VOLUME 7a:
COMMISSION VI: SYMPOSIA
Transactions
15 t h World Congress of Soil Science
15 Bodenkundlicher Weltkongress
15 erne Congres Mondial de la Science du Sol
15° Congreso Mundial de la Ciencia del Suelo

*

ACAPULCO, MEXICO
JULY 10-16, 1994

VOLUME 7a:
COMMISSION VI: SYMPOSIA
Transactions
15 th World Congress of Soil Science
15 Bodenkundlicher Weltkongress
15 ème Congres Mondial de la Science du Sol
15° Congreso Mundial de la Ciencia del Suelo

Editorial Committee:
J. D. Etchevers B., Editor, Mexican Society of Soil Science
A. Aguilar S., President, International Society of Soil Science
R. Nünez E., Vice-President, International Society of Soil Science
G. Alc£ntar G., President, Organizing
Congress of Soil Science;

Committee

15 World

P. Sanchez G., Chairman, Program
Congress of Soil Science

Committee

15

World

To the readers:
The Transactions of the 15 World Congress of Soil Science
consist of 16 books. Volume 1 contains the Inaugural and the State
of the Art Conferences. Volumes 2a to 8a contain the papers
presented in the Symposia corresponding to Commissions I to VII,
respectively. Volumes 2b to 8b contain the Extended Summaries of
the papers presented at the poster sessions corresponding to
Commissions I to VII, respectively.
Volume 9 is a supplement
containing papers not included in previous books.

Acknowledgments:
The International Society of Soil Science and the Mexican Society
of Soil Science acknowledge the grants received from two
Organizations of the Mexican Federal Government: the Instituto
Nacional de Estadi'stica, Geografia e Informatica (INEGI) and the
Comisión Nacional del Agua (CNA) which made possible the
publication of these Transactions.

15tn World Congress of Soil Science
Acapulco, Mexico, July 1994

TRANSACTIONS

Volume 7a
Commission VI: Symposia

International Society of Soil Science

Published in 1994 by
THE INTERNATIONAL SOCIETY OF SOIL SCIENCE
and
THE MEXICAN SOCIETY OF SOIL SCIENCE

Copyright 1994
International Society of Soil Science
and
Mexican Society of Soil Science

MEXICAN SOCIETY OF SOIL SCIENCE
ISBN 968-6201-15-7 (all transactions volumes)
ISBN 968-6201-30-0 (this volume)
INSTITUTO NACIONAL DE ESTADISTICA
GEOGRAFIA E INFORMATICA
ISBN 970-13-0143-9 (all transactions volumes)
ISBN 970-13-0155-2 (this volume)

Printed by courtesy of INEGI and CNA (Mexico)
July 1994

CONTENTS

Commission VI
Page
Symposium Via
Soil technology for sustainable agriculture
Symposium VIb
Agrotechnology, productivity, energetical efficiency and environmental impact

ii

138

Symposium C
Assessment of long term soil degradation and rehabilitation. Field methodology and
modelling

253

Symposium ID-27
Integrated soil management in sugarcane agroecosystems and the impact in a sustainable
agriculture

341

Symposium Via

Friday, July 15
afternoon session.

Soil techonology for sustainable agriculture.
Convener: S. M. Virmani. (India).
Co-convener: L. Tijerina Chavez. (Mexico).

Preface. G. S. Sekhon, S. M. Virmani, L. Tijerina Chavez. (India/Mexico)

Page
ili

Land use issues and sustainability of agriculture. F. P. Miller, andM. K. Wali. (USA)

1

Soil management and sustainable agriculture in the developing world. R. G. Hanson, andK. G
Cassman. (USA/Philippines)
17
Soil management and environmental relationship in Central and Eastern Europe. G. Varallyay.
(Hungary)
34
Rainwater management for sustainable rainfed agricultural production in the tropics. /. P.
Abrol, J. C. Katyal, and S. M. Virmani. (India)
59
Role for irrigation management farming systems. J. W. Kijne. (Sri Lanka)
The role of vetiver grass in sustainable agricultural productivity. R. G. Grimshaw. (USA)

