I attempt to highlight some of the

main features of heavy metal pollution of soils and the consequences.
Examples and case histories will be biased towards my research experience
in Australia.

2.

SOURCES OF POLLUTION
In most situations the main factors determining the metal content

of the soil are the composition of the parent material and the processes
of

soil

formation.

materials

can

Many

result

concentrations.

For

stadies

in

soils

have shown that even uniform
with

example, Tiller

quite

different

(1963) showed

that

trace

parent
metal

the total Ni

concentration in surface soils on dolerite in Tasmania ranged from 5 to
140 mg.kg

1

.

The

complex

contributions

of

heavy

metals

from

anthropogenic sources are superimposed on the natural variation, and this
needs

to be

recognized

in

the

formulation

of

guidelines

relating

to

maximum permissible levels of metals in soils.
Contamination
either
factory

from

the

of soils by metal-containing

substances can result

decisions of farm management or from sources such as

emissions,

which

(inadvertant pollution).

are

often

incidental

to

modern

society

Such anthropogenic sources of pollution should

be placed in context with natural sources such as from wind-blown dusts,
volcanoes, forest fires, etc.

Nriagu (1979) has estimated that
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anthropogenic
natural

emissions

emissions

of

appreciably

heavy

metals

into

for

Cu, Ni

and

the
Zn

atmosphere

and

by

an

exceed

order of

magnitude for Cd and Pb.

2.1

Deliberate Additions of Heavy Metals to Agricultural Soils
Many

additions

initiated.

of heavy metals

Practical

to agricultural

alternatives

are

often

land are farmer-

not

economic production depends on use of available

possible

because

agricultural chemicals

and fertilizers, and irrigation waters.
2.1.1 Agricultural fertilizers and chemicals
Fertilizers
added

- Although

the micronutrient heavy metals are often

to fertilizers as needed, incidental

raw materials
1983).

are sometimes sufficient

impurities derived from the

to benefit crop growth

(Tiller

Commercial fertilizers may contain a great range of heavy metal

concentrations (Swaine 1962) but the highest concentrations are found in
phosphatic
several

fertilizers.

countries

are

Ranges
shown

in

in

concentrations

Table

1.

These

of

Cd

reported

values

reflect

in
the
1

world-wide range of Cd concentrations in rock phosphates of 1-90 mg.kg
(Williams and David 1973; Baechle and Wolstein 1984).

Table 1
Cadmium in Some Phosphatic Fertilizers (mg.kg ')
Canada

Australia

U.S.A.

18 - 91

7.4 - 156

2.1 - 9.3

Netherlands

Sweden

9-60

2 - 3 0

Data reported by Freedman and Hutchinson 1981; Williams and David 1973;
Reuss et al.

1978; Smilde and van Luit 1983; Stenstrom and Vahter 1974.

Particular
of

the

concern has been focussed on Cd in fertilizers because

relative

perceived

ease

health

fertilizer-derived

Cd

fertilizer

its

used,

of

risk

transfer

of

(Schroeder

into
Cd

the

food

content,

Cd
and

from

soil to plant, and the

Balassa

chain

1963).

depends

fertilizer

on

and

(especially p H ) , and the crop's ability to absorb Cd.
phosphate

with

low

Cd

contents

contents

must

be

used

in

are

many

finite
countries

and

soil

Entry

of

amount

of

properties

Supplies of rock

sources

for

the

with

practical

high

Cd

reasons.

Notwithstanding a long history of usage of phosphatic fertilizers with a
relative high Cd content, Australian wheat grain ranges only from <5 to
45 ng

Cd

g~l

(Tiller

et ai. 1975).

The current hazard due to Cd in
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phosphatic

fertilizers appears minimal

but

requires monitoring

because

the net transfer of Cd from phosphate rock deposits to agroecosystems is
considerable, and is disseminated widely.
emissions

and

fertilizers

make

In some countries atmospheric

similar

contributions

to

soil

Cd

(Gunnarsson 1983).
Agricultural
arsenates
diseases

and

chemicals

- Sprays

metallo-organic

in horticultural

crops, and

contamination are documented.
resulted

in

several

(Tiller and Merry
soil

containing

compounds
in

have

Zn

salts, Cu and Pb

been

turf.

used

High

to

levels

control
of

Copper levels of about 1000 mg kg

countries

from

extensive

use

of

Bordeaux

metal
1

have

sprays

1982) while use of lead arsenate sprays have led to

concentrations

of

at

least

500 mg

(Freedman and Hutchinson 1981; Merry et

Pb

al.

1

kg

and

1983).

100 mg

As

kg

l

Annual accumulations

of Cu, Pb and As in Australian orchard soils were estimated to be about 2
orders

of

magnitude

higher

phosphatic

fertilizers

(2-4 g Cd ha

1

1

y

).

than

under

The

the

accumulation

European

main

hazard

and
from

rates

of

Australian
the

Cd

from

conditions

contamination

of

horticultural soils arises from the uses of the soil following orchard or
vineyard clearance.
2.1.2 Metal-contaminated waste products
Municipal wastes - Municipal wastes added to land may contain high
concentrations of heavy metals.
780

of

Cd,

Cu

Pb

and

Mean concentrations of 9, 350, 330 and

Zn, respectively,

have

been

reported

municipal solid wastes (Freedman and Hutchinson 1981).

for U.S.

Such material is

not valued as a soil amendment and its use is limited.
Pig slurries - Pig and poultry slurries commonly contain 600-900 mg
Cu kg

l

(dry basis) but can be as high as 2000 mg kg

x

(Unwin 1981) and

may lead to problems where repeated applications are made.
of pastures with Cu-rich slurries

Contamination

is considered a particular hazard to

grazing sheep.
Sewage

sludge

-

Huge

amounts

of

sewage

sludge

are

produced

world-wide, e.g. 6xl0 6 tonnes of sludge (dry basis) are produced annually
in

the EEC

alone

(Kofoed

1984).

The disposal of sludge on land has

become increasingly favoured by city authorities and welcomed by farmers
as

a

source

of

nutrients

and

as

a

soil

conditioner.

Unfortunately

sludges contain appreciable amounts of heavy metals (Table 2 ) .
Those metals in sewage sludge most likely to affect crop production
are Zn, Ni, Cu and Cd (Page 1974).

Cd has caused most concern for human
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health.

More

stringent

regulations

restricting

inputs

of

industrial

effluent have resulted in lower concentrations of heavy metals in sewage
al.

sludge but significant contributions from domestic sources (Klein et
1974) will control the achievable limits.

Table 2
Heavy metal concentrations in sewage sludges
1

Range (mg.kg
Country
U.K.

, dry weight)

Cd

Zn

Cu

2-1500

600-20000

200- 8000

50- 3600

Fb

Ni

20-5300

U.S.A.

2-1100

72-16400

84-10400

800-26000

12-2800

Sweden

2- 171

700-14700

52- 3300

52- 2900

15-2120

Canada

2- 147

40-19000

160- 3000

85- 4000

7-1500

Australia

2- 285

240- 5500

250- 2500

55- 2000

20- 320

20

2500

1000

750

300

C.E.C. Rec. Max.

Data reported by Davis 1980; Page 1974; Freedman and Hutchinson 1981; de
Vries 1983; Webber et al.

1983; C.E.C. 1982.

2.1.3 Miscellaneous sources
The

contamination

of some rivers and canals with effluents

from

mining and industrial activities can affect crop quality; irrigation has
led

to polluted

soils

and

crops

e.g.

in Japan

(Takijima

and Katsumi

1973).
Sediments dredged

from

rivers and canals

in industrialized areas

may have high concentrations of heavy metals (for example, about 30 mg Cd
kg ' in Rhine sediments) and they must be used with caution (van Driel et
al.

1984).

Polluted sediments deposited during floods would have a less

dramatic yet more widespread effect than dredged sediments.
Many
introduced

other
into

minor

sources

of

farmlands, e.g.,

heavy

metals

metal-containing

can be
wood

intentionally
preservatives,

coated fencing wire, metal sheeting, etc. but their impact is considered
negligible.

2.2

Inadvertant Transfers to the Soil-Plant-Animal System

2.2.1 Urban-industrial pollution
Point source emissions from large metal industries can cause broad
scale contamination of land.
Other

industries

causing

Mining activity has a more local impact.

significant

soil pollution with heavy metals

- 34 include

chemical

manufacturing,

plating, tanning, and

oil

refining,

fertilizer manufacture.

metal

processing

and

Discussion here will be

restricted to smelters, powerplants and incinerators.
Smelters

-

anthropogenic

Primary

emission

of

metal

production

non-ferrous

is

heavy

the

main

metals,

source

except

for

of
lead

emissions from motor vehicles (Nriagu 1979).

Dispersal from smelters is

strongly

topographical

dependent

relation

to

sources

exhibit

on

stack

concentration

meteorological

height
haloes

and

and

aerosol particle

of

soil

size.

contamination

exponentially with distance.

factors

in

The major point

which

decrease

in

Local soil pollution within

1-2 km may be quite severe while near-background concentrations of metals
in soils may not be recorded until >20 km from the source.
proportions

of

global contamination.
smelters

have

Appreciable

aerosols escape the smelter vicinity and contribute to

been

Numerous studies of pollution around primary metal
reported

(Freedman

and

Hutchinson

1981).

In this

paper the impact of heavy metal smelting will be illustrated briefly by a
case study of a smelter at Port Pirie in South Australia.
Since 1889 the Port Pirie lead-zinc smelter has produced about 12
million tonnes of Pb as well as appreciable amounts of other metals.
smelter

is

situated

on a coastal plain used

The

for low intensity, mixed

cereal/sheep production and is the only point source in a region of low
population density apart from the city of Port Pirie; this facilitated
the interpretation of soil contamination and its consequences.

At least

3400 km 2

are

Regional

distributions

were

very

similar.

Contamination was detected up to 65 km from the smelter.

The

contaminated
of

to

some

extent

Cd, Pb

and

Zn

(Cartwright
in

surface

et
soils

al.

1977).

pattern of soil pollution provided a historical record of metal pollution
up to the 1940's; improved smelter design has since drastically reduced
stack

emissions.

continuing
environment.

Field

studies

and glasshouse

into

animal

and

studies provided
human

health,

the basis

and

the

for

marine

Analyses of wheat plants and grain provided biogeochemical

indicators of heavy metals which mirrored the geographical variation in
soil contents (Merry et al.

1981).

Alkaline soils resulted in decreased

Cd, Zn and Pb uptake by cereals being below accepted health standards.
Grazing

animals

were

considered

enhanced metal status of pastures.
were

noted

systems

and

because

of

to be at greater

risk because of the

Differences between pasture genotypes

differences

in both

absorption

leaf morphology affecting dust adhesion

by

their

root

(Merry and Tiller
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Studies

of sheep showed

a strong distance-dependence

from the

smelter of metals ingested and metal concentration in blood, bone, liver
and

kidney

increased

(Koh

and

uptake

of

Judson
Pb,

1986).

Zn

and

Cu
Cd.

absorption
Cu

was

deficiency

depressed

by

in

is

sheep

occasionally observed.
Power plants and
generation

produces

incinerators

large

- The use of coal

for electricity

quantities of metal-containing

particulates.

Fly-ashes contain a wide range of metals and other contaminants (Page et
al.

1979) but since the heavy metal contents are not particularly high,

the

enrichment

negligible.
The

of

soils

by

stack-derived

fly-ash is considered

to be

Disposal on agricultural land is not common.

incineration

of plastics, wood

products, fossil

fuels, and

organic wastes by householders and municipal authorities may also result
o
in atmospheric emission of heavy metals. Lag (1985) has highlighted the
possibility of significant pollution of soils within 10 km or so of some
municipal incinerators.
2.2.2 Emissions from motor vehicles
Lead dominates roadside pollution because of its common use in the
petrol additive, lead tetraethyl.
Ni also accumulate near roads.

Other metals especially Cd, Zn, Cr and
Atmospherically

emitted Ni is ascribed

largely to Ni additives in diesel oil (Nriagu 1979).
from

vehicles,

roadway.

The

the

coarser

particles

deposit

Of the Pb exhausted

within

50-100 m

finer Pb particles are dispersed much further.

of

the

Several

studies e.g. Page and Ganje (1970) have reported contamination by motor
vehicles up to several kilometres from the highway.

Reiter et

al.

(1977)

reported that nearly half of automotive Pb emitted was still airborne at
a distance of 20 km.

Tiller et ai. (1986) concluded that at least 20% of

automotive Pb dispersed beyond 50 km.

3.

MOBILITY OF METALS IN SOILS AND LANDSCAPES
Movements of heavy metals within landscapes and regionally will be

mainly associated with the solid phases of earth materials, under the
agency of wind, water and gravity.
distances

occurs

largely

as

Transport of heavy metals over long

fine particles with appreciable

residence

times in the atmosphere and is evidenced by the accumulation of heavy
metals
carpets

in the Greenland ice-cap (Murozumi et al.
of

northern

Scandinavia

(Tyler

1972).

1969) and in the moss
Such

long-distance

transport leads to the slow build-up of soil pollution in remote areas.

- 36 Mobility within the soil mass will be mainly in the solution phase.
In brief, soil chemical
and

their

uptake

reactions

by

adsorption/desorption

as

controlling mobility of heavy metals

plants

are

determined

solubility/precipitation

by

the

concentration

and

or
ionic

species in solution and the kind of surface phases present.
Compounds
soil

of

conditions,

heavy metals
e.g.

pH,

can be demonstrated

redox,

and

metal

under extremes of

concentration,

but

the

successful application of solubility criteria to normal soil conditions
has been limited
compounds

in

to date (Tiller 1983).

soil may

framework of thinking

well

be

The solubility of heavy metal

important

- they

certainly

- but generally the ill-defined

provide

a

nature of trace

metals at soil surfaces and the lack of appropriate stability constants
will

limit

progress.

Solubility

studies

have

indicated

which

simple

compounds of trace elements are unlikely to occur in soils.
Adsorption/desorption has provided, by general consensus, a useful
means

of

between

describing
adsorption

philosophically

heavy
and

metal

reactions

solubility

obscure,

and

is

is

in soils, but the boundary

sometimes

sensitive

to

experimentally

small

changes

in

and
soil

components and soil conditions (Brummer et ai. 1983).
The recognition by Hodgson et ai. (1965) and other collaborators of
the important role of complexing in solution by soluble organic ligands
was one of the most significant contributions
heavy metal
speciation
reliable
GEOCHEM

reactions
and

and

its

in recent decades.

application

relevant

(Sposito

in

soil

to the understanding of

The ensuing
chemistry,

stress on ionic

coupled

with

thermodynamic data, and computer models

1983) should, with

time, improve

more

such as

our predictions of

heavy metal mobility in the environment.

4.

ECOLOGICAL CONSEQUENCES OF HEAVY METAL POLLUTION OF SOILS

4.1

Effects on biological activity in soil
Pollution

of

soils by heavy metals may

inhibit microbial

enzyme

activity and reduce the diversity of populations of soil flora and fauna
(Tyler

1981; Küster

earthworms

depends

and Grün
on

the

1984).

chemical

species and soil factors; Cd appears
Reductions

in populations

documented, e.g.

of

in orchard

soil

The toxicity of heavy metals to
form

of

the pollutant,

earthworm

to be the most toxic (Lee 1985).

animals

by

soils (Hirst et t l .

heavy

metals

have

been

1961; Mochizuki et ai.
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1975) but Hughes et
high

al.

(1980) suggest that this may only apply at very

concentrations.

sensitive

to

heavy

Soil

biochemical

metals

are

degradation and possibly N 2
some natural

ecosystems.

processes

mineralization

considered

of N

fixation; these could

Although

and

especially

P,

cellulose

significantly affect

the potential danger

is recognised,

there is little evidence to date that these processes are being affected
by heavy metals under normal soil conditions (Domsch 1984).

4.2

Effect on soil-crop-animal systems
At

heavy

metal

concentrations

above

the

deficiency

range, most

natural soils act as a repository or sink for metals without any obvious
effects on biological activity.
response

of

resulting

plants and animals

The

important question relates to the

to increasing

from either natural variability

concentrations

or pollution.

of metals

The extent of

transfer of metals from soil to plant depends on plant genotype and the
particular

metal

involved;

it

is

mediated

by

soil

physico-chemical

properties, especially pH.
Uptake by plants generally increases with concentrations of metals
in

soils,

especially

for

the

more

mobile

metals.

Above

certain

concentrations crop quality and yield, and animal or human health, may be
affected.

Concentrations

of

toxic

metals

require

careful

monitoring

since potentially dangerous levels may be reached in the diet of animals
or

humans

without

any

evidence

of

adverse

plant

symptoms.

This

is

especially

so for Cd, Pb and Tl for toxicity to plants is encountered

above

concentrations

the

reverse

is

true

for

considered

other

heavy

desirable
metals,

for

e.g.

human

Zn,

Cu

intake.

The

and

Ni, thus

Associated

elements,

providing a built-in safety mechanism.
Heavy
frequently

metal pollutants
other

rarely occur alone.

heavy metals, and possibly major nutrients also, can

affect the biological effectiveness of a particular metal by additive,
synergistic or antagonistic effects (Cunningham et

ai. 1975).

Not all of the heavy metal associated with plant tops enters by the
root system.

Surficial contamination of pasture and food plants by the

spreading

agricultural waste slurries, by adhering

soil

of

dust

and

aerial

fallout contributes

to the metal

soil splash and
intake of farm

animals and can complicate predictions of health hazard to both animals
and humans.
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5.

PREDICTION OF THE IMPACT OF HEAVY METAL POLLUTION OF SOILS

5.1

Degree of Soil Pollution
Measurement of the degree of soil pollution only requires analysis

of

the

soil.

total concentration and comparison with a background
Unfortunately

true

'background'

soils

hardly

exist

reference

due to the

world-wide emissions of about 40 million tonnes of metals (Nriagu 1979).
The

so-called

'background'

values

of

some

regions

may

lead

to

an

underestimation of the impact of current pollution.
Total analyses of heavy metals do not generally provide any guide
to the biological
For

more

useful

non-labile

and

effectiveness or mobility of the metal under study.
data, the

labile

total

concentration

may

be

separated

into

forms, the latter having the ability to react to

soil conditions.

5.2

Prediction of Uptake of Metals by Plants Using Soil Analysis
Soil analysis has been widely used to predict whether the nutrient

status of a plant lies in the deficient, normal or toxic range and has
provided a basis for soil amendment, especially fertilization.
It is generally accepted that the prediction of trace metal uptake
by

plants

is best achieved by analysis of soil solution or

closely related to it (Kabata-Pendias and Pendias 1984).
with

this

approach

lies

with

the

need

to

separate

something

The difficulty
the

appropriate

solution and analyse the appropriate ionic species (Sposito and Bingham
1981)

at

the

low

concentrations

involved.

Despite

these

problems,

prediction using the soil solution approach holds the best prospect for
future success.
The conventional approach has been to try and extract a particular
chemical

form

(the

chemical

pool

approach

of

Viets

(1962))

correlates with crop composition or fertilizer response.
has

proved

a

predictability

useful
has

guide

been

to

soil

improved

by

and
the

crop

management.

application

of

which

This approach
Soil

test

multivariate

statistical analysis using covariant factors which are likely to affect
soil solution composition e.g. pH and complexation in aerated soils.

The

complementary

the

chemical

approach

to

trace

metal availability

has emphasized

interactions between solid and solution phase, and the factors

influencing the equilibria involved (Q-I studies).
Dilute acids, complexing agents and salts have commonly been used
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soil

Inertia

testing
and

for metals

in both

deficient

lack of convenient alternatives

and

toxic

situations.

for routine analysis will

ensure that these traditional tests will continue well into the future.
Unfortunately

a

large

number

of

soil

tests

are

in

common

notwithstanding the rather marginal advantage some have over others.
course
later

many

were

developed

international

calcareous

inappropriately

regional

applications

soils

acidic-neutral

for

used

by

DTPA,

(e.g.
on

acid

use

without

others.

sands,

and

and

developed

Norvell

dilute

Of

consideration of

Procedures

Lindsay

use

acids

for

1978)

are

suited

for

soils are sometimes used on calcareous soils!

A bigger

problem arises from the numerous variations in procedure of the commonly
used

soil

tests,

sometimes

in

one

country.

Differences

in

reagent

concentration, pH, soil-solution ratio, energy of agitation, etc., often
unspecified,
data

base

make

of

cooperation

interlaboratory

poor

quality.

comparison

This

hinders

difficult, and
progress

and

lead to a

international

in research and monitoring, which is particularly

important

in the field of pollution.

5.3

Prediction by Plant Analysis
Plant

analysis

gives

an

indication

of the soil status of heavy

metal as well as defining the plants' own metal load, which is important
when the plant is ingested as food.

For many researchers, the analysis

of plant tissue is the preferable approach to assessing the soil's status
of nutrient and toxic elements.
between
also

genotypes

influenced

However, metal uptake varies appreciably

and amongst different plant parts.
by

plant

maturity

and

light, temperature and soil moisture

such

Metal

environmental

status, and by

status is
factors

as

rooting depth and

interactions with other metal pollutants and nutrients.

6.

GUIDELINES FOR REGULATORY CONTROL OF POLLUTION OF AGRICULTURAL LAND
Increasing

crops has

concern

about

heavy

present and future human populations.
disposal
other

metal contamination of soils and

led to the establishment of guidelines for the protection of

of

sewage

sludge

metal-containing

but

Emphasis to date has been on the

the principles

materials.

The

involved

experimental

could apply to
basis

of

the

guidelines also needs to be sound, including plant growth techniques (de
Vries and Tiller 1979), form of metal used, equilibration time, and dose
rate (Webber 1981).
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Guidelines

for

disposal

of sewage sludge have been developed

in

several ways (C.E.C. 1982): by restricting the heavy metal concentrations
in sludge being applied to agricultural land; by restricting the amount
of

pollutant

defining

metal

a

that

maximum

agricultural

soils;

can

be

added

permissable
and

by

over

a prescribed

concentration

combinations

of

of

the

period;

by

metals

in

heavy

above,

together

restrictions related to soils, land use and the metals regulated.

with
Some

complications of these disparate regulations have been reviewed by Webber
et ai. (1983).
0.1

Maximum permissable loading of soil with Cd varies from

to 20 kg ha ' in different countries.

inertia

of

surprising
resulted

parochial
that

the

scientific
extensive

Although one recognizes the

approaches

literature

in a better consensus.

and

on

soil

traditions,

it

pollution

has

is
not

Political and non-scientific community

inputs are likely to have played significant roles.

But the disparity of

recommended limits may also reflect lack of confidence in the scientific
basis, especially of the relationship between soil levels and uptake by
plants, the question of changing availability, or not, with time, and the
significance the critical concentration of heavy metals in food plants in
relation to suggested dietary limits.
Notwithstanding
play

a

more

guidelines.

these

uncertainties,

significant

role

in

soil science will hopefully

further

development

of

national

Soil analysis carried out in a prescribed, adequate manner

can provide a reliable estimate of heavy metal loading of soil from most
sources

(fertilizer,

variations
data
metal

is

sludge

in background

increased

by

availability,

regulations.

and

concentrations.

coupling
or

aerial)

also

reflect

between

of

unusual

The usefulness of such soil

them with soil factors which

covariants

Discrimination

and

them

suitable

insoluble

and

influence

for

potentially

use

in

labile

forms of metal in the soil would also make soil analysis a more useful
basis

of

soil

pollution

guidelines,

especially

if

ensure

pollutant-treated

applied

internationally.
Regulations
especially

should

after

safeguarded

against

accumulated

metals

also

receiving
future

maximum
management

that

allowable

metal

decisions

into crops or groundwaters.

soils,

loadings,

likely

to

are

mobilize

Farmers will not wish

their land use to be controlled but we should through guidelines based on
research avoid Leeper's (1978) "possible day of reckoning".
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- 44 SUMMARY
Heavy

metal

pollution

of

agricultural production and health.

soils

is

reviewed

in

relation

to

The relative hazards of inadvertant

contamination by industry, etc. is assessed in relation to amendment of
soil with fertilizers, sewage sludge, etc.

The role of soil processes in

environmental mobility of heavy metals and the need for soil criteria in
guidelines for disposal of polluting materials is discussed.
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J.M. LYNCH
Glasshouse Crops Research I n s t i t u t e , Littlehampton, W.Sussex,
ENI 7 6LP, tfiited Kingdom
PROLOGUE: THE MATURE AND COMPOSITION OP THE SOIL MICROBIAL BIOMASS

In this brief overview, micro-organisms only will be considered but i t
should be recognized that higher organisms are frequently hosts or vectors
for transmission of micro-organisms. The early studies of soil microbiology demonstrated the wide diversity of genera and species which can
occur in the s o i l . Modern systematica, particularly the use of numerical
taxonomy, eases identification. Because there i s such as vast range of
organisms present in s o i l , i t has proved to be a fruitful hunting ground
for micro-organisms of industrial significance. For example soil microorganisms were the source of streptomycin and other antibiotics in the
studies led by Selraan A. W&ksman a t Rutgers University (Lechevalier, 1982)
and the observations of E. Kurosawa in Taiwan in 1926 of the foolish seedling disease of rice (Gibberella fujikuroi) led to the study of gibbere l l i n s as plant growth regulating substances (Mees & Elson, 1978). The
vast reservoir of micro-organisms in the soil has barely been tapped and
there must remain enormous potential for this to be used by the agrochemical industry. To increase the likelihood of successful isolations,
the industrial scientist could be aided by the soil scientist in pointing
to the physical or chemical environments where suitable organisms are
likely to occur.
In agricultural terms, the principal concern i s not always the
qualitative description of organisms in any particular soil but more an
analysis of the quantity present. Since the discovery by Jenkinson and
Powlson (1976) of an indirect method to measure the soil bionass, involving
fumigation followed by measurement of respiration, avoiding the tedium and
imprecision of direct microscopic observations, several other useful
methods have been developed. These include the measurement of ATP,
phosphorus release following fumigation and microcalorimetry (Sparling,
1985). There i s s t i l l no absolute standard with which to judge the
precision of these various methods but for many purposes, such as the
analysis of the contribution of the biomass to nutrient cycling, an
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adequate estimation can be made. This has taken soil microbiology into a
new quantitative era.
However, i t is s t i l l rather difficult to assess the
relative roles of each component of the biomass to soil metabolic
processes. Whereas chitin and ergosterol have been used as chemical
markers of fungi and muramic acid might be used for bacteria, generally
these markers vary quantitatively between species and they do not appear to
be particularly useful in the general case. Furthermore, there can be more
interest in assessing the population of particular species. For bacteria,
antibiotic resistance, preferably to more than one a n t i b i o t i c , can be
induced and then viable c e l l s can be recovered by counting on the surface
of selective agar media containing the a n t i b i o t i c s . With fungi this i s not
possible because recovery by plate counting does not necessarily relate to
total fungal biomass. A new opportunity here might be to use
immunocytcchemical techniques, such as colloidal gold attached to an
antigen, to recover particular species.
Table 1 itemises some factors relevant to the demands and controls on
organisms in s o i l .
Table 1.
Factors

Micro-organisms in Soil
Examples

Roles

Demands/
Functions

Control of plant
growth with
minimal chemical
input

Nutrient supply to plants, nutrient
cycling, N.-fixation, P s o l u b i l i zation, Phytotoxin production, plant
residue and animal waste decomposition, root decomposition, soil
formation/stabilization, disease/pest
control

Stresses/
Environment

Limit microbial
populations

Pesticides, heavy metals, pH, temperature, water a v a i l a b i l i t y , aeration,
redox potential, soil mineralogy

Controls

Provides optimal

Liming, fumigation, inoculation with

biological

beneficial organisms/biocontrol

environment

agents
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The pool of soil micro-organisms contains mixtures of beneficial and harmful species and their consequence for plants and soils depends on the net
balance between these. I t can be straightforward to predict effects when
large populations of, for example, a pathogen are recovered from soil but
there are many subtle effects which can be due to non-obvious organisms in
s o i l . For example, bacteria which stunt root growth have been recovered
from the rhizosphere (Elliott and Lynch, 1984; Suslow and Schroth, 1982)
and these effects can superficially look similar to those brought about by
pathogenic Pythium spp.
Irrespective of beneficial or harmful effects, one of the major
problems facing soil microbiologists and plant pathologists i s the variab i l i t y oï function within a biotype or pathovar. When a series of pseudomonads was isolated from the rhizosphere, i t was found that their effects
could vary between substantial positive and negative effects in successive
experiments (Elliott and Lynch, 1985). It i s likely that these effects are
genetically regulated and are caused by genotypic or phenotypic variation
caused by culture on laboratory media. The introduction of mitomycin C
into the growth medium, however, has brought about some stabilization
(Fredrickson and E l l i o t t , 1985) and there are some indications that the
regulation of the growth-inhibiting factor i s carried on a plasmid.
Whereas variability may be an artefact of laboratory systems, i t i s quite
likely that such variation also occurs in nature. In any event i t i s
essential to evaluate these effects so that laboratory investigations can
be related to the field and I believe that the study of variability in
micro-organisms presents one of the greatest challenges to soil microbiologists. If the variability can be characterised, the scope for routine
use of micro-organisms to manipulate the soil and plant environment will be
enormous.
With the exception of autotrophic species and species using food
bases, there i s very l i t t l e evidence for the growth of micro-organisms in
soil per s e . The humic fraction has a half-life of around 1000 years and
can therefore be considered as recalcitrant. However, when soil i s
s t e r i l i z e d , substrates can be liberated by hydrolytic and other processes
which result in a flush of microbial growth. Thus the limit to microbial
growth and function in soil i s the provision of suitable carbon and energy
substrates (Lynch, 1982; Lockwood and Filonow, 1981). This contrasts with
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the once widely-held view of plant pathologists that fungistasis in soil
was induced by toxic factors/ although spores can be constitutively
dormant. Whereas toxic factors will surely exist/ there has been l i t t l e
published evidence for them, the generation of ammonia in alkaline s o i l s
being an exception (Ko e t a l . / 1974).
There have been many estimates of microbial growth rates in s o i l s in
recent years. The equation describing growth i s
ds/dt = ux/Yf; + mx
where S i s substrate/ t i s time/ £ i s the specific growth rate/ £ i s biomass, Y i s the true growth yield and m i s the maintenance coefficient.
Clearly there will be no growth unless the rate of substrate supply (ds/dt)
exceeds that required for maintenance (mx). To attempt energy budgets i t
is therefore c r i t i c a l to know the value of m and there has been much controversy surrounding estimates of t h i s . Some elegant experiments have been
carried out recently and the results (Table 2) allow reliable figures to be
placed on m for particular s o i l s . Essentially the investigators applied
the same technique as has been used in physiological studies in chemostats
of determining the substrate input required to sustain the biomass in a
non-growing s t a t e . This was only possible because techniques are now
available to determine biomass in s o i l . From studies of bacteria and fungi
growing in pure culture a maintenance coefficient of 0.04 h had seemed
reasonable (Barber and Lynch, 1977). Whereas other investigators had
suggested lower figures, methodology to arrive a t such data was often
ambiguous. The very low figures now obtained probably reflect that m i s
greatly reduced as growth rate declines (Chapman and Gray, 1981) and that
much of the soil population i s in a dormant s t a t e . I t s t i l l does not allow
for individual members of the soil population having much greater maintenance coefficients. A consequence of this will be that in a soil where
there i s no substrate input there will be a substantial population s h i f t .
However the new observations will f a c i l i t a t e much more sensible energy
budgets to be made.
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Maintenance c o e f f i c i e n t s of micro-organisms in t h r e e s o i l s

maintained a t two temperatures ( a f t e r Anderson and Domsch, 1985)

Maintenance c o e f f i c i e n t s (nO
ug C glucose ug C biomass h
Soil
28°C

15°C

Parabrown e a r t h

0.00031

0.000043

Chernozem

0.00017

0.000034

Rendzina

0.00017

0.000016

LOCATION OF MICROBIAL ACTIVITY IN SOIL

Excluding a u t o t r o p h i c micro-organisms/ the primary producers in s o i l a r e
p l a n t s and micro-organisms t h a t use e i t h e r r o o t - d e r i v e d carbon or r h i z o d e p o s i t i o n p r o d u c t s (Whipps and Lynch, 1985/ 1986) o r the s e n e s c e n t and
dead m a t e r i a l such a s leaf l i t t e r and straw (Lynch/ 1985).

Depending on

the 3 o i l s t r u c t u r e / the a s s o c i a t e d microbial metabolism can g e n e r a t e
anaerobic zones in the sealed pores which then g e n e r a t e s a population s h i f t
from a e r o b i c t o f a c u l t a t i v e or o b l i g a t e l y anaerobic s p e c i e s .
Rhizosphere
Pleas have been made in the p a s t for more population dynamic s t u d i e s
of microbial growth in the the rhizosphere (Bowen, 1980; Lynch/ 1982;
Newman, 1985).

The concept of ' c o l o n i z a t i o n p o t e n t i a l ' was used for the

micro-organisms occurring per u n i t of r o o t was developed with g n o t o b i o t i c
systems and consequently gave q u i t e l a r g e values (maximum 5 x 10
c e l l s (mg dry wt r o o t ) -

(Bennett and Lynch/ 1981).

viable

This approach

s t i m u l a t e d Loper e t al^. (1985) t o i n v e s t i g a t e the p o t a t o rhizosphere
population dynamics of pseudomonads in f i e l d s o i l under c o n t r o l l e d e n v i r o n mental c o n d i t i o n s .

The b a c t e r i a used were spontaneous mutants s e l e c t e d for

r e s i s t a n c e t o the a n t i b i o t i c rifampicin so t h a t they could be recovered
q u a n t i t a t i v e l y on agar media c o n t a i n i n g the a n t i b i o t i c .

Unlike the g n o t o -

b i o t i c s t u d i e s / the c o l o n i z a t i o n p o t e n t i a l was dependent on inoculum s i z e

-

50 -

and as would be expected i t was always much smaller than that found in
gnotobiotic studies. In vitro osmotolerance of the strains was correlated
with their a b i l i t i e s to establish stable populations in the rhizosophere of
potato. It thus seems that water potential will affect rhizosphere
populations but caution must be excercised in extrapolating from osmotic
potential effects to those which are controlled by matrie potential. James
et a l . (1985) investigated factors responsible for rapid/ firm adhesion and
long-term colonization of roots by bacteria. Concentration-dependent binding occurred. Whereas there wa3 no correlation between the relative hydrophobicities of the cell surfaces of strains/ the binding of one strain was
promoted by divalent cations (Ca and Mg ) in the concentration range
5-10 mM. It thus seems that both oamotic and electrostatic properties are
c r i t i c a l in establishment of natural and introduced organisms into the
rhizosphere. There i s a need for continuing studies on the rhizosphere to
be both of a fundamental nature in gnotobiotic conditions and in field
soil.
Crop Residues and Leaf Litter
A vast myriad of substrates enters the soil from plant remains but in
any one location the input can be relatively constant/ such as leaf l i t t e r
to forests and straw to arable land. A major difference between these two
examples i s the C:N r a t i o of the material. In arable crops the translocation pathways have diverted much of the available N to grain/ which i s
removed from the plant/soil system, whereas le'if l i t t e r i s richer in N.
The capacity of micro-organisms to use steh complex natural substrates
is s t i l l rather poorly understood. To a greater or lesser extent/ they are
a l l lignocelluloses but even within one plant cultivar/ the chemical
composition of the plant tissue can vary depending on the husbandry conditions under which i t was produced (Harper e t a l . , 1986). Microbiologists
have therefore frequently studied the decomposition of pure or extracted
cellulose/ or hemicellulose. Studies on lignin decomposition have usually
been with Kraft (wood) lignin or radiolabelled-grass or spruce lignin.
Qsnerally, the cellulosic components of a tissue are more readily available
for microbial attack than lignin, which tends to be somewhat r e c a l c i t r a n t .
Recently i t has been found that Trichoderma reesei, one of the most powerful cellulolytic micro-organisms, i s less active than T. harzianum in
lignocellulose (straw) decomposition (Harper and Lynch, 1985; D.M. Gaunt,

- 51 A.P.J. Trinci and J.M. Lynch, unpublished). The way in which the
components of a natural substrate are assembled must have a profound
influence on enzyme accessibility. However, i t i s again essential that
studies be made under highly-defined conditions to identify principles of
degradation but that they are also evaluated with natural substrates in
pure culture and in soil to build-up a scenario as to how natural
decomposition takes place.

INTKHACTICNS WITH ACÄXHBUCALS

Most agrochemicals applied to the soil have the potential to affect
(positively or negatively) micro-organisms and accordingly to modify the
soil population balance. The methods needed to investigate those effects
are the same as those needed for any other aspect of soil studies. For
example biomass determinations are as useful to determine the effects of
cultivation practices as they are to determine the effect of a herbicide on
soil.
Much of the attention of agrochemical effects on soil micro-organisms
has been focussed a t the potential harm pesticides, fungicides and herbicides might cause a s side-effects. There i s now a vast l i t e r a t u r e on t h i s
subject, much of i t obtained from in vitro experiments, and there i s a need
for c r i t i c a l evaluation on the part of registration authorities to assess
i t s significance. Far less attention has been paid to the effect of
f e r t i l i z e r treatments, although i t i s well known, for example, that N
f e r t i l i z e r s repress the nitrogenase of N_-fixing organisms. However, the
impact of some of the age-old practices in agriculture are less well-known.
For example, when liming increases the soil pH do bacteria increase in
population over fungi and what i s the relative effect on pathogens and
their antagonists? Again there i s a justification for in vitro and in vivo
studies.