72
87

Place for alley cropping in sustainable agriculture in the humid tropics. A. S. R. Juo, J. O.
Caldwell, andB. T. Kang. (USA/Nigeria)
98
Tree-crop interactions in sustainable agroforestry systems. P. K. R. Nair, M. R. Rao, andE. C.
M. Fernandes. (USA/Kenya/Brazil)
110

ii

Preface
In June 1992, when world leaders at the Earth Summit in Rio de Janeiro agreed on agenda 21, they
requested the international research community to consider specific contributions to its implementation. The
International Society of Soil Science, in response, selected the theme 'Soil Utilization in Harmony with
Nature: Learning from the Past to Face the Future' for its 15th International Congress of Soil Science to be
held 10-16 July, 1994 at Acapulco, Guerrero, Mexico.
Amongst the various concerns on sustainable soil utilization, the question of soil degradation that is
currently threatening agricultural sustainability has emerged as an important issue.
It requires
interdisciplinary scientific input for a coordinated action. The problem of land degradation is widespread.
United Nations Environment Program estimated that 3.6 billion hectares or 70% of the world productive
drylands, are currently threatened by desertification. The irrigated areas, similarly, suffer from productivity
loss due to chemical physical, and biological degradation.
For the upcoming Congress, Commission VI: Soil Technology, decided to organize a Symposium [Via]
entitled 'Soil Technology for Sustainable Agriculture'. The Symposium, it was envisaged, will underpin urgent
need to develop soil utilization technologies that are productive, economically viable, socially acceptable and
are in harmony with nature. The Symposium would also aim to point out our past mistakes and suggest
ways to build sustainable systems. The dimension of the problem, concepts, a discussion on important
approaches would be included.
The human pressure on resource-limited world is already heavy. It has been projected that the global
population would double in the next 40-50 years and stabilize around 10-12 billion. The ratio of land to
people will be 0.15 ha person"1 from the present 0.3 ha person"1 by the year 2050. Most of this population
increase will occur in developing countries where a web of inter-related reinforcing factors maintains rural
poverty, unplanned population growth, expansion of farming into marginal lands, deforestation, erosion,
water pollution, degradation of land and unsustainable agriculture. Thus we would have to devise alternate
systems of land management, agroforestry, rain water management, erosion control by vegetative methods,
restoration of degraded lands back to productivity, optimized use of available water resources, and
stabilization dryland production. These will be important in sustaining agricultural productivity. The
challenge that we face today is of mobilizing research, education, and development activities needed to meet
the Agenda 21 concerns and of drawing up a portfolio of soil sciences biased research that could make a
greater difference in finding solutions to the urgent problems which center around food and environment.
The set of eight invited papers included in this symposium attempt to provide insights on the constraints
that undergird technologies for sustainable land use.

S.M. Virmani
Convener

Leonardo Tijerina Chavez
G . S . Sekhort
President
Commission VI: Soil Technology
International Society of Soil Science

Co-Convener
Via: Soil Technology for
Sustainable Agriculture
XV International Congress of Soil Science

iii

Land Use Issues and Sustainability of Agriculture
F.P. Miller and M.K. Wali
The Ohio State University
Columbus, Ohio 43210, USA