• B O O B INPUT FARMING 8 E U M S

Advocates of organic farming frequently suggest that there i s greater
microbiological activity in their s o i l s compared with those farmed with
conventional methods of fertilization and chemical crop protection. In
practice there have been very few studies to c r i t i c a l l y evaluate t h i s . The
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recent work of the Washington State Group (Bolton e t a l . , 1985) i s an
exception. They studied two adjacent farms in the Palouse region of
eastern Washington. In the Farm Management System 1, the only known input
of N to the soil since 1909 was through leguminous green manure crops which
most recently was Austrian winter peas (Pisum sativum ssp. arvense L.
Poit).
On this farm no inorganic f e r t i l i z e r or animal wastes were applied
and therefore plant nutrients came from native soil f e r t i l i t y and crop
rotations. The soil of Farm Management System 2 received regular
applications of anhydrous ammonia, P and S at recommended rates for the
last 30 years. A range of microbiological and enzymic measurements were
made on the soil of each system. With minor exceptions, there were no
differences in the plate counts of bacteria/ actinomycetes, fungi,
Nitrosomonas and denitrifiers but Management System 1 had significantly
higher levels of urease, phosphatase and dehydrogenase a t a l l three
samplings and significantly higher soil microbial biomass a t the f i r s t two
samplings. The estimates of yields in the two systems were similar and the
observations indicate that the Management System 1 (organic) may have
sustained this with a larger and more active soil microbiota. I t would be
unwise to generalize from these observations a t this stage but i t clearly
points to a need for more studies of this kind to determine the role of the .
soil biomass in reduced input systems.

MICROBIAL INOCUUNTS

The principle of inoculation i s to elevate the population of desirable
microbial strains in soil against those which are detrimental to crop
growth. One of the oldest and most widespread practices i s the inoculation
of legumes with Rhizobium, the objective being to increase nodule effectiveness in terms of nitrogen fixation. In many situations where
inoculation i s practised there i s probably no benefit gained because
indigenous strains are adequate. However, there has been much excitement
in recent years with opportunities created by genetic engineering to
improve Rhizobium efficiency (Beringer, 1982). There are several routes
which might be taken to achieve this objective but i t remains to be proven
that a strain useful for field conditions will be generated.
Also amongst the symbiotic organisms, there has been much interest in
inoculation with mycorrhiza, particularly the vesicular-arbuscular (v-a)
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type, to iraprove phosphorus uptake (Hayman, 1984). This type of mycorrhiza
has been used in a field situation for citrus trees where soils are
fumigated and where mycorrhiza are necessary to re-establish new crops.
There i s l i t t l e other evidence for effectiveness of inoculated v-a
mycorrhiza although the opportunity may be mainly in h i l l country,
especially where a joint Rhizobiurn/v-a mycorrhiza inoculation could be
envisaged. One of the barriers to use of v-a mycorrhiza i s that they
cannot be grown in the absence of plants; i t surely must only be a matter
of time before this obstacle i s overcome. Perhaps of more concern i s
whether symbiotic micro-organisms will ultimately be detrimental to the
plant by providing a net drain on the photosynthate. In response to this
question Tinker (1985) has indicated that v-a mycorrhizas can take 6-10% of
total photosynthate and Rhizobium over 10%. In one experiment this was
compenstated by the plant maintaining a lower percentage of dry matter in
i t s leaves. However, this i s an area which s t i l l needs c r i t i c a l
evaluation.
Rhizobium appears to make a significant contribution to the nitrogen
economy of plants which i s more than can be said for associations between
free-living N.-fixing bacteria and roots. The problem here i s that there
i s l i t t l e energy (ATP) for the bacteria to function because so much has to
be diverted to bacterial growth and respiratory protection of the enzyme
nitrogenase (Barber and Lynch, 1977). One of the major differences with
the symbiotic association i s that Rhizobium i s non-growing while i t fixes
N, and therefore expends less net energy. Despite the early calculations
(Barber and Lynch, 1977) that the energetic balance of associated N-fixation would be unfavourable, this has not prevented a vast amount of
study worldwide, particularly on the use of Azospirillum. There i s now a
general consensus (Giller and Day, 1985; Hubbell and Gaskin, 1984) that the
process i s of ecological interest but of minor significance agriculturally.
Perhaps one of the areas where there has been greatest excitement in
recent years i s biological control of soil diseases by inoculation (Cook
and Baker, 1983). The concept of microbial antagonism i s of course not
new, indeed even before the golden age of antibiotics started by Fleming,
Victorian s c i e n t i s t s were aware of the concept of antagonism (Wainwright,
1985). Antibiotics as a route to biological disease control was recognised
in my own i n s t i t u t e by Groasbard in 1945. In this and l a t e r work
(Grossbard, 1952) she showed that a suitable substrate base such as straw
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was necessary for antibiotic production. However/ biological control does
not necessarily depend exclusively on antibiotic production and indeed the
significance of antibiotic production in soil s t i l l remains a vexed
question (Williams/ 1980). Other mechanisms which could be responsible for
biocontrol include mycoparasitism, competition of nutrients and production
of cell-wall degrading enzymes. The relative importance of these
mechanisms may depend on the stage of the life-cycle of the pathogen which
i s the target for the attack of the antagonist (Lynch and Ebben; 1986).
I t i s somewhat disappointing that despite much effort on the part of
plant pathologists/ the only commercial agent available against soil-borne
diseases i s Agrobacterium radiobacter which i s effective against crown gall
of fruit trees (A^ tumefaciens). However/ I predict that Trichoderma spp.
which are active against a range of soil-borne diseases (Papavizas 1985)
will be 'next in line' commercially.
In our own work/ we have used Trichoderma harzianum as a cellulolytic
organism in combination with Clostridium butyricum as a N ? -fixer to cooperatively hasten straw decomposition and increase i t s N status (Lynch and
Harper 1985). We have also added polysaccharide-producing bacteria to
provide respiratory protection to the association but also to provide gums
as s o i l conditioners (Chapman and Lynch/ 1985). In t h i s respect the
biological control properties of T. harzianum are a bonus but the
encouraging laboratory observations are awaiting confirmation in the field.
Another N_-fixing system utilizing straw has been described (Halsall
et a l . / 1985). Azospirillum spp. u t i l i z e the xylan (but not cellulose)
component of straw as an energy source for N.-fixation. Although such a
process probably makes a contribution to the N -fixation which i s induced
by straw in the field (Roper, 1983) / there i s no particular energetic
advantage in having the degradation/nitrogenase activity in a single
species and indeed I suspect that the associative function could become
more stable ecologically.
There has been much enthusiasm for the observations of siderophoreproducing bacteria controlling minor pathogens (Kloepper e t a l . / 1980). A
mechanism of action suggested was that the siderophore produced chelated
Fe and made i t unavailable to pathogens. This disregarded the evidence
that many s o i l micro-organisms produce siderophores (Akers/ 1983; ïbcht and
Verstraebe, 1977) and also the fact that i t might make the Fe unavailable
to plants/ a point established in recent experiments (Becker e t a l . ( 1985).

- 55 -

It could be a reason for the limited success obtained in field t r i a l s (M.N.
Schroth, personal communication). I t should also be recognized that ironchelating bacteria can make iron unavailable to fungal biocontrol agents
such as Trichoderma hamatum (Hubbard e t a l . , 1983). However, the concept
of biocontrol by this route i s an interesting one.
There has been some interest in algae as soil inoculants (Metting
1985). In Asia the practice i s widespread where cyanobacteria (blue-green
algae) or Anabaena which i s housed symbiotically in the water fern Azolla
are used. About two million hectares are inoculated with cyanobacteria in
India and t h i s contributes about 25-30 kg N per hectare per crop cycle.
This represents a considerable cost-saving on the use of synthetic
f e r t i l i z e r and demonstrates the value of what i s now regarded as soil biotechnology to the rural communities of Asia. Outside Asia, there has been
l i t t l e application of this particular system because synthetic f e r t i l i z e r
i s relatively more available to farmers and there i s less light and
moisture to enable the algae to function. However, eukaryotic green
microalga (Chlamydomonas) has been applied through pivot sprinklers in the
irrigated agricultural land of the Pacific Northwest of the United States.
The advantage here i s that the algae produce polysaccharides which act as
soil conditioners, improving wet and dry aggregate s t a b i l i t y . Although the
scope i s limited, this represents a fascinating approach to soil
inoculation.
The algal colonization of ash deposited from the explosion of Mount
St. Helens (Raybum e t a l . , 1982) along with the bacterial and fungal
colonization (Lynch and E l l i o t t , 1983; Chapman and Lynch, 1985) induce the
primary stages of soil stabilization. The ash represents an example of
primaeval soil with no intrinsic s t a b i l i t y and i t s stabilization by
microbial products indicates that this i s probably a primary stage in
generation of soils suitable for plant growth (Lynch and Bragg, 1985).
Inoculation procedures will depend on major inputs from biotechnologists if the opportunity i s to become r e a l i t y . Amongst the
problems that need to be addressed a r e :
(a)
(b)

Mechanisms of recognition and binding of micro-organisms to their
hosts and to soil p a r t i c l e s .
The role of plant genotype and the 'breeding' or 'genetic engineering'
of microbial association.

- 56 (c)

Identifying and i n c r e a s i n g useful gene products in micro-organisms

(d)

Physiology and fermentation technology of l a r g e - s c a l e inoculum

(e)

Formulation of product and e v a l u a t i o n toxicology a n d / o r s i d e - e f f e c t s .

p h e n o t y p i c a l l y or g e n o t y p i c a l l y .
production.

EPILOGUE: THE SOIL SCIENTIST IN BIOTEOMOLOCT
In my book (Lynch, 1983), I have t r i e d t o p u t the argument forward t h a t any
a t t e m p t s t o modify s o i l biology t o g e n e r a t e a s u i t a b l e medium for p l a n t
growth depend on a thorough understanding of the s o i l p h y s i c a l environment.
In r e c e n t years there have been many e x c i t i n g developments in our understanding of how s o i l p h y s i c a l c o n d i t i o n s a f f e c t micro-organisms, b u t t h e r e
i s s t i l l a long way to g o .

The hallmark of s o i l i n o c u l a t i o n procedures

over many y e a r s has been v a r i a b i l i t y of r e s p o n s e .

I t i s e s s e n t i a l t h a t the

reasons for v a r i a t i o n , be they b i o l o g i c a l , chemical or p h y s i c a l , a r e
identified.

I t may be p o s s i b l e t o modify some of the procedures by

inoculum formulation, for example t o conserve the water p o t e n t i a l .

If, and

hopefully when, an a g r o b i o l o g i c a l i n d u s t r y develops, i t i s v i t a l t h a t sound
l a b e l recommendations a r e g i v e n .

Never before has t h e r e been a g r e a t e r

i n c e n t i v e for the s o i l b i o l o g i s t to i n t e r a c t c l o s e l y with o t h e r s o i l
s c i e n t i s t s in each of the Commissions and Working Groups of the
I n t e r n a t i o n a l Society of Soil Science, b u t a l s o with p l a n t p a t h o l o g i s t s ,
p l a n t p h y s i o l o g i s t s , agronomists and formulation c h e m i s t s .

It is also

v i t a l t h a t experimentation i s c a r r i e d out both in the l a b o r a t o r y t o
understand p r i n c i p l e s and in the f i e l d t o t e s t the p r i n c i p l e s in p r a c t i c e .

Jtctaiowbwlijif n t a :

Helpful comments from Prof. J.C.G. Ottow and

Dr J.M. Whipps a r e a p p r e c i a t e d .
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SOILS

AND WORLD FOOD
Nyle C. Brady

SUPPLIES-'
-

INTRODUCTION
It is most appropriate that this international society focus today on
soils in relation to the world food supplies.

Throughout history, great

civilizations have invariably had good soils as one of their chief attributes.

The ancient dynasties of Egypt depended on the food-producing ca-

pacity of the irrigated fertile soils of the Nile River valley.

Likewise,

the alluvial soils of the Tigris and Euphrates rivers in Mesopotamia, and
of the Indus, Yangtze, and Hwang Ho rivers in India and China were the foundations for flourishing civilizations.
As agriculture continued to progress following these early civilizations, native soil productivity was enhanced by the use of manures and leguminous crop residues, and finally by the application of chemical fertilizers and lime.
tices.

Differences in soil productivity were narrowed by these prac-

Even so, however, the major food-producing areas of the world today

are still characterized by naturally productive soils.
POPULATION

EXPANSION

AND WORLD

FOOD

SUPPLIES

The significance of soils and their management to world food supplies
has never been greater than it is today.

In our generation the world has

witnessed an unprecedented growth in human population.

This, in turn, has

forced equally unprecedented attention to meeting the food, fuel and other
needs of an expanding population without permitting the deterioration of
soils and other natural resources.
The magnitude of the food production problems is seen in population
growth statistics.
mouths to feed.

Each year worldwide, there are about 89 million more

Furthermore, six out of seven of these are in the develop-

countries, most of which are already pressed to produce enough food to meet
today's needs.

Projections for the future are of even more concern.

The

developing countries whose combined population was about 3-6 billion in 1980

—
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are expected to have nearly 5 billion by the year 2000 (World Bank, 1984b).
This will likely rise to between 7 and 8.5 billion by 2050 when 85 percent
of the world's population will be living in what are now considered developing
countries.

While the absolute increases are largest in Asia, the rates of

increase are highest in Africa.
These statistics are indeed sobering.

They represent a challenge to

all who are concerned with the world's capacity to feed itself.

They also

tell us that we must conserve and wisely manage our soils and other natural
resources on which the world' s food-producing capacity is largely dependent.
THIRD WORLD

PERFORMANCE

As population pressures began to mount in the 1960s, massive starvation
and economic chaos in muchof the developing world was predicted (Paddock,
1967, and Erlich, 1971).

However, unprecedented food-production increases,

especially in the developing countries, have refuted these false prophets
(Figure 1). Third World agricultural output increased at an historical rate
of nearly three percent in the 1960s and 1970s.

Three specific examples of

remarkable production increases can be seen in India which tripled its wheat
production in 10 years; and Colombia which doubled its rice production in 5
years (Brady, 1983).
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Per capita food production in developing countries

from 1954 to 1984. (Kellogg, 1985).
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These remarkable rates of increase in agricultural production have even
slightly exceeded worldwide population growth rates. As a result, overall
per-capita food output increased about 0.3 percent per year in the 1960s
and 1970s. (Figure 1 ) . Most of this increase took place in the developing
countries.

Unfortunately, however, the progress has not been even from one

region to another. (Figure 2 ) . Per capita food production in Asia and Latin
America increased slightly in the 1960s and 1970s.
for Africa south of the Sahara.

But this was not the case

Per-capita food production there actually

decreased some 20 percent from 1960 to 1983.
While the widespread drought of the past 2 years have intensified the
problem and called it to the attention of the world, the underlying causes,
including soil deterioration, are yet to be fully addressed.

In ascertain-

ing these causes, we must determine what steps the countries in Asia and
Latin America took to increase their food production.

Certainly, their

creation and adoption of high yielding agricultural technologies (e.g., new
cereal varieties) was one step.

They made available production inputs such

as water, fertilizers, credit,etc. And they developed and trained human resources at all levels in the production system.

Non-technical factors were
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also critical.

For example, they implemented prudent government price pol-

icies which made it profitable for the farmer to accept the new technologies
and to use the appropriate inputs.

All of these factors must be examined

by the Africans if they are to increase their food production.
As impressive as have been the developing country performances in increasing their food production, it is obvious that even more impressive performances must be made in the years ahead.

The additional food needed in

the next 25 years will come from three primary sources:
•

Expansion of land under cultivation;

•

Increased yields per hectare on land now being farmed; and

•

Increased cropping intensities on land now being farmed.

Each of these sources have contributed to past successes and each will likewise contribute in the future.

Soil scientists have critical roles to play

in enhancing the output from each resource.
WORLDWIDE

LAND

AND

SOIL

RESOURCES

There is a total of more than 13 billion hectares of land on the major
continents, but most is not suited for crop cultivation (PSAC 1967).

In

fact, about half is completely nonarable because it is mountainous, too cold
or too steep for tillage; it may be swampland or it is desert and too dry
for food and fiber producing plants.

Some 25 percent of the land area sup-

ports sufficient vegetation to provide grazing for animals, but cannot be
cultivated.

This leaves only about one-fourth of the land with the physi-

cal potential for crop production (FAO, 1981).

And only about 40 percent

(1.4 billion hectares) of this-potentially arable land is actually under
cultivation (World Bank, 1984a).
In Asia and Europe, where population pressures have been strong for
years, most of the arable land is already being used to produce crops.

In

the other continents, however, there are large areas of potentially arable
land.

In fact, in tropical and subtropical Africa and Latin America only

a fraction of the potentially arable land is cultivated.

This has led some

to suggest that the alleviation of food deficits on these continents can be
achieved easily merely by clearing more land for agriculture.

This had not

already been done, however, and for some very good reasons.
Factors Influencing Expansion of Cultivated Land
Several factors are known to limit future expansion of agricultural
land in Africa and Latin America.

First, these unfilled lands are gener-

ally not located where population pressures are greatest.

The Amazon basin
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in South America is such an example.

Likewise, in Africa much of the poten-

tially arable land not now being tilled is in 11 countries in Central Africa
where population densities are not very high, and where rainfall is plentiful (FAO, 1980).

In 14 other African countries, however, the land area is

insufficient to fully sustain the existing population, and as a consequence,
the land is being overused or abused.

Most other African countries have

barely enough land to support their populations (OTA, 1984).
Some have argued for migration from areas with land scarcity to underused areas, such as occurred when Europeans moved to the Western Hemisphere
in the 19th Century.

However, such a solution would almost certainly lead

to serious civil strife.
Secondly, expansion of arable land requires major investments of scarce
capital to clear forests, provide the necessary infrastructure (roads,etc.)
and to purchase and distribute fertilizers and lime needed to produce food
crops on virgin farmland. Unfortunately, these high costs would make such
land clearing economically unsound.
Third, there are serious non-monetary costs associated with the conversion of forested areas to cropland.

Ecological and other problems can a-

rise with the destruction of the primary forest cover including renewable
fuelwood resources.

We are reminded that land clearing for agriculture

can place serious constraints on the one-third of humanity for whom trees
are the primary source of cooking fuel.

Also, clearing tropical forests

can have adverse effects on biological diversity.

The debilitating ef-

fects of land expansion and development on natural resources cannot be
overlooked.

Soil scientists are keenly aware that uncultivated lands are

indeed not idle, but are playing an active role in the long-term development of a country.
Fourth, soil erosion is a decided hazard to agricultural lands worldwide and especially to overgrazed dryland areas and to humid tropical areas
subject to torrential rainfall during at least part of each year.

If the

land is being cropped and has little surface cover, severe erosion can result.

Western style large-scale land clearing, especially in areas with

significant slopes, can be disastrous. Even in subhumid and semi-arid areas
sporadic heavy rainfall striking unprotected soil surfaces causes serious
erosion problems.
Fifth, the prevalence of human and animal diseases contrains agricultural practices in some areas (World Bank, 1984a).

For example, the preva-
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lence of river blindness (onchocerciasis) had made some fertile river valleys
in West Africa almost uninhabitable.

Likewise, sleeping sickness (trypan-

osomiasis) which affects both humans and animals has rendered nearly half
of the land in Sub-Saharan Africa essentially unsuitable for cattle production.

This limits available proteins for human consumption and also re-

stricts animal power for land cultivation.
A sixth factor

is that the soil fertility of much of the cleared land

in the tropics is not high.

In Africa and Latin America the largest un-

cleared areas are in the humid tropics.
soils are commonly highly leached.
grows well.

Under this climatic setting the

The existing natural vegetation often

But when the land is cleared, the natural nutrient recycling

system of the permanent forest cover is broken and the fertility of the
soils rapidly declines.

Thus, soil areas that may be quite productive under

natural vegetation are quickly converted into relatively infertile fields of
little use to struggling low-income farmers.
These six constraints, as well as others, will likely drastically limit the expansion of land under cultivation.

In fact, they would suggest that

in Asia and in specific areas in Africa and Latin America, some lands currently
used for agriculture should best be allowed to revert to forests and grasslands.
The limited role for expanding arable land in the future is illustrated in the study made the by Food and Agriculture Organization of the United
Nations (FAO, 1981).

This study indicates that only about one-fourth of the

worldwide increase in food production in the next 25 years will come from an
increase in arable areas.

(Table 1 ) . The remainder will come from higher

yields per hectare and increased cropping intensities.
Table 1.

Only in Latin Amer-

Expected contribution of three major sources of increased

food production to meeting food needs by the year 2000 in four regions of the world.

Contributions

to

output

growth

Region
Arable
land area

Changes
cropping
intensity

Yields per
hectare

Total

Africa

27

22

51

100

Far East
Latin America
Near East

10
55
6

H
14
25

76
31
69

100
100
100
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ica and, to a lesser extent, in Africa will increased arable lands likely
provide a major share of increased food production in the future.
Each of these six constraints present challenges to soil scientists.
In specific situationswe can help remove them, thereby assuring the orderly transfer of land from forests and natural grassland to agriculture.

In

other cases, we can greatly stimulate increased crop production on the more
fertile, gently sloping farmlands, thereby permitting the release fromagriculture of some fragile lands which should more appropriately be used for
forestry or grassland.
INCREASED

CROP YIELDS

PER

HECTARE

Food production increases in the developing countries during the last
25 years,

especially in Asia, have been due primarily to increased yields

per hectare.

The creation and widespread adaption of new high-yielding ce-

real varieties, coupled with comparable expansion in irrigation and fertilizer use, was largely responsible for these yield increases.

Increasing food

production in Asia was accomplished almost entirely by increasing yields
per unit area.

The data in Table 1 suggest that most future food production

increases will also likely come from this source.
There is great potential for increasing crop yields per hectare in most
developing countries.

Their current yields of most staple food crops are

only a fraction of the average yields obtained in the more developed countries, and an even smaller fraction of the yields which are biologically
possible.

For example, national average rice yields in the tropics are

commonly only 2 to 3 tons per hectare.

This is about half the average yields

being obtained in Italy, Japan, and the United States, and about one-seventh the yields known to be biologically possible.

Obviously, there is great

potential for increasing food crop yields in the developing countries.
Increases in the yields of food crops during the past two decades have
been made mostly in areas wich favored environments.

Lack of water has not

been a serious limiting factor either because of adequate rainfall or of irigation water.

Increased rates of fertilizer application have provided the

chemical elements needed for increased yields.

Although remarkable yield in-

creases have been made in these so-called favorable environments, it is likely that much of the additional food needed in the next 25 years will come from
even further yield increases in these areas.
But all people in the developing countries do not live in areas with
favorable environments.

Many live in rainfed areas, some of which are
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semi-arid or arid.

Others live in areas with soils deficient in nutrients

or high in toxic substances such as aluminum.

Such water and nutrient de-

ficient areas are present throughout the world, but are most characteristic
of large areas in Africa.

These areas will need to produce an increasing

portion of food requirements in the future.

A green revolution must be

attained for these less favored areas of the world.

An increasingly sig-

nificant role must be played by soil scientists in developing improved
technologies for these areas.
INCREASED

CROPPING

INTENSITIES

The new high-yielding cereal varieties and scarce land resources have
also stimulated attempts to increase cropping intensities.

Varieties with

short growth duration which respond to fertilizers, irrigation, and good
management have made possible the production of two or even three crops per
year where only one has been grown in the past.

China has been especially

aggressive in promoting intensive cropping systems (Guo and Lin, 1986).
From 1952 to 1979 the grain cropping intensity in the thirteen southern
provinces of China was increased from 1.53 crops per year to 2.03. (This
was in addition to green manures).
this intensification.

The shortage of arable land stimulated

Other countries of Asia ;iave also made considerable

progress in increasing the area of double and triple cropping and will likely continue to make such progress (See Table 2 ) .
Further increases in cropping intensities will be determined by a
number of factors.

For example, the availability of short-seasoned var-

ities will leave time for the production of additional crops during the
year.

Likewise, the timely availability of animal or mechanical power will

speed up harvesting and land preparation, making possible the introduction

Table 2.

Cropping intensities in 90 developing countries in four

regions in 1974-76 and as projected in the year 2000. (Expressed
as ratio of harvested to arable land times 100).

Year

Africa

Asia and
Far East

Latin
America

(FAO, 1981).

Near East

Total

1974-76

52

106

61

62

75

2000

65

121

71

77

85
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of an additional crop into the cropping system.

The development and imple-

mentation of viable minimum tillage practices coupled with the availability
and use of selected herbicides will reduce the labor requirements at critical times of the year, thereby encouraging the inclusion of more crops in
the farming systems.
Soil scientists have made and will continue to make significant contributions to increases in cropping intensities in the developing countries.
They have developed efficient water and fertilizer management systems on
which improved cropping systems depend.

Also they have helped develop prac-

tical minimum tillage systems which encourage double and triple cropping,
while simultaneously saving water and reducing soil erosion.
FUTURE ROLE OF SOIL

SCIENTISTS

IN ENHANCING

FOOD

PRODUCTION

Experiences of the past 25 years provide guidelines for the future.
At the same time they warn us of the critical problems ahead.

They support

the interdisciplinary creation and adoption of improved crop cultivars, and
matching soil and crop management practices.

Generally they suggest that

the steps taken in Asia and Latin America can now be followed vigorously
in Africa.

Such progress is now under way.

In the next quarter century, soil scientists must make significant
contributions in many components of agricultural production.

I will dis-

cuss briefly four major areas where their contributions are needed (1)
soil characterization and classification, (2) soil fertility and fertilizers, (3) soil and water management, and (4) farming systems.
Soil Characterization and Classification
Most of the developing countries are located in the tropics or subtropics.

All too little is known about the soils in these areas and about

their management.

Research on tropical soils is distressingly lacking as

compared with that on temperate region soils.
have begun to gain more knowledge.

However, in recent years we

We have learned that the variability

of soils in the humid and sub-humid regions of the tropics is greater than
in the arid and cooler zones.

(Moorman and Greenland, 1980).

Also we know

that soils classified as Oxisols or Ultisols are dominant in the humid tropics.

Their relative importance is thought to be greater in Latin America

(82 percent) than In Africa (56 percent) or Asia (38 percent) (NAS, 1982).
We kn-w that the chemical characteristics of soils of the tropics differ markedly from those of soils of temperate regions.

The high hydrous ox-
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ide content of Oxlsols is responsible for enormous phosphate-fixing capacities.

As compared with temperate-region soils, they contain less organ-

ic matter and nitrogen, are more acidic, and frequently exhibit aluminum
toxicity.

Their low cation-exchange capacities coupled in some areas with

heavy rainfall permit the loss through leaching of both macro- and micronutrients.

These soils are commonly deficient in nitrogen, phosphorus, po-

tassium, calcium, magnesium, sulfur, zinc, copper, and other micronutrients
(Sanchez and Cochrane, 1980).
Soil scientists need to obtain further information on the characteristics of these soils, and on their classification and response to management,
and they need training to do so.

Fifteen international fora or training

workshops on soil classification and on the use and management of soils have
been held (SMSS, 1985).

These fora have helped identify some of the research

needed to better understand soils in the tropics, and their classification
and proper use. (For example see ACSAD. 1981).

Such international cooper-

ation should be encouraged.
Likewise, research is being done to make it easier to transfer agroproduction technology on the bases of soil taxonomy units (Beinroth, 1980,
and Tropsoils, 1985).

Such research must be pursued to ascertain the degree

to which results obtained at one location are applicable at other locations
around the world with similar soils.

These results can be used to determine

specific soil management needs in relation to the broad agro-ecological zone
studies make by FAO to ascertain the crop-specific land potential of different regions (For example see FAO, 1980).
Detailed soil surveys have demonstrated significant differences between soils of the tropics and their temperate zone counterparts.

For ex-

ample, the soil survey of the ICRISAT Sahelian center showed the soils to
be more acid and higher in aluminum than the soils in the semi-arid areas of
the U.S. (West et al., 1985).

Apparently these soils in the Sahel were de-

veloped under a higher rainfall regime than exists in this area at present.
Soil Fertility and Fertilizers
Observations of high blomass production by the native vegetation in the
humid tropics have led some to assume that the soils are naturally fertile
and would produce bumper crops.
to be incorrect.

Numerous trials have proven this assumption

While the nutrient content of the entire tropical forest

production system is high, most of the nutrients are in the above-ground biomass and not in the soil (Woodmansee, 1985).

The nutrients are recycled as
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the forest litter is decomposed and biomass production remains high.

But

when the land is cleared and the forests are removed or burned, the primary "reservoir" for the nutrients (the trees) is lost.

Temporary enrich-

ment of the soil may occur and stimulate the first agricultural crops.

But

dry matter production by the food crops is only 25 to 50 percent of that of
the natural vegetation (Ruthenberg, 1980).
servoir" of the system is depleted.

Consequently the nutrient "re-

When heavy rains come, the nutrients

are quickly leached from the soil and productivity goes down.
Thus, it is easy to see why agricultural soils of the tropics are commonly less fertile than are those in the temperate region (Table 3 ) . Furthermore, fertilizer consumption is decidely lower in the Third World than
in the industrial countries.

In 1982, for example, the lowest income coun-

tries (exclusive of India and China) applied an average of less than 40 kilograms of plant nutrients per hectare (World Bank, 1985).
more than 110 kg/ha in the industrialized countries.

This compares to

In the low-income

countries of Sub-Saharan Africa, an average of only 4.2 kilograms of plant
nutrients per hectare was applied.

Table 3. Approximate areas of soil-related chemical constraints in acid
infertile soils of tropical America (Sanchez and Cochrane, 1980).

Mill ions

of

hectares
Totals

Constraint

InceptisoIs
(119)

(512)

Ultisols
(320)

P def iciency

312

320

83

83

99 J

N deficiency

504

106

71

88

969

Ox i so Is

Entisols
(38)

(1043)

K deficiency

512

160

0

40

775

Al

409

256

18

73

756

toxicity

S deficiency

512

160

0

73

745

M g deficiency

49b

224

0

7

727

Ca deficiency

304

224

0

0

728

P

fixation

512

160

o

0

672

Zn deficiency

468

100

0

77

645

We need to assess the fertility requirements for high food production
on soils of the tropics, especially in Africa.

Fortunately a number of

trials have demonstrated the general value of chemical fertilizers on these
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soils.

A recent report of the International Fertilizer Development Center

clearly demonstrates the profitability of modest applications of chemical
fertilizers on African farms (IFDC, 1985).
one test is shown in Figure 3.

An example of the results of

A network of cooperating researchers is

needed to follow up on these results to clearly focus on soil areas with
greatest payoff for fertilizer use.

800

_ .._ ..... ,

.

j

___T

780

-

760

-

740

/

720

-

I

700

-

680

-

01

660

-1

-

640 620

i

'

'

10

20

30

P.0 5
Figure 3.

40

Rate (kg/ha)

Response function of millet to phosphorus in semi-arid

Sub-Saharan Africa. (From IFDC, 1985).
Research in Peru has also clearly shown the viability of modest fertilizer inputs in sustaining crop production (Trop. Soils, 1985, and Sanchez
and Salinas, 1981).

From 1972 to 1982, 21 consecutive crops (a rotationot

rice, maize, soybeans) produced annually an average of 7.8 tons of grain
per hectare.

The unfertilized areas produced essentially no grain after

the third crop.
plications.

Clearly there is a role for modest lime and fertilizer ap-

Soil scientists must clearly identify the conditions under

which such applications are economically viable.
Initially, major attention must be given to the macronutrients: nitrogen, phosphorus, potassium, calcium, magnesium, and sulfur.

As yield levels

increase, however, it is expected that micronutrients will become of consi-
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derable significance.

Already widespread zinc deficiencies are found in

countries of Asia, Latin America, and Africa (Lopez, 1980) and less extensive areas of deficiency of other micronutrients.

Soil scientists must

take steps to identify the soil conditions under which micronutrient deficiencies will likely occur.
Soil fertility maintenance must also be encouraged through the judidious growth of legumes.

These include food legumes such as cowpeas, beans,

and the lentils as well as associated forages and cover crops.
tercropping with woody legumes must be encouraged.

Also, in-

While some chemical fer-

tilizers would be needed to ensure acceptable yields of these leguminous
crops, the nitrogen they can add to the system is of considerable consequence.
Soil microbiologists must also focus on the role of mycorrhizae in
food production in the tropics.

These fungal organisms can help the host

plant absorb essential nutrients and especially phosphorus from soils with
low native supplies of these elements. (Barea and Azcon-Aguilar, 1983).
Clearing the native vegetation can reduce the number of specific mycorrhizae
strains (Harley and Smith, 1983) as can the use of fungicides (Menge,1981).
Consequently, innoculation may be necessary, especially for crop and wood
cultivars not native to the area.
Soil and Water Management
Compared with much of Asia and Latin America, Africa is mostly a water-deficit continent.

Consequently, the management of the soil, the crops

and the farming system must all focus on the effective utilization of the
precious

rainfall.

Furthermore, prudent efforts should be made to keep

the water on the land, thereby reducing runoff and soil erosion.

Similar

concerns must prevail in the semi-arid areas of Asia and Latin America.
The water-holding capacities of the root zones of tropical soils high
in Kaolinite and hydrous oxides are known to be low (Lal et al., 1983).

But

many of the other characteristics which would determine how these soils
3hould be managed are not so well known.

For example, the erodibility of dif-

ferent tropical soils is uncertain (Lai, 1984). In most areas the erodibility of the soils is inferred from research findings in the temperate areas,
but little data are available on tropical soils.

Likewise, all too little

is known about the erosivity of climates in tropical areas.
Research has shown that attention must be given to soil and crop management practices as a primary means of both controlling soil erosion and
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increasing the efficiency of water use (Greenland and Lai, 1977).

These

practices must enhance the vegetative cover of the soil, thereby decreasing evaporation losses.

Simultaneously they will increase the infiltration

of the rainwater, thereby decreasing water runoff and soil erosion.
The effect of specific soil and crop management practices such as mulching, the use of cover crops and minimum tillage should be acertained. Also
we need more quantitative information on the soil erosion-productivity relationships (Langdale and Lowrance, 1984).

In a recent report, the World

Bank identified soil moisture conservation and utilization as apriority research area (World Bank, 1984a).

Such research would need to be tied into

the development of new varieties, improved land use and agro-forestry systems.
Soil scientists must cooperate with plant breeders in developing and
testing crop varieties which tolerate low moisture conditions.

This ap-

proach has shown some promise in the development of drought tolerant varieties of food crops such as sorghum (ICRISAT, 1984) and must be pursued vigorously.

Likewise, the development and testing of appropriate

farming systems must also focus on means of conserving water.
Farming Systems
Soil scientists have helped develop improved farming systems for all
agricultural areas in the tropics.

But perhaps their greatest challenge is

to develop a viable replacement for the shifting cultivation or "slash-andburn" farming systems so common in the uplands of Africa, Latin America, an<i
Asia.

These systems involve the slashing and burning of forested or bush-

land areas, planting food crops for 1 to 3 years and then fallowing the land
for 5 to 20 years.

The farmer moves to another site where the "slash-and-

burn" procedure is repeated.

Some 720 million hectares of forested areas

are subject to the "slash-and-burn" systems (Sanchez and Cochrane, 1980).
At least 300 million poor people subsist on these systems worldwide.

About

45 percent of Africans are said to be dependent on these systems.
Shifting cultivation was reasonably sound when the fallow intervals
between cropping seasons were sufficiently long (5 to 20 years) to let the
system recharge itself.

But population pressures have made it necessary to

drastically shorten this period of fallow to 3 to 8 years.

The result has

been lower soil productivity and increased soil erosion. Appropriate modest
fertilizer use can arrest the decline in food-crop yields (NAS, 1982), but
economic factors have not made it widely profitable to use chemical fertili-
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zers in Africa.
Several research programs are under way to develop viable alternatives
to the "slash-and-burn" systems.

A notable example is the development of

the so-called "alley cropping" system which involves the continuous cropping of food crops between rows of perennial fast-growing leguminous woody
species ( U T A , 1985).
sion hazards.

The latter provide ground cover to reduce soil ero-

Leaf and stem prunings from the woody species are placed be-

tween the crop rows as a mulch to reduce evaporation from the soil.

When

•"hese residues decay, they also provide chemical nutrients for the food
crops.

Tests have shown that crop yields are stabilized for a period of

at least 5 years and soil erosion is markedly reduced. (Table 4 ) .

Table 4.