Abstract
Viewing soils in the full context of landscape ecology is imperative. Both land and its component soil
resources are finite. The biological capability of the earth's ecosystems is limited even though the biological
productivity has been manipulated by genetic selection of plants, adjusting nutrient flows, managing water
and controlling pests. However, these interventions also have serious economic and environmental
repercussions. Additionally, the land requirements for non-food human needs and economic activity (e.g.,
housing, industry, transportation corridors) are sizeable, are increasing every year, and are often in
competition with agriculture.
About 18% of the world's cropland is irrigated, producing about one-third of the plant's food, yet it is
projected (Miller 1990) that over half of this irrigated land will suffer reduced productivity from excess
salinity by the end of this decade, a third of which is already adversely affected by salt buildup.
Desertification is a serious threat at the margins of our arid and semi-arid zones where 850 million people
derive their sustenance, nearly half of whom are faced with reduced capacity to support themselves.
Erosion is removing soil faster than it forms on at least one third of the world's cropland (Miller 1990), thus
forfeiting a significant amount of production and compromising the effectiveness of technology inputs to
agricultural production systems. These together with deforestation, mining and other environmental impacts
have collectively rendered extensive land areas as severely degraded or useless. Oldeman (1992) has
put this figure at over 2000 million hectares of land as unproductive wastelands with 7-10 million hectares
being added each year. Thus, the sustainability of many soil-dependent production systems to support
desired growth as resource capital has been forfeited worldwide.
Since 1950, the world's economy has grown five-fold but has not been enough to offset the needs of
human population that has doubled from 2.6 billion to approximately 5.5 billion today. The carrying capacity
of ecosystems in nearly all countries has been pushed hard and, in some cases, exceeded. While the
world's food and supply has steadily increased during this century, especially since 1950, the increase for
most major food components (e.g., grains, soybeans, meat) have begun to decelerate if not decrease. And
almost without exception, so have the per capita food and feed production indicators begun either to level
off or taper downward during the last decade (FAO 1993; USDA 1993; Brown et al 1993).
Likewise, the per capita area of harvested grain land has continued its steady decline over the last 40
years (USDA 1993; Brown et al 1993). As the agricultural production per unit of land steadily increased
over the last half century as a result of genetic improvements and technological innovations, the soil
resource was relied upon to sustain this increased biological productivity and to assimilate, attenuate and/or
dissipate the increasing load and complexity of production inputs. An analogy between industrial and
agricultural production may help understand the fundamental differences in managing an industrial and an
agricultural system. If an automobile plant and farm both are considered factories where labor and
resources constitute the production inputs, then the outputs are, respectively, automobiles and crop-animal
commodities. However, there is a fundamental difference in the two. The automobile plant relies on
1

sequential functions using manmade machines, the physics and engineering principles in the design and
operation of which are well understood, and hence predictable.
However, the agriculture analog of the 'factory' "does not consist of such machines; rather, it consists
of all complex and diverse rules of ecology. These rules are not yet well known to science, yet they are,
in principle, the 'machines' inside the factory of agricultural production" (Vandermeer 1992). Kormondy
(1990) reminds us that we cannot escape the laws of nature, yet we continue to people the earth only to
have hundreds of millions endure starvation and malnutrition, dump wastes only to ensure contamination,
and purposefully simplify agricultural systems only to cause widespread crop losses from pests. Thus, it
is necessary to understand these fundamental processes in order to predict carrying capacity and
sustainability.
Increasing population requires more space, more food, more fuel and more of other resources, and
hence the relevant question: What is the sustainable carrying capacity of our biosphere? For soil scientists,
the challenge is to (a) understand soil processes, (b) characterize and map this soil dowry and (c) predict
soil behavior under a variety of potential uses in the interest of providing society and its governing
institutions with options and trade-offs in land use decisions. The sustainability of utilizing soil resources
must be the key criterion in predicting soil behavior. Besides, soil scientists must also address agricultural
production resource inputs as well as non-agricultural soil loadings (eg. on-site domestic wastes; municipal,
industrial sludges and wastes) and assess their land use impacts.
Global economic and agricultural sustainability will depend solely on our ability to increase productivity
by (a) making economic-agricultural development congruent with ecological and social-political realities, (b)
proper use and conservation of indigenous genetic resources, and (c) rehabilitating disturbed and degraded
ecosystems (Wali 1992). The soil resource is central in these considerations. Thus, the following
strategies are necessary: First, since there is a good extensive knowledge base at present, we must now
display the will to use it for taking much-needed steps towards sustainability. Second, it must be
recognized that transformations toward achieving sustainability will be more evolutionary than revolutionary.
Third, efforts must continue to characterize and understand all soil-related processes such that we can
better manage ecosystems for the sustenance and betterment of humankind and its animal support
systems.