Effects of alley cropping and fertilizer application on

the yield of maize and cowpea grown on Egbeda sandy loam (Oxic
Paleustalf) (G. F. Wilson, unpublished data).
Maize yield
No F

+F

Cowpea yield
Mean

Species

No F

Res. F

Mean

(tons/ha)

Natural «growth
(control)

2>8

Aoioa barterii

3.2

4.5

).9

0.63

0.62

0.63

Gliridica

4.4

5.2

4.8

0.63

0.78

0.71

3.5

_4.7

0.70

0.74

sepium

Mean

(+F), fertilizer applied to maize only: 60N - 60 P.O. - 60 K.0
in kg/ha.
Source: U T A , 1985.
The "alley cropping" system is merely one attempt to provide an acceptable alternative to shifting cultivation.

Others must be developed

and evaluated on farmers' fields to be certain they are socially, as well
as economically, acceptable.

Soil scientists must play a key role in de-

veloping such systems.
Special attention also must be given to range management systems, especially as they adversely affect the quality of the soils.

The systems

now in use, coupled with drought conditions in Africa, have led to serious
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problems of desertification.

While one may be critical of the traditional

systems being used, we have yet to develop new ones that would provide sustained productivity, while at the same time preventing soil deterioration.
While interdisciplinary approaches must be used, soil scientists must play
a critical role.
SUMMARY

AND

CONCLUSIONS

Unprecedented increases in human population, particularly in the developing countries are placing a significant strain on the ability of the world
to feed itself.

Concomitantly, strains are being placed on the soil and

the other natural resources essential to produce this additional needed foot.
Soil scientists have a dual role to play.

They must help provide the tech-

nological systems needed to produce the additional food and they must find
means of maintaining and improving soil quality while doing so.
Most of the world's future food production will come from increased
yields on land now being cultivated.

Furthermore, the increases will

come primarily from the tropics and subtropics where most of the increases
in population will occur.

Unfortunately, too little is known about soils

of these areas and how they might best be managed.

Soil scientists have

the obligation to obtain that information, and to work with scientists from
other disciplines in developing sustainable food production systems.
Four major areas of current and future contributions of soil scientists are emphasized particularly as they relate to the tropics (1) enhanced characterization and classification of soils of the tropics, (2)
improved means of removing nutrient deficiencies and chemical toxicities, (3) improved and sustainable soil and water management systems, and
(A) improved farming systems which provide stable crop yields and minimize
environmental deterioration.

- 77 -

BIBLIOGRATKY
ACSAD. 1981.

Proceedings Third International Soil Classification Workshop.

The Arab Center for the Studies of Arid Zones and Drylands. Damascus,
Syria.
Barea, J.M. and C. Azcon-Aguilar. 1983.

"Mycorrhizas and their signifi-

cance in nodulating N-fixing plants." Adv. In Agron. 36:1-54.
Beinroth, F.H., G. Uehara, J.A. Silva, R.W. Arnold, and F.B. Cady. 1980.
"Agrotechnology transfer in the tropics based on soil taxonomy." Adv.
in Agron. 33:303-339.
Brady, N.C. 1983.
velopment."

"Research and Education: Foundation for Agricultural De-

George Washington Carver Lecture at Tuskegee Institute,

Tuskegee, Alabama.
Erlich, Paul R. 1971. The Population Bomb. Rev. Ed. Balantine, New York,
New York.
FAO. 1980. Land Resources for Populations of the Future. Food and Agriculture Organization of the United Nations, Rome, Italy.
FAO. 1981.

Agriculture: Towards 2000. Food and Agriculture Organization

of the Unted Nations, Rome, Italy.
Greenland, D.J. and R. Lai. Eds. 1977. Soil Conservation and Management in
Humid Tropics. John Wiley & Sons. New York, New York.
Guo, Xi Xian and Fer Huai Lin. 1986. "Rice-based cropping systems and their
development in China."

Adv. in Agron. 39:339-368.

Harley, J.L., FRS and S.E. Smith.

1983.

Mycorrhizal Symbiosis. Academic

Press. New York, New York. _
ICRISAT. 1984. "Sorghum does well in Sudan drought." in At ICRISAT. International Crops Research Institute for the Semi-Arid Tropics, Hyderabad,
India.
IFDC. 1985. Fertilizer Research Program for Africa. A report to the International Fertilizer Development Center, Muscle Shoals, Alabama.
U T A . 1985.

Alley Cropping: A Stable Alternative To Shifting Cultivation.

The International Institute of Tropical Agriculture. Ibadan, Nigeria.
Kellogg, Earl D. 1985. "World Food Problems."

Illinois Research 27(1):6-10.

Lal, R. 1984. "Soil erosion from tropical arable lands and its control."
Adv. in Agron. 37:183-248.
Lai, R., A.S.R. Juo, and B.T. Kang. 1983. "Chemical approaches towards increased water availability to crops." pp. 57-77 in Chemistry and World
Food Supplies: The New Frontiers.CHEMRAWN II. Fergamon Press, Oxford.

- 78 -

Langdale,

G

- w -. and R. Lowrance. 1984. "Effects of soil erosion on agro-

ecosystéas of the Humid United States." in Agricultural Ecosystems, Unifying Concepts. (R. Lowrance, B.R. Stinner, and G.T. House, editors).
John Wiley & Sons, New York, New York.
Lopez, A.S. 1980. "Micronutrients in soils of the tropics as constraints to
food production." in Soil-Related Constraints to Food Production in the
Tropics. The International Rice Research Institute. Manila, Philippines.
Menge, J.A. 1983. "Utilization of Vesicular Arbuscular mycorrhizal fungi
in agriculture."

Can. Jour. Bot. 61(3):1015-1024.

Moorman, F.R. and D.J. Greenland. 1980."Major production systems related to
soil properties in humid tropical Africa." pp. 55-77. in Properties for
Alleviating Soil-Related Constraints to Food Production in the Tropics.
International Rice Research Institute (and Cornell University). Manila,
Philippines.
National Academy of Sciences (NAS). 1982. Ecological Aspects of Development
in the Humid Tropics. National Academy of Sciences, Washington, D.C.
OTA. 1984. Africa Tomorrow: Issues in Technology, Agriculture and Foreign
Aid. Office of Technology Assessment, Congress of the United States,
Washington, D.C.
Paddock, William and Paul Paddock. 1967. Famile - 1975! America's Decision:
Who Will Survive? Little Brown and Co., Boston, Massachusetts.
PSAC. 1967. The World Food Problem. A Report of the President's Science
Advisory Committee Panel on the World Food Supply. Washington, D.C.
Ruthenberg, H. 1980. Farming Systems in the Tropics. 3rd Edition. Clarendon Press. Oxford.
Sanchez, P.A. and T.T. Cochrane. 1980. "Soil constraints in relation to
major farming systems of tropical America." a chapter in Priorities for
Alleviating Soil-Related Constraints to Food Production in the Tropics.
The International Rice Research Institute. Manila, Philippines.
Sanchez, P.A. and J.G. Salinas. 1981. "Low-input technology for managing
Oxisols and Ultisols in tropical America." Adv. in Agron. 34:279-406.
SMSS. 1985. Soil Management Support Services - Training Brochure. Jointly
sponsored by U.S. Agency for International Development and the U.S.
Soil Conservation Service, Washington, D.C.
TropSoils. 1985. TropSoils the first three years. A report of a collaborative Research Support Program. CRSP. North Carolina State University. Raleigh,
North Carolina.

- 79 -

West, L.T., L.P. Wilding, J.K. Landeck, and F.G. Calhoun. 1984. Soil Survey of the ICRISAT Sahelian Center. Texas A&M University Systems:
TropSoils. College Station, Texas.
Woodmausee, R.G. 1984. "Comparative nutrient cycles of natural and agricultural ecosystems: a step toward principles." in Lowrance, R., B.R.
Stinner, and G.J. House.
World Bank. 1984a. Toward Sustained Development in Sub-Saharan Africa,
A Joint Plan of Action. The World Bank, Washington, D.C.
World Bank. 1984b. World Development Report 1984. (New York) Oxford University Press. Published for the World Bank, Washington, D.C.
World Bank. 1985. World Development Report 1985. (New York) Oxford University Press. Published for the World Bank, Washington, D.C.

- 80 THE ROLE OF PEDOLOGY IN MEETING THE INCREASING DEMANDS ON SOILS
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Abstract
Pedology has an important role to play in meeting increasing demands on
soils. Yet, one finds that soil survey and soil classification are used far
below their potential. This situation has been ascribed to inadequate
presentation of results, lack of communication, use of specialized
terminology, or insufficient interest on the part of planners or decision
makers, On the other hand, there appears to be a need for adjustments in
soil survey and soil classification in order to fully meet the requirements
of potential users. Full advantage should be taken of new tools and
approaches which have been developed in recent years. Pedology should
maintain its essential task of giving soils a geographic dimension without
which application of soil science would be seriously impaired.
Résumé
La pédologie a un role important ä jouer dans la réponse a apporter aux
demandes croissantes d'utilisation des sols. Il apparaït toutefois que la
cartographie et la classification des sols sont largement sous-utilisees.
Cet état de fait a été expliqué par une presentation inadequate des
resultats, un manque de communication,
1'emploi
d'une
terminologie
specialisée, ou un intérêt insuffisant marqué par les planificateurs et les
décideurs. D'autre part, Ie besoin d'adaptation des études pédologiques et
de la Classification des sols se fait sentir pour répondre pleinement aux
demandes des utilisateurs potentiels. La pédologie devrait tirer tout le
parti des nouveaux outils et methodes récemment développés. Elle doit
poursuivre sa tache essentielle de representation géographique des sols
sans laquelle toute intervention en science du sol perdrait beaucoup de son
efficacité.
Kurzfassung
Pédologie hat eine wichtige Aufgabe im Hinblick auf die steigenden
Anforderungen an den Boden zu erfüllen. Dennoch beobachtet man, daß
Bodenkartierung und Bodenklassifikation unterhalb
ihrer Möglichkeiten
eingesetzt werden. Eine unangemessene Darstellung von Ergebnissen, Mangel
an
Kommunikation,
Verwendung
spezialisierter
Terminologie
oder
unzureichendes Interesse auf der Seite von Planern und Entscheidungsträgern
werden als Ursachen für diese Situation angesehen. Auf der anderen Seite
scheint ein Bedarf zu bestehen für Anpassungen von Bodenkartierung und
Bodenklassifikation um den Ansprüchen möglicher Nutzer gerecht zu werden.
Die Pédologie sollte neue Instrumente und Methoden, die in den vergangenen
Jahren entwickelt worden sind, ausnutzen. Dennoch sollte
sie
ihre
wesentliche Aufgabe aufrecht erhalten, Böden mit einer geographischen
Dimension zu versehen, ohne die die Anwendung der Bodenkunde ernsthaft
behindert würde.
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The term pedology is used here, not as a synonym of soil science, but in
its more restricted sense, as the science of the identification, formation
and distribution of soils. The disciplines addressing these subjects are
respectively soil classification, soil genesis and soil survey. The study
of soil as an independant natural and dynamic body was initiated by V.V.
Dokuchaev (1883) when he described the properties which distinguish
from other natural bodies, established a functional relationship

soils

between

their morphology and the major factors of their formation, and determined
regularities

in

their

geographical

distribution.

Hence,

pedology

is

a

relatively young science - barely a hundred years old - especially when one
considers that man has been tilling the soil for nearly six thousand years
and that the major land transformations in the world took place well before
the 20th century.

Land Transformations in the Past

The largest expansion of arable land in the industrialized countries took
place in the past three centuries through a reduction of forested areas in
western and central Europe and the opening up of natural

grasslands

in

North America and the Russian plains (Grigg, 1980). Soils were profoundly
altered by cultivation, by adding and

removing

plant

nutrients, and

by

replacing perennial vegetation with annual crops. Locally more fundamental
changes were brought about, for instance by the removal of surface water in
the Pontine marshes, five centuries BC in central

Italy; in the English

Fenlands, in Roman times; in the Dutch Polders and in the Po valley in the
16th and 17th centuries. Irrigation in China, Egypt, India, Peru, Sri Lanka
is a tradition thousands of years old. By the 14th century the major rice
growing areas of China had emerged with double cropping, irrigation and
intensive

cultivation.

The

Ethiopian

highlands

and

the

West

African

savannas were the first areas of agricultural development in Sub-Saharan
Africa. Terracing,

to overcome

constraints

of steep

slopes,

have

been

practiced in China, Indonesia and the Philippines since the beginnings of
farming. The 18th and 19th centuries witnessed

a major expansion of the

cultivated area in North and South America, Australia and Southern Africa.
By the 19th century the fallow period, which prevailed in most traditional
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systems, was

progressively

replaced

by

more

effective

cropping

sequences including legumes. The introduction of farm mechanization and of
mineral

fertilizers

in

the

mid

19th

century

allowed

for

a

profound

intervention in the physical and chemical properties of the soil.

Since the early days of agriculture man recognized the importance of soil
as a basic resource

for producing

food,

fibre

and

fuel. He

recognized

differences in fertility, made choices in selecting sites for settlement
and adjusted to inherent soil constraints. By the end of the 19th century
agricultural production was mainly concentrated in regions with favourable
soil resources : the vast extent of loess in North America, western and
central Europe, the Russian plain, northern China and the southern part of
South America; the large alluvial plains

and

the

delta's; the

volcanic

areas; the soils developed

from basic rocks. Where soil properties were

less

conditions

favourable,

natural

were

improved

through

drainage,

irrigation, manuring, liming, deep spading, removal of stones or crusts,
bunding

or

terracing.

In human

history,

technology

has

long

preceeded

science, also in the field of soils. Land evaluation and soil management
have been practiced

for millennia prior to the advent of pedology. Over

thousands of years a tremendous amount of empirical knowledge about the
quality and the management of soils has been acquired. Experience gained
was carried over from generation to generation and is deeply rooted in the
collective wisdom of farmers.

The Emergence of Pedology

Pedology emerged at an opportune time, when a more reasoned approach to
land

use

competing

became
demands

necessary
on

as

a

soils.

It

result

of

fulfilled

increasing
the

population

fundamental

and

task

of

identifying and characterizing the soil body, determining its distribution,
establishing
creating
guiding

relationships,

a conceptual
the

facilitating

framework

development

of

new

for

international

storing

and

technologies

communication,

organizing

and

knowledge,

accelerating

their

application. Soil is now no longer considered to be a mere medium for plant
growth or a surficial product of weathering but is seen rather as a cover
of

the

earth's

surface

characterized

by

a

succession

of

distinct

independant natural bodies, the properties and distribution of which can be
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factors which govern their formation. These

basic principles of pedology have led to extensive work on the genesis of
soils, their classification and the survey of their distribution. Pedology
has made it possible to optimize the management of soils and to
their

allocation

for

different

types

of

land

use.

More

orient

specifically

pedology has made substantial contributions to land use planning at various
levels,

site

specific

introductions

of

new

crops,

the

development

improved management practices, the design of soil conservation
reclamation

projects,

the

assessment

of

production

of

and

land

potentials,

the

implementation of land consolidation, the lay-out of irrigation or drainage
schemes, the determination of levels of inputs for the intensification of
agriculture,

the

feasibility

study

of

development

construction of infrastructures, the evaluation

of

programmes,

land

for

the

alternative

uses and the solution of environmental problems.

Although the applications of pedology are many it seems that few analyses
have been made of the actual impact of soil classification and soil surveys
on the optimization of land use. Little information is available as to the
economic
survey,

benefits
possibly

which
with

are
the

derived

from

exception

of

soil

classification

applications

in

and

the

soil

field

of

engineering. Kellogg (1974) estimated that for the USA 50 percent of the
benefits

come

from

using

soil

extensions, about 25 percent

surveys

for planning

for planning

the

towns

location

and

and

suburban

design

of

highways, airports, pipelines and other structures, and about 25 percent
for guiding

the

selection

and

use

for

farming,

grazing,

forestry

and

recreation sites. A study of the role which pedology has played in shaping
present land use would be most useful with a view to drawing lessons from
past experience.

Although there is general

agreement

about

the possible

applications

of

pedology the question arises whether sufficient use has been and is being
made

of

soil

survey

and

soil

classification.

Though

many

feasibility

studies include soil survey information it is often not taken into account
in the subsequent layout of development plans. In other instances, where
soils information is sought, it occurs that the data supplied by surveys
are difficult to interpret for specific purposes. This situation has been
ascribed to various reasons : inadequate presentation of results; lack of
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between

difficulties

arising

soil

scientists,

from

agriculturists

specialized

and

economists;

terminology;

insufficient

interpretation on the part of the soil surveyor or a lack of interest of
planners. One may wonder, however, if some more fundamental root causes are
not at stake and if soil surveys and soil
conceived, are entirely

suitable

to serve

classification,
the needs

as

presently

of potential

users

(Dudal, 1979).

Soil Genesis and Soil Classiification

When assessing the applications of pedology one needs to take into account
that it is a science which is still in a stage of consolidation. In fact
applications seldom get far ahead of fundamental sciences. It has to be
recognized that no agreement has been reached yet on a universally accepted
soil classification. Unlike plants and animals, which can more easily be
identified, soils constitute a continuum which needs to be broken up in
classes

by

considered

convention.In

the

to be the basis

early

for

days

of

classifying

pedology

soil

genesis

soils. The great

was

number

schemes which were developed reflect different concepts of soil

of

formation

held by various authors as well as the state of knowledge at the time.
Progress of physical and chemical methods for studying soil properties have
rapidly

enriched

soil

science

with

additional

information

so

that

a

recurring gap exists between general theories of soil formation and soil
classification.
element

Furthermore

of conjecture

intervals

and

may

hypotheses

because" soil

proceed

through

on

soil genesis

formation

may

successive

span

stages

include
over

during

a

large

long

time

which

soil

forming factors can vary considerably.

The intensification of international communications in the 1950s coincided
with a major expansion of soil surveys, both in

temperate

and

tropical

regions. The additional experience which was gained and the exchange of
data between scientists from different parts of the world, greatly enhanced
the

overall

knowledge

of

the

soil

cover.

Classification

systems

were

developed which aimed at embracing the full spectrum of the soil continuum
and focussed on the properties of the soils themselves. A consensus seems
to have evolved as to
distinguished

in

the main

different

soil

systems,

bodies

to be

however,

at

separated.
different

They
levels

are
of
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terminology and nomenclature still persist. Soil classification schemes are
still actively being developed and revisions are currently under way in a
number of countries. There is no doubt that applications of pedology are
hampered

by

the

lack

of a uniform

approach

to

the

identification

and

characterization of soil bodies.

The interpretative Value of Soil Classes

During the last three decades soil

classifications

have

shifted

from

a

qualitative genetic approach to a quantitative expression of properties of
the soil itself. This shift has led to considerable progress towards an
objective assessment of soil-plant relationships. The question still arises
whether the criteria selected to separate soil classes are significant in
terms of land use, of appraising responses to combinations of management
practices,

of

determining

production

capacities.