Introduction
Land use changes in the last few centuries have been phenomenal. Richards (1990) notes that over the
past three centuries "the world's forests and woodlands diminished by 1.2 billion ha, or 19% of the
[forested land area in the year] 1700. Grasslands and pastures have declined by 580 million ha, or 8%
of the [year] 1700 estimate. Croplands brought into cultivation show a net increase of 1.2 billion ha, for
a 466% increase in less than three centuries." He added: "Agricultural expansion and depletion of forests
and grasslands was greater in absolute terms over the 30 years between 1950 and 1985 than in the 150
years elapsed between 1700 and 1850." And yet, with all this reallocation of land use, and global food
production at its highest levels within the last decade, it would seem incongruous that our discussions are
increasingly focussed on such looming topics as food security, environmental refugees, sustainable
agriculture, and indeed, sustainable development. What happened?
The goal of all humans is to live well. While the more than five billion people inhabiting this planet
could articulate the meaning of this simplistic goal in their own way, the fact remains that sustenance and
well-being of not only humans but their animal support systems as well, are inextricably linked to the land
and its natural resource base. Soils play a pervasive and critical role in the sustenance of all human
support systems, and in shaping the character of human cultures and environments. This link of people
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to land led Mitchell et al (1950, as cited by Simonson 1979) to state that "...The fabric of human life is
woven on earthen looms—it everywhere smells of the clay." Thus, the natural environments in which
people live ultimately become molded into cultural landscapes (Worster 1979), significantly modified and
too commonly degraded from their original condition. This basic human premise is pushed further by the
desire for an enhanced quality of life, which brings into focus the issue of progressive development, and
ultimately the concept of sustainable economic development, which, it seems, may be in conflict with a
sustainable human future.
Are the earth's natural resource base adequate and its ecological processes resilient enough to sustain
the current human population at desired levels of well-being? Will it be able to bear the brunt of the 10-12
billion people expected by the mid-21 st Century with their quest for a sustainable and quality existence?
Does this human desire to "live well" exceed the capacity of the biosphere to accommodate the required
human and animal food and feed production, resource demands, waste streams, development "leakages"
and "exhausts", thus serving as the precursor to a spiralling down into an abyss of environmental
disasters, social chaos and increased human misery?
Commentaries from environmental historians, ecologists and scientists who have addressed these
questions, reveal a mixed bag of conclusions, and range from predictions of doom to the optimistic view
that the combination of increased knowledge, science, technology and the human will to adapt and
manage, will provide for a sustainable human existence. Lewis (1993) reviewed the recent environmental
history and the assessment of those who have offered conflicting conclusions and predictions of our global
future. The credentials and numbers of those making such assessments are impressive. For example,
in 1992, 1575 scientists and Nobel laureates (Union of Concerned Scientists 1992), from 69 countries
warned "... all humanity of what lies ahead. A great change in our stewardship of the earth and life on
it, is required, if vast human misery is to be avoided and our global home on this planet is not to be
irretrievably mutilated."
On the other hand, there are the positive, perhaps Utopian, views of others. These include the United
Nations World Commission on the Environment and Development report (1987), Hudson (1989), and Botkin
(1990) who conclude that our global environmental problems can be solved through continued economic
development (an oxymoron to many, e.g., Wali 1992; Lewis 1993), and through the use of "modern
technological tools that while teaching us about the Earth, can help us manage wisely what we realize we
have inadvertently begun to unravel" (Botkin 1990).
Regardless of the degree of pessimism or optimism about the sustainability of our present and future
global village, the implications for soil science in managing our future are immense. Soil scientists must
be among the foundation players required to set forth the agenda and guidelines for a sustainable future.
Clark (1986), insists that biologists and geographers begin "writing useful 'future histories' of sustainable
development for the next century." Burton and Kates (1986), conclude with this challenge: "The
international community can and should begin to formulate goals for where we wish and expect the world
to be at the end of a series of future plan periods, and develop ways of getting there."
If soil scientists are to contribute to the "global strategic plan" for a sustainable agriculture and society,
a conceptual framework must agree on what sustainability means, issues that need to be addressed and
intervention strategies that should be considered for managing the present production systems and
restoring deteriorated ecosystems (United States National Research Council 1991).