Most

taxonomie

classification systems are based on a limited number of characteristics,
preferably

those

that

can

be

observed

and

easily

measured.

characteristics may not necessarily be those that are the most

These

important

from the point of view of land use.

It is striking

that physical

rate, permeability, which are

properties
crucial

such

for

as porosity,

land

use

are

infiltration

seldom

differentiating criteria. Some information on the water delivery

used

as

capacity

of a soil can be inferred from properties which are currently required for
placing soils in a classification system, but few physical characteristics
are by themselves determining the separation of soil classes. When applying
pedology

to irrigation and drainage schemes a number of additional

soil

parameters have to be measured in addition to the diagnostic criteria used
in

soil

classification

scientists
soils,

a

(Hartge,

still generally
separation

1984).

subdivide

which

is

It

is

soils

mainly

in

striking
sandy,

related

to

that

loamy

non-soil

and

soil

clayey

moisture

characteristics, workability and trafficability.

Many soil classification systems are equally

limited with regard to the

properties of the surface layer of the soil. Soil surface layers influence
germination, they are the seat of biological

activity, contain

a major

- 86 portion of the roots of annual crops, store a large part of plant nutrients
applied as fertilizers, may show fluctuating degrees of salinity, and yet
these properties are not reflected in the definition of taxa, not even in
the

lowest

categories.

It

was

considered

impractical

to

include

such

'transient' properties, which can be changed by management, into the soil
classification
frustrated

system.

attempts

This

shortcoming

to establish

may

be

the main

a relationship

between

cause
soil

of many
taxa

and

response to fertilizers. A classification system constructed on the basis
of

a taxonomie

principle,

that

is

on

a

limited

number

of

diagnostic

properties, may lead to a loss of information on features of the objects
classified.

This

implies

that

characteristics,

not

reflected

in

the

classification, need to be recorded separately when they are important for
specific applications. Technical
Capability Classification
soil constraints which

classifications, such

as

the

(Buol et al., 1975), are attempts

are

not necessarily

reflected

by

Fertility

to

the

quantify

properties

selected to define soil classes in a general scheme.

Applications of Soil Maps

Soils

described

identified

on

and
the

mapped

basis

of

in
a

a

soil

soil

survey

are

normally

classification.

Soil

named

and

classes

are

characterized by the description and analysis of representative

sampling

units. The soil cover is then mapped in terms of one class, in homogenous
areas, or of two or more classes in areas where contrasting kinds of soils
occur.

In

the

latter

case,

the

various

classes

are grouped

into

soil

associations with an indication of the proportion in which they occur. Soil
associations, however, do not normally bring out relationships between the
different components nor provide
classes

occur.

Alternative

information on where the different soil

approaches

advocate

a

more

comprehensive

representation of the soil pattern because soils are characterized not only
by a vertical succession of horizons but also by

lateral

variations

in

their properties, related to lateral movements at the surface and within
the soil. The dynamics of the soil

moisture

regime

along

a

slope, the

lateral flow of nutrients and weathering products, runoff and erosion, the
development of salinity and waterlogging cannot be observed in one profile.
They can be appraised by studying a sequence of soils as they occur in the
landscape

and

by

monitoring

changes

in

time.

The

mean

value

of

soil

- 87 properties, as reflected by the characterization of a profile and which we
have become so accustomed to seek and appreciate, may not, in the final
analysis, be as important as their spatial or temporal variance (Nielsen,
1985). Soil-sociology

(Schlichting, 1970) rather than soil-systematics

is

proposed as a basis for mapping in the form of soil-scapes (Buol et al.,
1973), soil cover (Fridland, 1980), genons (Boulaine, 1978), or
pédologiques'

'ensembles

(Ruellan, 1984). The approach which prevails is a

dynamic

rather than a static characterization of soils. In French Guyana (Boulet et
al., 1978) and in Indonesia (Soil Research Institute, 1976) surveys have
actually

been conducted using

'soil systems' as mapping .units. The

map

boundaries separate different soil sequences or soil transects related to
hydro-dynamic characteristics in recurring segments of the landscape. The
authors report an improved prediction value of the soil information which
has been gathered.

Applications of soil surveys rely on the quality and the relevance of soil
maps. The quality of soil maps is often appraised on the 'purity' of the
mapping units and the accuracy of map boundaries. To obtain a high degree
of precision a considerable density of observations

is needed.

Detailed

maps can be very complex and intricate and the time and cost involved are
not necessarily proportional

to the use which

can be

made

of the

data

collected. The practical significance of the separations made depends on
the

level

of generalization

at which

interpretations

have

to

be

made

(Smyth, 1978). In low intensity studies carried out at regional level, the
controlling

environmental

factors

influencing

decision

making

will

be

climate and landform, in which case the precision of boundaries between
soil

taxa

is not

of primary

importance.

In more

detailed

studies

the

usefulness of precise boundaries is limited by the smallest area that can
be managed separately - the

'minimum

management

unit'

(Dent and

Young,

1981) - in accordance with its specific suitability. It is seldom possible
to lay out a land use plan that takes full

account

of soil

variations

occurring within short distances. More often land use planning has to be
based on 'average' conditions of a manageable tract of land, not just for
one crop but for a crop rotation, with input levels which can be applied
uniformly over a sizeable area.
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relationships between

soil properties

and

experimental

results.

Spatial

variabilities which occur within mapping units, even at the lower levels of
generalization,

may

result

in mismatching

the

requirements

types of land use with the characteristics of the soil

of

specific

(Uehara et al.,

1985). Spatial variability can now be determined by subjecting experimental
or observational data to spatial statistical procedures. This approach is
finding

its

application

in

assessing

soil

variability

in

soil

survey

(Bouma, 1985) and should contribute to a higher accuracy of interpretations
and

to

determining

which

soil properties

are

'carriers'

of

predictive

information.

The degree of detail of a soil survey needs to be established in terms of
the information required at various levels of decision making. For broad
subdivisions landform
first entry

in

the

and agro-ecological conditions may have to be
survey

legend

comparable to soil associations but

rather

than

including

soil

taxa.

elements

of

Land

the

systems

physiography,

water regime and vegetation may, in certain instances, provide a better
view of regional potential than a more conventional soil survey

(Sombroek

and Van de Weg, 1980). The use of aerial photographs and remote sensing
techniques have favoured the distinction of landscape patterns which lend
themselves

to

land

use

recommendations,

taking

into

account

the

characteristics of the soil components.

Land Evaluation and Technology -Transfer

The role of pedology

in optimizing land

use has often

been

limited

by

considering the soil factor in isolation. Soil, although important, is only
one

of

the

components

of

a

production

system.

Land

also

encompasses

geology, climate, hydrology, vegetation, animal population, disease hazards
and human activities to the extent that they influence present and future
land use

(FAO, 1976). Soil survey

interpretations have

often

overlooked

other important land factors : whereas gypsum at depth is not necessarily
impeding plant growth it might be a major obstacle to the construction of
irrigation systems; the success of irrigation may be as dependent on water
quality as on soil properties; transfer of technology relying on draught
animals might prove difficult in tsetse infested areas, even though soils
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but occasional frosts would make the land unsuitable; temporary

flooding

may be a major limiting factor to the development

alluvial

soils'. Features which are significant
land, but are not diagnostic

of

'fertile

to the use and management of the

for the separation of soil classes such as

slope, stoniness, flooding, depth of groundwater, erosion, may be essential
separations with regard to land use choices. Land evaluation and technology
transfers

require

a

multi-disciplinary

approach

which

integrates

data

supplied through soil survey with other important components such as water,
landform, climate, geology, and vegetation into land characteristics and
land

qualities.

Soil

survey

interpretations,

in

the

narrow

sense,

do

sometimes fall short in providing the information needed by planners and
decision makers.

Special

attention

needs

to be given

to

the

climatic

conditions

which

determine the upper limits of crop production that can be reached. Since
soils with similar morphology and chemical characteristics can occur under
different

climates,

most

soil

classification

systems

have

introduced

climatic data at various levels of generalization. The number of 'climatic
subdivisions' that can be made must of necessity be limited if the number
of taxa in the classification system is to remain manageable. The system
may therefore not provide sufficient climatic information for the transfer
of site

specific

experience. The

introduction

of

soil

temperature

and

moisture data, independently of soil classification, may be preferable. An
overlay of climatic data allows for a more detailed and precise break-down.
An attempt in this direction was made in a study of the land use potential
of major agro-ecological zones (FAO, 1978) in which the climatic inventory
was

expressed

in

terms

of

the

length-of-growing-period.

Isolines

at

intervals of 30 days (e.g. 90-119 days, 120-149 days, 150-179 days, etc.)
were plotted on soil maps, combining climatic and soil requirements
suitability
'climatic

ratings

for

a specific

phases', rather

type

than broad

of

land

temperature

use. The

adoption

and moisture

into
of

regimes,

would facilitate the application of soil surveys for development purposes.

Soil

classification

has

traditionally

been

considered

as

a

means

to

transfer technolgy between comparable soils in different parts of the world
(Beinroth and Uehara, 1986). This approach is based on the asssumption that
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transfer by analogy can take place. This assumption has proved to be valid
in

instances

instance,

where

FAO's

specific

the

emphasis

Agro-ecological

predictions

and

is on broad
zone

study

prescriptions,

generally not sufficiently

assessments
(FAO,

soil

such

1978).

as,

for

However,

for

classification

homogeneous, or do not provide

units

the

are

necessary

information - for instance about the surface layer or the physical soil
characteristics - to tranfer experience gained

in one

site

to another.

Furthermore, the effectiveness of transfer of technology depends not only
on soil derived factors but also on climate, relief, level of inputs and
energy.

If other

important

inputs

in a production

locations, similarity of soil classification

system

units will

vary

not

between

necessarily

result in succesful transfer (Buol and Denton, 1984).

New Tools and modern Approaches

New

tools

such

as

computerized

data

storage

and

processing,

computer

graphics, remote sensing, digital cartography, image processing, on line
measurements and control should be fully used to rationalize soil survey
and soil classification and to enhance their interpretation value.

Soil survyors have always been aware about the heterogeneity
units

and

variations

difficulties

in

within

expressing

and

variability. Geostatistics and
sequences

now

geographic

offer

classification

quantifying
new

systems

information on different
land

to

components

of

units

for

the

faciltitate

the

landscape

Simulation

and

of mappping

but

spatial

have

and

of

cartography
the

had

temporal

analysis

do so. Digital

greatly

evaluation.

this

techniques

the possibility

information

multi-disciplinary

soil

data
and

linkage

and hence

modelling

of

promote

allow

for

establishing relationships between soil properties and land qualities which
have

a direct

bearing

on

crop

growth. Operational

research

and

system

analysis allow for a more efficient integration of land qualities in the
process

of

land

evaluation.

Remote

sensing

offers

an

entireley

new

dimension in the observation and interpretation of land features.

These

'emerging

frontiers

in soil

science'

(Nielsen,

1985)

will

be

a

serious asset to pedology and to its applications. The use of new tools and
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classification and soil survey. With a view to giving a new dimension to
soil science it has been suggested (Bie, 1984) that soil classification and
soil

survey

clustering

be
of

replaced

single

by

values

computerized
in

soil

accordance

information

with

specific

systems,

needs,

and

assessing variations in the soil pattern through statistical means. It is
felt here that the considerable

field

experience

which

about the relationship between landforms, climate

and

has
soil

should not be discarded but be blended with the new methods

been

gained

distribution

of information

processing. Without experience of the co-variance between soils

and

the

various elements of the landscape, random approaches would require a very
dense

network

of

observations

or

lead

to

map

boundaries

of

significance. Soil classification and soil survey should keep
their role of synthesizing

the relationship between soil,

doubtful

fulfilling

landscape

and

land use. They give soil bodies a geographic dimension of distribution and
extent without which the applications of soil science would be seriously
impaired.

Much greater advantage should be taken of the experience of soil surveyors
and of the knowledge of farmers. This experience, which has cumulated over
years has seldom been recorded systematically
stored and analysed
knowledge
evaluation

and
and

in

experience
in

but can now

be

captured,

'knowledge systems' (Maes, J. et al, 1986). This
can

be

integrating

most

effectievely

information

derived

applied
from

in

land

different

disciplines. Farmers know-how and surveyors 'feel for the land' have been
very much neglected in interpreting the properties of soils in terms of
management and improved use.

The Challenge of the Future

According to U.N. projections (Salas, 1981) world population could reach a
stable level of 10.5 billion by 2110, compared with the 4.9 billion

at

present and 6.2 billion projected for the year 2000. The significance of
these projections for future requirements of
could

food

increase by 50 percent in the next 20 years

is that world
and would

demand

more

than

double again in the first half of the next century. Questions arise more
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pressingly than ever before : is there enough land to feed the population
of the future, where are land reserves located, for which types of land use
are they suitable, which levels of technology are required, what are the
risks

of

land

degradation,

which

levels

of

investment

are

needed.

Furthermore increasing needs are to be met for fuelwood and timber, fibre
and fodder for livestock. Countries will need to decide whether to strive
at self-sufficiency in staple food or partially rely on trade, which will
be

the

proportion

of

horizontal

expansion

of

agriculturel

versus

intensification through increased levels of inputs, which will be the place
(Dudal, 1984). Considerable urban expansion

that export crops will occupy
is

anticipated

in

the

years

to

come,

especially

in

the

developing

countries. A balance will need to be maintained between intensification of
land use and the protection of the land resource base from degradation. It
is a challenge to pedology, and to soil science as a whole, to provide the
necessary basic information to meet these competing demands and for making
the choices among different options.

The fact that soil survey and soil classification have been used far below
their potential may call for an evaluation of the role of pedology in the
develoment process, especially in the fields of agriculture and
which

constitute

importance
pedology

for

the

largest

meeting

use

the basic

suffers from the

lack

of

soils

needs

of

in

area

of mankind.

a generally

and

are

The

accepted

forestry
of

prime

credibility
system

of

of

soil

classification. It seems imperative that efforts be pursued to come to a
generally accepted system of soil classification, at least for two or three
higher levels of generalization. This is probably
reach

since

countries

the very

seems

to

justify

generalization.

This

establishment

an

increased
relevant

of

attention
to land

great

diversity
national

should

be

use. Special

the

systems

two-pronged
international

of

aproach
consensus.

paid

to

for

would
In

should

as

cover
the

be

one

in

lower

should

different
levels

faciltitate

defining

introducing

attention

regimes of soils which are of crucial

as far

soil

soil

criteria
given

the

classes

which

to

of

are

air-water

importance for interpretation and

prediction. The adequacy of using soil classes as the main

elements

of

mapping legends should be further studied. It may be asking too much of any
soil classification to serve concurrently as a taxonomy, a system to make
soil surveys and a means to make interpretations and predictions. In botany
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phytosociological
classification

or

physiognomic

units,

and

a

phyto-technical

of plants. The spatial and temporal variability

of

soils

points to the desirability of mapping 'soil-scapes' rather than assemblages
of individual sampling units. Aspects of the land and the soil which may be
of primary importance to its use should also be recorded and could form the
basis of technical classifications. The scale and the data to be collected
should be closely related to the purpose of the survey. Applications of
pedology must be inserted

in an overall multi-disciplinary

framework

of

land evaluation.

Efforts

should

be made

to break

through

widely prevails. Many agicultural and

the

rural

resource-illiteracy

which

development programmes

fail

because the most elementary data on the natural resurce base are ignored or
are not sufficiently

taken into account. Many reserach projects are not

characterized as to the environment in which they are conducted so that the
extension of the results obtained

to other sites becomes very doubtful.

Soil geography and the interpretation of soil science should be introduced
in secondary education. In higher education the teaching of soil science
should be extended beyond faculties of agronomy and earth sciences. Soil
information

should

be

efficiently

disseminated

and

combined

with

information on other aspects of the environment. There is an imperative
need for expanding the teaching of soil science and of its applications.

If soil science is to meet the challenge it may need to change its strategy
from the present fragmented and reductionist approach, according

to

the

basic sciences of physics, chemistry, biology and mineralogy, to a more
holistic approach centered on the object of soil science itself : the soil
in its entirety (Pedro, 1984). It is in fact the line which is followed by
pedology.

The

identification

challenge
and

to

pedology

characterization

is
of

then
the

to

soil

provide
body,

to

a

clear

give

a

comprehensive overview of soil distribution and of its variation
in space and time, and to be an integrative link between the various soil
disciplines.

A

further

reality

which

pedologists, is that socio-economic

needs

to

be

well

considered

circumstances often predetermine

use to which a soil will actually be put. While

soil

surveys

and

by
the
soil

classification can point the way for improvements and desirable changes in

- 94 land use it should be realized that their implementation must be ensured in
direct contact with farmers
soils, pedology

will

and planners. In order to meet the demands on

increasingly

need

to

insert

itself

in

the

social

tissue of the community.
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SUMMARY
This paper, a state-of-art review, describes soil erosion hazard in
relation to some tropical farming systems. Farming system, a resource
management strategy, affects soil erosion through its interaction with
biophysical and socio-economic parameters. Runoff and soil erosion
losses are generally low, if the traditional systems are based on short
periods of cultivation followed by long periods of natural fallow and
practiced on relatively deep soils of gentle slopes. Shifting cultivation
practiced on marginal soils of steep gradient causes severe erosion.
Improved components and sub-systems, being developed and piloted to control
erosion for systems based on intensive land use, are outlined. Erosioninduced productivity decline is described for some tropical crops, and
research and development priorities are listed.
INTRODUCTION
Traditionally in the tropics, farming systems as resource management
strategies have been based on the extensive use of land, labour and hand
tools. These systems have only occasionally been augumented with animal
draft power in a limited number of ecologies. The two basic ingredients
of traditional farming systems are land and labour, both of which are
becoming scarce. Shifting cultivation and related bush fallow systems
which rely entirely on long forest fallow for soil fertility restorations
are least dependent on purchased inputs. These systems have been suitable
in land-surplus economies. With mounting pressure on land resources it is
necessary to transform the resource-based systems to science-based systems.
This transition phase has been marked by a widespread food deficit, particularly in tropical Africa. The introduction of intensive landuse systems
has also resulted in severe degradation of resources. A principal cause
of soil degradation in the tropics is accelerated soil erosion.
Based on the duration of the growing season (when rainfall exceeds
potential evapotranspiration), there are three principal ecologies in the
tropics i.e. humid, sub-humid and semi-arid. The vegetation of these ecologies whenever the existing vegetation is disturbed for intensive landuse.
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do not cause severe soil erosion.
SOIL EROSION HAZARD IN THE TROPICS
Some ecologies in tropical Asia, with high population density, have
markedly high erosion hazard. For example, in Thailand sediment transport
rates of 3874 t/km2/yr have been reported for Lam Dome Noi River water
(Jantawat, 1985). Out of the total land area of 30 million hectares in the
Philippines, it is estimated that 58% is susceptible to erosion (NEDA,
1983). In Indonesia, Suwardjo et al. (1985) observed that 22 million hectares of arable land are already severely eroded. The Indian Sub-contentinent is no exception to this ecological hazard. It is estimated that 175
million out of 328 million hectares of arable land in India are degraded
by soil erosion (Dhruva Narayana and Sastry, 1985). A total of 6.6
billion tons of soil are eroded from India's cropland each year (Brown,
1984).
The drought-triggered famine in the Horn of Africa and Sahel region
is partly due to erosion-caused productivity decline and to desertification
of the once productive resource. Ethiopian Highlands lose over one billion
tons of topsoil every year (Brown, 1981), and agricultural lands about 46
to 68 t/ha/yr (Hurni, 1985). In Kenya, a popular saying claims that
erosion removes soil at a rate corresponding to one lorry load from every
acre every year (Biswas and Biswas, 1978). The severity of soil erosion in
South and Central America has also long been recognized. Severe erosion in
tropical America occurs on arable lands in the r.ountatinous terrain of the
Andean region, mechanized agricultural farms in Brazil, and excessively
grazed pastures and rangelands in Central America (Low, 1967; Lai, 1984).
Arid and semi-arid lands are prone to both wind and water erosion.
Rainfall concentrated in 2 or 3 months, causes flash floods and severe
sheet and gully erosion and is a major cause of land degradation in the
semi-arid tropics. Destruction of vegetation cover for fuel wood and
overgrazing has resulted in severe sheet and gully erosion and in the conversion of large areas to unproductive barren lands in arid West Asia and
North Africa (Floret et al., 1984). It is estimated that the rate of
erosion in North Africa and Middle East ranges from 10 t/ha/year to a high
of more than 200 t/ha/year. In Africa North of the Equator, 11.6 percent
of the total land area is affected by water erosion and 22.4 percent by '•>•;
wind erosion. In the Near East, 17.1 percent of the total land area is
affected by water erosion (Riquier, 1982).
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North-West Africa.