The Concept of Sustainability
During the 1980's, the concept of sustainability found its way into the global environmental and political
vocabulary. It has attained legitimacy and respect as an ecological and economic development paradigm
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although Viederman (1993) feels that "as the word gains currency, it seems to be losing whatever
precision it may have had." The difficulty in trying to develop a precise and long-term operational definition
of sustainability lies in the dynamic nature of its fundamental components: ecological (spatial and temporal
relations, diversity, stability and resilience), economic (resource distribution and allocation), and social
(equity, access, stewardship, institutions). Each dimension is highly variable. Given the dynamic nature
of sustainability, perhaps it may not be crucial to pause indefinitely for a precise definition so long as there
is agreement on two conceptual points: (1) sustainability is defined as an ethical guiding principle whose
elements are derived from what is known in science at present (DeVries, as cfted by Viederman 1993), and
(2) an innovative merger of the ecological, economic, social and cultural contexts of sustainability are
agreed upon as a unified mode of operation (Wali 1992).
Thus, in the broadest context of a sustainable society, with sustainable agriculture at its core, the
concept of sustainability must address the human, cultural, and ecological dimensions, and include the wise
management (conservation) of natural resources and restoration of ecological systems. Viederman (1993)
has proposed such a definition of a sustainable society, one that"... ensures the health and vitality of
human life and culture and of nature, for present and future generations, by ending activities that destroy
human life and culture and nature, by conserving what exists, restoring what has been damaged, and
preventing future harm." Perhaps Utopian in its thrust and lacking precision, this definition fits the
"declaration" concept and ethical guiding principle concept set forth above.

Land Use Issues—The Institutional Dimension
At the threshold of the 21st century, it is tempting to be awed and technologically confident as the potential
for biotechnology begins to unfold, geographic information systems (GIS) and their satellite components
are increasingly utilized, complex modelling tools are developed using powerful computers, medical
advances occur, and more precise analytical instrumentation is developed. Despite our training,
appreciation and bias in the "hard" sciences, we believe that we should not be hypnotized by the promise
of technology per se, for its application is governed more by socioeconomic and political processes than
by the principles and laws of nature.
Hence, we emphasize, as do many scientists now, the importance of institutions, social, cultural, and
governmental. This point is well illustrated by Dr. Ralph Cummings, Sr., considered by many as the father
of the Green Revolution in South Asia. He emphasized that the key factor in the success of the Green
Revolution in that part of Asia was the political stability of the governments there and their support for the
institutions (research stations, universities, extension, support agencies and infrastructure) that brought
technology to the countryside (personal communication 1992).
Crosson (1986) visualized agricultural systems as consisting of four interdependent components:
resources, technology, environment, and institutions. Resources and technology produce food, fiber and
other products. These processes can produce detrimental effects on the environment under given social
systems or institutions. He believed that all components of the system are driven by demand. In real world
situations, even though solutions of such environmental problems are fundamentally science-driven,
resource use and environmental decisions are driven by institutions that reflect the prevailing social and
economic thinking of a given region at a given time. Thus, technical fixes and ecological management
practices must be institutionalized through governmental programs, socioeconomic incentives, and cultural
redirectioning. We believe that we now have biophysical data sets from many diverse groups of regional
ecosystems to be effectively able to generate at least first generation models that can with reasonable
accuracy predict productivity under different ecosystem stress regimes. The test lies in our ability to
convince decision-makers to implement policies and management rules in conformity with these models.
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Land Use Issues—Physical Dimension
The physical dimensions of land use issues can be described and measured in terms of natural resource
inventories, biological productivity indices, and the degree to which degradation has taken place. Land use
issues arise when use is not compatible with carrying capacity, thereby "short-circuiting" one or more of
its ecological processes (e.g. nutrient cycling, organic matter-microbial dynamics, watershed hydrology).
The result is loss of biological productivity usually coupled with impacts through leakages (e.g. sediment,
nutrients, carbon) into other ecosystems.
Much data pertaining to land-ecosystem degradation can be cited. Even though these data bases on
a global scale are approximations at best, they do provide sobering evidence of the magnitude of land
degradation (Tables 1,2). Since World War II, the combined effects of agriculture, deforestation, overgrazing
and mining have been estimated to have moderately to severely degraded more than 1.2 billion hectares
(Table 1). This area roughly equals the size of China and India combined and represents nearly 11 percent
of the earth's vegetated surface (World Resources Institute 1992). Recent estimates from India suggest
that more than one-third of its total land area are considered "waste lands" (Khoshoo 1992).
The World Resources Institute Report (1992) points out that while the total productivity potential of this
1.2 billion hectares of degraded land has not been completely lost, most of this land's agricultural
productivity is "greatly reduced." Even though the degraded land can still be used for agriculture unless
it is severely degraded, the soil's original biotic ability to process nutrient transfer to plants has been
significantly impaired. Major improvements and management will be required to restore some portion of
its productivity (World Resources Institute 1992).
Table 1. Human-induced soil degradation: 1945-1990 (After World Resources Institute 1992).