Le Houerou (1976) measured mean annual erosion rates of

0.5 to 1.5 mm in the arid zone of North Africa.

Walling (1984) estimated

that the mean annual sediment load for Tunisia, Morocco and Algiers is 1000
to 5000 t/kmVyr.

In semi-arid and arid regions of Australia 58 million

hectares of agriculturally productive land, about 7.5% of the continent's
area, is experiencing severe erosion.

Intensive, cultivation, in response

to the growing world grain demand, has resulted in severe erosion problems
in Australia (Brown, 1981).
SOIL EROSION AND FARMING SYSTEMS
A range of farming systems are practiced in the tropics.

Soil erosion,

a symptom of land mismanagement, is caused by adoption of inappropriate
farming systems and by interaction between bio-physical environments and
land management.
In the tropics there are broadly two systems of land and soil management - the traditional shifting cultivation system and alternative farming
systems which are currently being developed and piloted.
1.

Shifting Cultivation and Related Bush Fallow Systems
Traditional farming systems, based on natural fallow for fertility

restoration, are widely practiced in the Highlands of Northeastern India
and Thailand, Philippines, Outer Islands of Indonesia, and in tropical
Africa and South America.
Runoff and soil erosion losses are generally low, if the traditional
systems are based on short periods of cultivation followed by long periods
of natural fallow.

Sediment and water losses, however, increase with

increasing length of the cultivation phase because of the progressive degration of the water transmission properties of surface soil.

For example,

in the Philippines Keilman (1969) reported that water runoff increased from
1.08 percent in the first year after clearing to 11.64 percent in the 12th
consecutive year of cultivation.

Also the soil erosion losses increased

from 1.45 g/day in the first year to 119.31 g/day in the 12th year.

In

Sabah, Malaysia, Brunig et al. (1975) observed that soil erosion ranged
from 0.5 (10 t/ha) to 2 mm (40 t/ha) depending on the length of the cropping phase.

In Thailand Takahashi et al. (1983) observed least soil erosion

under traditional farming (Table 1) and reported that the greater part of
soil loss occurred before the period of crop establishment.

In Nigeria,

Lai (1981) measured negligible water runoff and soil erosion from plots
under traditional fanning.
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growing maize in northern Thailand (Takahashi et al., 1983).
Treatment
Forest control
Shifting cultivation
Upland cultivation
Bare fallow
Total rainfall (mm)

Soil loss (m3/ha) in 1982
4.7
87.6
107.0
154.3
1542

Regardless of the duration of cultivation and fallow phases, erosion
losses in traditional systems can be drastically high when marginal lands
are cleared for slash-and-burn agriculture. Shallow soils, on steep
terrain in regions of torrential tropical rains, are readily washed away
even during the first year of cultivation after long fallow. In Honduras,
Hudson et al. (1983) observed that slash-and-burn agricuture increased
soil loss from 80 kg/ha under forest to 1732 kg/ha on burned plots. In
the Peruvian Amazon Scott (1974) reported that swidden agriculture resulted
in severe losses of mineral particles and nutrients through sheet erosion.
In Costa Rica Daubenmire (1972) observed a loss of 11 cm of soil over a 22year period due to erosion on cleared and bruned plots.
Experiments conducted in Thailand by Sabhasri (1978) reported severe
erosion losses from slopes ranging from 29 to 44 percent. Study of Jhum
farming in Khasi hills of Meghalaya, Northeastern India, has shown severe
erosion even during the first year of cultivation. From plot studies conducted on 20° to 40° slopes, Toky and Ramakrishnan (1981) observed high
sediment and water losses during the cultivation phase, and increasing
losses with the shortening of the fallow cycle. These authors observed
that sediment loss was more from 5-year than 10 or 30-year fallow cycles.
Similar observations were made by a follow-up study in the same region by
Mishra and Ramakrishnan (1983). In addition, the data in Table 2 show that
terraced farming (permanent) led to reduced soil erosion in comparison
with Jhum agriculture.
Regardless of the erosion hazard, the resource-based extensive landuse
systems must be replaced by more productive and permanently viable farming
systems. For the alternate farming system to succeed, it is imperative
that soil erosion and degradation be minimized.

- 101 Tabel 2. Soil erosion under different cycles of shifting cultivation
(Jhum) and fallow period in Shi 1 long, Northeast, India
(Mishra and Ramakrishnan, 1983).
Jhum ,igroecosy:stem
10-yr 5-yr
cycle cycle

Soil/water loss

Jhum fallow of
different aqes (yrs)
1

5

10

Terrace
agroecosystems

Soil erosion
(t/ha/yr)

49.7

54.9

7.4

3.5

1.9

32.8

Runoff water (cm)

54.2

59.3

44.9

38.2

23.5

49.4

Percolation water
(cm)

12.2

13.3

17.8

30.8

17.7

16.1

2. Alternative Farming Systems
The improved farming systems must achieve economic and sustained agricultural production while preserving the resource base and maintaining a
high environemntal quality. Some introduced systems, although successful
elsewhere, have caused severe soil erosion problems in the tropics. For
example, mechanized forest clearing followed by intensive mechanized cultivation for grain crops cause severe erosion and erosion-induced soil degradation from croplands (Table 3 ) .
Table 3. Soil erosion caused by introduction fof an intensive landuse
system
.
Ecology

„
Country

r

Ivory Coast

Sub-humid

Erosion from
cropland (t/ha/yr)

Reference

1-26

Roose (1977)

Ivory Coast

Humid

0.1-90

Roose (1977)

Nigeria

Sub-humid

25-100

Lai (1976, 1981)

Tanzania

Sub-humid

78

Ethiopia

Highlands

46-68

Algeria

Rangelands

89

Rapp et al. (1972)
Hurni (1985)
Floret et al. (1984)

Change in fanning systems and landuse have been responsible for
severe soil erosion in the arid lands of Northwest Africa. In the Yemen
Arab Republic Alkamper et al. (1979) attributed the decline of terracecultivation to exodus of farmers to town. Abandoning of terraces and poor
maintenance lead to accelerated soil erosion (Vogel, 1985). In the
Algerian Plateaux region Boulkhobza (1982) reported that soils in this
region are being severely eroded due to change in arable farming practices
caused by changing patterns of food consumption. When the population was
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more settled pastoral farming on the lowlands.

Floret et al. (1984)

observed that overgrazing of high plateaux caused soil loss upto 88.5 t/ha
in 5 months.

In Tunisia Bonvallot and Hamza (1977) observed that accele-

rated soil erosion in the lower sub-basin of the Wad El-Hadjeh region is
due to over-grazing and excessive exploitation.
Two examples of erosion in relation to introduced farming systems
are described below:
(a)

Food crop based systems:
Large scale deforestation and disturbance of soil surface often causes

increase in surface runoff and sediment loss.

Soil erosion is generally

most severe with arable landuse following deforestation.

In Ivory Coast

Roose (1977) reported that runoff and erosion were 50 and 1000 times more
from cultivated plots than from forested land.

However, erosion can be

curtailed by using those methods of deforestation and soil surface management that cause the least exposure and disturbance of the soil.

Examples

of some conservation-effective components or sub-systems for different
ecologies are listed in Table 4.

The overall objective is not to maximize

returns over a short time but to sustain economic production indefinitely
by preventing soil erosion and degradation.
(b)

Perennial crops:
Soil erosion from well established and properly managed perennial

crops and plantations is not as severe as that from arable lands.

However,

runoff and soil erosion from improperly managed plantations can be extremely severe.

Furthermore, susceptibility to erosion increases with

increase in age of the plantation and with the development of access roads
and footpaths.

In Sumatra, Gintings (1981) reported high runoff and soil

erosion from old coffee plantations that eventually become prone to
erosional processes.

In India, Chinnamani (1977) reported that erosion

from a poorly managed tea plantation was 40 to 50 t/ha/yr in comparison
with 0.6 t/ha/yr from forested control.

In Trinidad Bell (1973) observed

erosion of 152 t/ha/yr in frequently burned teak plantation.

In timber

plantations, both new and abandoned logging roads are a major factor
contributing to surface runoff and sediment loss (Table 5 ) .
Technology for management of plantation crops for soil conservation
has long been established.

Erosion losses are effectively curtailed if

soil under plantation crops is protected by seeding an appropriate cover
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Table 4.

Sub-components and components

Ecology/Region
Humid tropics

that minimise soil erosion risks

Cultural practices

1. Manual/shear blade
clearing

2. Mulching farming and
no-till/minimum tillage

3. Planted fallows
4. Alley cropping
5. Crop rotations and

References
Seubert et al. (1977),
Lal et al. (1986)
Sidiras et al. (1982)
Lal (1983).
Wilson and Lal (1986)
Okigbo and Lal (1977)
Kang et al. (1985)
Aina et al. (1977)

mixed cropping

Semi-arid

Arid lands

6. Live mulch
7. Terraces

Akobundu (1982)

1. Tied-ridges

U T A (1981), Prentice
(1946)

2.

Rough plowing at the end
of rainy season

Charraeau (1972), Nicou
(1974a&b).

3.

Ley farming

McCown et al. (1985)

4.

Fallowing

Whiteman (1975)

5.

No-till and mulch
farming

Jones and McCown (1983)

1.

Terraced agriculture and
water harvesting

FAO (1984), Vogel (1985),
Hyde (1971).

Pereira et al. (1967)

2.

Crop rotation

Mete (1976)

3.

Afforestation and
vegetal cover

AI kamper et al. (1979)

4.

Mulching and rough
seedbed

Floret et al. (1984)

5.

Early tillage, contour
plowing

Spatch (1975), Hakimi et.
al. (1976).

6.

Chequer-board planting

FAO (1984)

cover e.g. Pueraria, Mucuna, Centrosema (Okigbo and Lal, 1977).

Develop-

ment of terraced system with well-protected waterways has also proven
useful for erosion control from rubber plantations in Thailand
(Rouysunguern, 1979).
(c) Mixed-farming
Similar to plantation crops, soil erosion and degradation are usually

- 104 Table 5. Effects of skidding roads and logging activities on soil
erosion in Indonesia (Rusland and Mannan, 1980)
Treatment

Erosion
(t/ha/month)

Runoff
(m3/ha/month)

Newly constructed and used
skid roads

12.9

189

Newly constructed but
unused skid roads

10.8

149

Two years abandoned skid
roads

6.3

43

Three years abandoned
skid roads

3.2

19

Forest undisturbed noskid roads

0.0

2

less from well-established and properly stocked pastures than arable
lands. For example watershed management experiments conducted at U T A ,
Ibadan, have indicated less runoff and soil erosion from food grains grown
in rotation with grazed pastures than continuously grown food grains
(Fig. 1). On the contrary, severe soil erosion and degradation of environments is caused by overgrazing and improperly managed rangelands. Soils
in heavily grazed pastures develop surface crust, low infiltration, and
acclerated runoff and erosion (Bridge et al., 1983). In Kenya, Dunne
(1979) observed that sediment yield from rangelands was more than from
agricultural and forest catchments.
EROSION-CAUSED DECLINE IN PRODUCTIVITY
The long term effect of erosion on-site is the loss of the soil's
productivity. Although considerable data ia available regarding the magnitude of soil loss under different farming systems, quantitative assessment of the effect of these losses on soil productivity is not known for
the majority of soils and farming systems. There has been little response
to date from policy-maker and farming communities to recommendations on
soil conservation measures. This is attributable to the fact that little
information is available on the relationships between soil erosion and
losses in crop production,
(a) Grain crops:
Ethiopian highlands have suffered severe damages through soil erosion.
Hurni (1985) reported that reduction of soil depth by 10 cm results in
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Fig. 1. Runoff hydrograph from two watersheds of about 4 hectares each
in southern Nigeria. Both runoff and soil erosion were more
from watershed growing maize-cowpea than grazed pasture
reduction of barley yield by 250 kg/ha. At the current rate of soil degradation and of soil erosion from Ethiopian Highlands Hurni estimated a
yield reduction for barley at the rate of 2 percent per annum. In
Nigeria Lai (1976) observed about 50% reduction in corn grain yields by
loss of an equivalent of 1 cm depth of soil by the natural erosion. For
Alfisols with shallow effective rooting depth, Lai (1981) reported an
exponential reduction in grain yields of corn and cowpea with increase in
cumulative soil loss. Similarly, for a Ultisol in eastern Nigeria Mbagwu
et al. (1984) observed reductions in corn grain yields of 95 to 100 percent by the loss of 5 to 20 cm of topsoil. In Cameroon Rehm (1978)
observed corn yield reduction of 50% by the loss of 2.5 cm of topsoil and
by 100% when 7.5 cm of topsoil was eroded. Severe reductions in corn
grain yield by the loss of a centimeter of topsoil have also been reported
for Oxisols from Hawaii (Yost et al., 1985).
(b) Root crops:
Cassava and yam are important food crops in the African tropics. Lai
(1986) observed that fresh tuber yield of cassava was 14.4, 20.0, and 31.1
t/ha for soil removed to depths of 20, 10 and 0 cm, respectively. Develop-
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of topsoil.
In addition to on-site losses in productivity, erosion causes severe
damage to agriculture through siltation of reservoirs and irrigation
canals, abrasive damages to seedling by wind-blown particles, by drought in
the uplands and floods downstream, and by crop burial by sediments transported from elsewhere. These damages can be minimized by adopting improved
fanning systems.
CONCLUSIONS
1. Accelerated soil erosion observed in the tropics is a symptom of land
misuse caused by over-exploitation of land resources and by changing
fanning systems. Soil erosion is severe following deforestation,
introduction of mechanized cultivation of seasonal crops, overgrazing, poor maintenance of terraced land, and due to improper
maintenance of plantation crops.
2.

Considerable research information is available outlining the causeeffect relationships and the technology to control soil erosion. In
addition to the experimental data obtained from field plots, watersheds, and sediment transport, predictive models have also been
developed and adapted to assess soil erosion problems for different
landuse systems.

3.

Although the available research information shows encouraging results
from improved land management technologies, farmers have been slow to
adopt the improved systems. The lack of response to improved technology for erosion control may be due to the piecemeal approach adopted
in tackling this problem. The technology developed as a component
or a sub-system, may not fit into the overall framework of an
integrated farming system. There is a need to develop suitable technology that becomes an integral part of the farming system. Soil
conservation measures should be built into the improved farming
system.
Another reason for the slow response by farmers to improved technology
is the lack of scientific data describing the erosion-induced loss in
soils productivity. Research efforts are needed to relate the data
of physical soil loss to yield and economic terms. It would be useful
to know the additional inputs required to produce equivalent returns
from eroded as opposed to uneroded land.

4.
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Restoration of degraded lands deserves to be a high research and
development priority.

Furthermore, the effects of erosion should be

related to alterations in measurable parameters related to soil
quality.
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Surface-mined lands present a challenge and an opportunity to soil
s c i e n t i s t s , agronomists, and planners.

Where good s o i l s e x i s t , the

challenge is to leave the landscape in a s i m i l a r l y productive s t a t e .

The

example that well i l l u s t r a t e s such a successful attempt is in the host
country, West Germany, where brown coal is mined and the land is caref u l l y returned to a preplanned state of p r o d u c t i v i t y and beauty.

The

feat is possible because there is an available supply of good loessial
soil m a t e r i a l .

In a d d i t i o n , public and i n d u s t r i a l support are great

enough to complete the formidable undertaking.
The use of mineralogical methods to aid in planning reclamation is
less c r i t i c a l where a thick mantle (1 m or 2 m) of good loess is to be
applied to make a new s o i l .

Only a t h i n layer of good soil is available

in many areas where coal is mined in the U.S.A. and in Europe (Grube et
a l . , 1981; Jonas, 1972).

In some areas, the native soil is Inherently

poor or d i f f i c u l t to manage and the overburden with the best chemical,
physical and mineralogical properties is the favored choice for the new
soil.

This is the case for l i g n i t e being mined in eastern and central

Texas.
clay.

The use of oxidized spoil is d i s t i n c t l y preferable to p y r i t i c
Two examples will be given to demonstrate the use of mineralogy in

the reclamation of surface-mined lands:

(1) l i g n i t e and coal mining and

(2) phosphate mining by a wet method.
Surface Mining of Lignite and Coal
Mineralogical analysis of the soil and overburden provide a sound
basis on which to plan the reclamation program and avoid many of the
p i t f a l l s that may occur otherwise.

Such premine investigations are

p a r t i c u l a r l y important where iron sulfides and toxic metals are present
in the material to be placed on the surface and vegetated.

Pyrite is

localized and d i f f i c u l t to quantify and neutralize (Arora et a l . , 1980;
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Caruccio and Geidel, 1982). Leaving p y r i t e on the surface causes a d d
spots that r e s i s t revegetation and are d i f f i c u l t or impractical

to

reclaim.
Also, mineralogical analyses of deep overburden p r o f i l e s o f f e r a
special opportunity to learn about the weathering processes and o r i g i n a l
mineral assemblages below the soils of the area to be mined.

Thus a

thorough soil genesis study can be made on a scale seldom attempted in
normal pedological investigations.

The results are pertinent to the

e n t i r e region where the p a r t i c u l a r set of parent m a t e r i a l , c l i m a t e , and
b i o t i c factors occur.
S i l i c a t e Weathering
Exposure of fresh spoil from Texas l i g n i t e has led to studies of
weathering reactions and mineral phases that have not been known or
understood in the native s o i l s .

Iron c h l o r i t e is usually present in the

reduced l i g n i t e overburden in Texas and i t is absent in the oxidized
overburden.

Thus i t is a good indicator of the depth of weathering.

c h l o r i t e weathers to vermiculite and smectite.

The

The iron released from

c h l o r i t e (and p y r i t e ) probably contributes to the iron oxides that are
present in the oxidized overburden and soils which provide a useful color
indicator of the weathering f r o n t ( F i g . 1).

CHROMA

Figure 1.

%Fe 2 0 3

pH

The recognition of c h l o r i t e

% PYRITIC S

Oxidized (0-7 m) and reduced zones in l i g n i t e overburden
compared as to c o l o r , f r e e - i r o n oxides, pH, and p y r i t i c
(From Senkayi et al ., 1983).

sulfur
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(and p y r i t e ) beneath the soil zone provides a more complete understanding
of soil formation processes than conventional soil sampling procedures
would have revealed.

Pyrite present in many of these sediments,

sometimes suggested by the persistence of j a r o s i t e , indicates that
sulfides were l i k e l y contributors to acid weathering of c h l o r i t e and
other s i l i c a t e s .
Chlorite from l i g n i t e overburden was altered to vermiculite and
smectite by acid oxidizing conditions (Senkayi et a l . , 1981).

The

transformation produced two regularly i n t e r s t r a t i f i e d intermediates that
had superlattices i n d i c a t i v e of the regular a l t e r n a t i o n of c h l o r i t e vermiculite and c h l o r i t e - s m e c t i t e layers.

Continued acid oxidation

treatments eventually produced smectite before the whole structure was
dissolved.

Carbonate Weathering
Carbonates in the l i g n i t e overburdens of Texas are localized and
sparee (Durham, 1981).

Much of i t is s i d e r i t e (FeCO,) which has l i t t l e

or no acid n e u t r a l i z i n g value.
the l i g n i t e overburden in Texas.

Siderite bolders are a common feature of
On exposure to weathering they become

coated with a hard rind of iron and manganese oxides that protects them
from further oxidation ( F i g . 2 ) .

Thus they p e r s i s t in the weathering

Fast*VÄi

Figure 2.

Possible s i d e r i t e weathering pathways and products in east
Texas l i g n i t e overburden (From Senkayi et a l . , 1986).

environment.
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The s i d e r i t e contains a small amount of manganese s u b s t i -

tuted for iron in the structure (Durham, 1982).

The manganese is

released by weathering and forms a thin black coating of manganese oxide
on the surface of the iron oxides (Senkayi et a l . , 1986).
Na

Mn +

The manganese

oxide is todorokite [(Mg Q 77 n 0 3 " 0 18 0 60 5 22'°12 ^ ' 0 7 H 2 0 ;
Golden e t a l . , 1986], a fibrous tunnel-structured mineral that occurred
as a coating ranging from an open arrangement with c i r c u l a r holes to
densely matted fibers ( F i g . 3 ) . This mineral has only recently been

Figure 3.

M9

Mn +

Todorokite from e x t e r i o r of weathered s i d e r i t e bolder:

(a)

loose mesh of fibers and (b) compact mat of f i b e r s (From
Senkayi et a l . , 1986).
synthesized from a platy manganese oxide substituted by magnesium,
calcium or nickel (Golden et a l . , 1986).

Todorokite is l i k e l y to

dissolve under acid weathering conditions and may y i e l d toxic levels of
manganese in s o l u t i o n .
Either goethite (a-FeOOH) or hematite (a-Fe ? 0,) may be formed on
weathering of s i d e r i t e depending on the environmental conditions.
Hematite probably forms at depth before t h i s s i d e r i t e is exposed to moist
surface weathering conditions (Senkayi et a l . , 1986).

Goethite sometimes

forms between the hematite rind and the s i d e r i t e i n t e r i o r .

The hematite-

g o e t h i t e - s i d e r i t e sequence is a t t r i b u t e d to goethite formation when
exposed to surface weathering conditions a f t e r hematite had formed during
burial.

The i r r e g u l a r weathering f r o n t around goethite suggests that 1t

-
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is invading hematite in an iron oxide nodule ( F i g . 4 ) .

Figure 4.

Optical micrographs (plane polarized l i g h t ) showing (a)
goethite (g) replacing hematite (arrows indicate d i r e c t i o n on
weathering f r o n t ) and (b) a hematite (h) zone that is being
replaced by geothite (Scale = 100 urn).

Silica Transformations During Weathering
S i l i c a released from volcanic deposits apparently has contributed
s i g n i f i c a n t l y to mineral formation in l i g n i t e deposits and associated
strata of Texas.

S i l i c i f i e d wood occurs frequently in sediments of the

Yegua Formation that was investigated by Senkayi et a l . (1985).

A

-
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p e t r i f i e d log was discovered in the bank of an i n t e r m i t t e n t stream some 3
m below the prevailing land surface ( F i g . 5 ) .

Figure 5.

The log was coated with

P a r t i a l l y altered p e t r i f i e d wood with powdery e x t e r i o r (P) and
thin white coating (WC), both of which consist mainly of
opal-CT (From Senkayi et a l . , 1985).

about 1 cm of loose white powder that is almost pure opal-CT ( F i g . 5 ) .
Opal-CT is a common minor constituent of local soil clays but i t s o r i g i n
has never been investigated.

Thin section analysis revealed that the

fine grained quartz (<1 urn) that composes most of the p e t r i f i e d log is
being replaced by very fine grained opaline s i l i c a , opal-CT ( F i g . 6 ) .
Vein quartz weathers more slowly and much of i t persists and gives
physical strength to the p e t r i f i e d wood.

Examination of many other

specimens of p e t r i f i e d wood from Texas has shown a similar composition of
very fine opal-CT in the white e x t e r i o r .

When these specimens are

brought to the surface of the soil any e x t e r i o r coating of loose powdery
opal-CT would be dispersed thus a r e l a t i v e l y pure weathering product is
l i k e l y to be found only in a protected specimen.

Although opal-CT has a

framework structure (Wilding et a l . , 1977), the fine clay size and platy
shape ( F i g . 7) resemble a layer s i l i c a t e .

- 118 -

30

26

Degrees
Figure 6.

26

X-ray powder d i f f r a c t i o n curves of fine (<0.2 urn) clay
f r a c t i o n showing variations in r e l a t i v e contents of opal-CT
(CT) and quartz (Q) from the most to the least altered
p e r t r i f i e d wood (From Senkayi et a l . , 1985).

Tonstein Formation
The formation of thin layers of a k a o l i n i t i c rock c a l l e d tonstein
below coal seams is widely known.

I t is normally considered to be an

a l t e r a t i o n product of volcanic glass that probably formed 1n a sequence,
e.g. glass-* bentonite (smectite)-*- k a o l i n i t e .

Thin beds of l i g n i t i c

material contributed to tonstein formation in the Yegua Formation at

-

Figure 7.
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Transmission electron micrographs of <0.2 urn clay fractions
showing (a) opal-CT from completely altered e x t e r i o r zone and
(b) microcrystals of opal-CT and quartz (Q) from the p a r t i a l l y
altered intermediate zone (From Senkayi et a l . , 1985)

College S t a t i o n , Texas ( F i g . 8 ) .

The reaction sequence was incomplete

and smectite was s t i l l present in one layer.

Thus confirming the

proposed bentonite intermediate that usually has been absent from
tonstein layers.

The weathering sequence that leads to the formation of

k a o l i n i t i c tonstein from glass i s , of course, predicted on theoretical
grounds by the decrease in s i l i c a concentration in solutions where
montmorillonite and k a o l i n i t e reach thermodynamic equilibrium ( K i t t r i c k ,
1971).

Zeolite Formation
In the tonstein c i t e d above volcanic ash apparently was deposited
again a f t e r tonstein formation thus resupplying s i l i c a to the system.
The formation of the z e o l i t e , c l i n o p t i l o l i t e , occurred in the tonstein
and the overlying l i g n i t e stratum (Figs. 8 and 9 ) .

Also, h a l l o y s i t e

formed along fissures and cracks; apparently i t formed in the bentonite
layers which were l a t e r converted to k a o l i n i t e .

This occurrence of
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Figure 8.

Generalized l i t h o l o g i c column with r e l a t i v e mineralogical
compositions of bentonite, t o n s t e i n , and l i g n i t i c
(photograph to the l e f t ) :

strata

Kl = k a o l i n i t e , Sm • smectite; Q •

quartz; Cp « cl inopti l o l i t e ; HI = h a l l o y s i t e (From Senkayi et
al . , 1984).
z e o l i t e , smectite, and k a o l i n i t e in close proximity i l l u s t r a t e s the very
complex mineralogy that can occur in association with l i g n i t e .

Young

soils formed from such material during reclamation, obviously would have
c h a r a c t e r i s t i c s that would contrast with the mature soils of the
environment.
The observations described above for z e o l i t e was in association with
thin l i g n i t i c clay beds near College S t a t i o n , Texas ( F i g . 10).

More

r e c e n t l y , abundant z e o l i t e has been found in the overburden and l i g n i t e
300 km to the southwest near Jordahtown, Texas.

Thus z e o l i t e may be an

increasingly important constituent of l i g n i t e overburden to the southwest
in Texas.

This trend is probably because of increasing proximity to the

source of the volcanic ash.
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ash following deposition in the swamp:

Zeolite = c l i n o p t i l o -

l i t e (From Senkayi et a l . , 1984).
Layer S i l i c a t e Mineralogy
The layer s i l i c a t e mineralogy of l i g n i t e and coal overburdens in
three regions of the U.S.A. have recently been reviewed (Senkayi and
Dixon, in review) and are summarized here.
smectite, k a o l i n i t e , and i l l i t e (mica).

The major minerals are

The r e l a t i v e amounts of these

minerals are largely determined by composition of the o r i g i n a l
and geochemical a l t e r a t i o n since b u r i a l .

sediments

In the Appalachian coal region

of the eastern U.S.A. i l l i t e and k a o l i n i t e are most abundant.

The

Appalachian region has the oldest overburden rocks (Pennsylvanian) and
apparently any expansible 2:1 minerals that may have been in the
sediments were converted to i l l i t e

(mica).

In the Gulf Coast l i g n i t e b e l t which has been investigated
extensively in east Texas, smectite and k a o l i n i t e are the most abundant
clays.

Mica is present only in small amounts.

In the Northern Great

Plains of the U.S.A. the two major layer s i l i c a t e minerals are k a o l i n i t e
and smectite although mica is abundant in the Tongue River Formation.
K a o l i n i t i c sediments are abundant where the land surface was stable for
long periods of time under e a r l i e r climates.

K a o l i n i t e apparently was

- 122 -

Scanning electron
micrograph showing
euhedral c l i n o p t i l o l i t e c r y s t a l s 1n a
l i g n i t i c bed beneath
bentonite (From
Senkayi et a l . ,
1984).

deposited in thick beds that s t i l l occur l o c a l l y in the Golden Valley
Formation (Hickey, 1977).

Thus the mineralogy of a given area requires

investigation to determine the r e l a t i v e proportions of the minerals and
t h e i r properties to serve as a basis for a r e l i a b l e reclamation plan.
The lesser layer s i l i c a t e s in the overburden of coal and l i g n i t e
materials are vermiculite which is more common in the oxidized zone and
iron c h l o r i t e which occurs primarily in the reduced zone.

The vermicu-

l i t e is believed to be a weathering product of mica and c h l o r i t e (Senkayi
et a l . , 1981).

Smectite of high charge also has been i d e n t i f i e d in the

Gulf Coast l i g n i t e overburdens (Egashira et a l . , 1982; Senkayi et a l . ,
1983).

Other Mineralogical

Properties

In the s i l t and sand fractions of Gulf Coast l i g n i t e overburdens of
east Texas, quartz is most abundant.

Feldspars are present in small

amounts in the s i l t and sand f r a c t i o n s .
abundant type.

Potassium feldspar is the most

The sodium-calcium feldspars contain more sodium in sand

and s i l t f r a c t i o n s of the overburdens (Abder-Ruhman, 1985).

Thus i t

is

l i k e l y that sodium in the feldspar w i l l be released by weathering and
have a negative influence on soil

structure.

The weathering of p y r i t e and iron c h l o r i t e p a r t l y accounts for the
presence of goethite that occurs in the oxidized overburden of the Gulf
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Coast Region and in the Appalachian Region.

Hematite also occurs 1n the

overburdens of the Appalachian Region and in nodules formed from subsurface a l t e r a t i o n of s i d e r i t e in Gulf Coast overburden.

The colors of

these oxides provide an important marker for the disappearance of p y r i t e
in the overburden p r o f i l e .
Mineralogy of Surface-Mined Phosphate In F l o r i d a , U.S.A.
Phosphate is mined in the southeastern U.S.A. by a wet method and
the clay suspensions that are produced prolong the reclamation process
for several years.

These clay suspensions occupy thousands of acres of

land and retain great volumes of water that add to the ultimate costs of
phosphate f e r t i l i z e r and other products.

These phosphatic clays o f f e r an

opportunity for soil mineralogy investigations to increase overall

agri-

c u l t u r a l e f f i c i e n c y and to learn more about the chemical and physical
properties of clay s o i l s .
Most of the phosphate mined in the U.S.A. is surface-mined in
Florida.

The phosphate ore now being mined is in the form of pebbles

intimately mixed with clayey m a t e r i a l .

To concentrate the phosphate

nodules, a rigorous washing procedure is employed that disperses the
clays in water thus producing vast quantities of phosphatic clay suspensions (slimes) that have to be impounded and dewatered before they can be
returned to productive land use.

Thus the reclamation process involves

c o l l o i d a l suspensions that require several years for dewatering and
return to a stable physical condition with s u f f i c i e n t strength to be used
as normal s o i l s .
The phosphatic clays contain several layer s i l i c a t e s : smectite,
palygorskite, i l l i t e , k a o l i n i t e , and i n t e r s t r a t i f ied clay minerals (Wissa
et a l . , 1982).

Smectite and palygorskite are the most abundant of the

layer s i l i c a t e s (6 to 51% and 0 to 35%, r e s p e c t i v e l y ) .

I l U t e 1s next 1n

abundance among the phosphatic clays (5 to 18%) (Wissa et a l . , 1982).
Kaolinite is a minor constituent in-most of the samples (<4%).

In

addition to layer s i l i c a t e s in phosphatic c l a y s , about half of the
material is composed of other minerals.

Apatite content is 7 to 40%, the

most abundant mineral that is not a true clay.
w a v e l l i t e are each present in small amounts.

Quartz, dolomite, and
Crandallite and feldspar

composed <1% of the phosphatic clays (Wissa et a l . , 1982).

- 124 Palygorskite content correlated inversely with the weight of
sediment during sedimentation tests (Wissa et a l . , 1982).

These findings

support e a r l i e r work indicating that palygorskite contributes toward a
stable clay suspension in water.

In some cases the clays become

t h i x o t r o p i c and entrap vast amounts of water.

Thus water is l o s t slowly

by evapotranspiration and the concentration of the suspension increases
slowly, producing a lake of mud that is d i f f i c u l t to manage and u t i l i z e .
Improved reclamation of clay sedimentation lakes requires
f l o c c u l a t i n g clays and strengthening of the sediments to support the load
of t r a f f i c

for management and u t i l i z a t i o n .

The conversion of

palygorskite to smectite may be one avenue of accelerating the
sedimentation of phosphatic clays containing t h i s fibrous mineral.

The

f e a s i b i l i t y of such a reaction has been demonstrated at an elevated
temperature (Golden et a l . , 1985).

The pursuit of these objectives

should provide an avenue for learning how to develop or improve structure
in clay s o i l s .
Summary
Where abundant good soil material is available ( e . g . thick loess),
the reclaimed land can be returned to similar p r o d u c t i v i t y and beauty as
the o r i g i n a l s o i l .

In many areas, there is l i t t l e good soil and

establishing vegetation on the area is best accomplished with the best
overburden a v a i l a b l e .

Premine mineralogical analyses serve as an

e f f e c t i v e guide for planning the reclamation process.

Also,

investigating overburden mineralogy provides an opportunity to develop a
better understanding of weathering and pedogenic processes.

Thus far

these investigations have revealed the a l t e r a t i o n of c h l o r i t e to
vermiculite and smectite in an orderly reaction.

Fine-grained quartz in

s i l i c i f i e d wood weathered to opal-CT.

Ash weathered to smectite,

h a l l o y s i t e and k a o l i n i t e in t o n s t e i n .

Zeolite formed from volcanic ash

in the proximity of k a o l i n i t e and smectite.
hematite, goethite and todorokite.

Siderite weathered to

- 125 Resume
La oü i l existe une source abondante de sol (par example, une
couverture épaisse de loess), la surface t e r r e s t r e minée peut être
restorée ä sa p r o d u c t i v i t é et sa beauté o r i g i n a l e .

Dans beaucoup

d ' e n d r o i t s , i l existe peu de bon sol et Ie réétablissement de la
vegetation sur Ie t e r r a i n est accomplie avec Ie meilleur matériau
possible.

Les analyses minéralogiques éffectuées avant

miniere servent ä p l a n i f i e r Ie processus de reclamation.

1'exploitation
Ces analyses

servent aussi è mieux comprendre les phénomènes de pédogenèse.

Jusqu'

ä présent ces investigations révèlent 1 ' a l t e r a t i o n de la c h l o r i t e è la
vermiculite et la smectite en une reaction ordonnée.

Le quartz f i n

présent dans le bois s i l i c i f i é s'est tranformé en opale.

La eendre

volcanique s'est tranformée en smectite, h a l l o y s i t e et k a o l i n i t e
(tonstein).
Des zeolites se sont formés ä p a r t i r de eendre volcanique en
proximité de k a o l i n i t e et smectite.
hematite, goethite et todorokite.

La s i d é r i t e s'est transformée en
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