Region

Degraded area (hectares x 106)

Degraded areas as percentage of
vegetated land

Total

Total

World
1964
Europe
219
Africa
492
Asia
747
Oceania
103
North America
96
Central America,
Mexica
63
South America
243

Moderate, Severe, Extreme

Moderate, Severe, Extreme

1215
158
321
453
6
79

17.0
23.1
22.1
19.8
13.1
5.3

10.5
16.7
14.4
12.0
0.8
4.4

61
139

24.8
14.0

8.0

Date Source: Oldeman, L.R., V.W.P. van Engelen, and J.H.M. Pulles 1990. The extent of human-induced soil degradation. Annex
5 of L.R Oldeman, R.T.A. Hakkeling, and W.G. Sombrock. World map of the status of human-induced soil degradation: An
exploratory note, rev. 2nd ed. (International Soil Reference and Information Centre, Wageningen, The Netherlands 1990), Tables 1-7.

Projections into the future are equally alarming. The United Nations Food and Agriculture Organization
(FAO) recently predicted that unless better soil husbandry is practiced worldwide, "quality soil will disappear
from nearly 140 million hectares in 20 years",1 an area equivalent to the State of Alaska. In the context

1

FAO sounds soil-loss siren, Science 261-423 (1993).
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of arable land expansion, the global situation appears to be a trade-off at best, i.e., for every hectare of
land made arable, the FAO estimates that a hectare is lost through soil erosion and degradation.' During
the 20 years since the 1972 Earth Summit in Stockholm, the world's "farmers have lost nearly 450 billion
tons of topsoil through erosion at a time when they were called on to feed 1.6 billion additional people"
(Brown et al 1993).
Table 2. Global extent of human-Induced soil erosion (After World Resources Institute 1992).
Water erosion1

Region
World
Africa
North & Central
America
South America
Asia
Europe
Oceania

Area (106 ha)

Wind erosion1

% of degraded
area

Area (106 ha)

% of degraded
area

1094
227

56
46

548
187

28
38

106
123
441
115
83

67
51
59
52
81

39
42
222
42
16

25
17
30
19
16

1. Water and wind erosion areas/percentages are not additive; both erosion sources are common to many areas of the world

Despite these disquieting numbers which portend the earth's arable land limitations to sustain a
population greater than 10-12 billion, there are other data bases, and perhaps more importantly, other
interpretations of these data bases that suggest the earth's arable land production capacity is far from being
taxed to its limits (Hudson 1989). Hudson (1989) and Calvin (as cited by Hudson 1989) independently
arrived at similar figures of 20-25 billion as a population limit with no more than a doubling of current US
grain yields through biotechnology and other means, including expansion into semi-arable lands. While
population projections well into the next century are expected to peak and level at about 10-12 billion, the
world's arable land production capability, damaged as it is and will continue to be, is still capable of
producing more.
Despite the declining total harvested and per capita grain area harvested, total world grain production
continues its upward trend (Fig. 1). Furthermore, grain carryover stocks have not changed drastically over
the last 25 years (USDA 1993). And world meat and milk production have continued to rise over the last
40 years as have pulses, fruits, vegetables, soybean and other oil crops (World Resources Institute 1992;
USDA 1993). Many of the developed countries have to limit their production capacity to keep from glutting
national markets. Thus, total world food production is still rising, having increased by 24 percent between
1979-81 and 1989-91; developing countries as a group increased by 39 percent and Africa by 33 percent
over this same period (Pinstrup-Andersen 1993).
When total food production is measured vis-a-vis the demands of the growing population, the world is
keeping up, but not nearly at the same pace as total production increases when a per capita comparison
is made. During the 1980's, per capita food production increased about five percent, or one-fifth the rate
of the total world food production increase. For developing countries, the per capita increase was 13
percent during this same time period, although three-fourths of Africa's countries produced less on a per
capita basis at the end of the 1980's than at the beginning (Pinstrup-Andersen 1993). Many other countries
in the Near East and Latin America were barely able to stay even with population growth over the last 20
years (World Resources Institute 1992). Thus, interpretation of per capita food production (Figure 1)
6

requires caution since there is great disparity among countries and regions. Population growth coupled
with poverty subvert efforts to introduce sustainable production agriculture, thereby exacerbating
environmental degradation (World Resources Institute 1992). Nevertheless, there is potential, thus, promise
to increase per capita food production. For 1993, per capita grain production is projected to be 315
kilograms (USDA 1993). This per capita grain production is 22 and 6 percent above the 1950 and 1970
per capita production, respectively.
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Figure 1. World grain production trends for the period 1950-1992. (After Brown et al 1993.)
However, higher production projections for the future are based on the premise that many scenarios
of a global climate change from an increase in temperature will not occur. Currently, over 10 million people
are classified as environmental refugees, their nomadic behavior directly attributed to unproductive land
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(Jacobson 1988). That number may be as high as 25 million, according to Myers (1993), who emphasized
that it is environmental degradation that makes people migrate. "...[W]ith poverty and life on the
environmental limits as the main motivating force, it matters little whether the migrants are labelled
environmental or economic refugees" (Myers 1993). He added that in a changed global climate, an
increase in temperature will create a diminution in soil water and the numbers of refugees may rise as high
as 150 million. While we recognize that many of the global models of climate change reflect more the
nature of changing scenarios and not future predictions, we must underscore the following point: most
environmental changes are slow and subtle; once a major change, for example in the global climate,
occurs, it might take decades to reverse if at all. Thus, it is not surprising that many professionals
emphasize the necessity for a slowing down of both the human population increase, and the economic
development as we know it today.

Land Use Issues—Technical Dimension
Can science and technology continue to keep Malthus' prediction at bay? While this question continues
to be debated, the ultimate effectiveness and maximum benefit of science for enhancing agricultural
productivity are largely dependent upon the quality of the soil medium upon which science and technology
are "sown," again pointing to the necessity of characterizing the world's arable land resources. Cutting
edge science invested on inherently poor or degraded land will result in mediocre yields. Modern
agricultural technology masks the impacts of soil erosion and land degradation and thus, forfeits a large
portion of the technological gains. For example, in the highly erodible Palouse area of Washington state
in northwestern United States, wheat yield losses from erosion have been estimated at 670 kg ha'1, which
is a 15-20 percent yield reduction when compared to noneroded land (Jennings et al 1990).
Utilizing technology in harmony with sound land management (sustainable production) can yield the
important benefits of enhanced overall productivity and increased productivity per unit of land, thereby
relieving pressure to expand agriculture into less compatible and fragile ecosystems. Technological
advances have resulted in a continual increased grain output since World War II, while the actual harvested
area has declined over the last 10 years (Fig. 1). However, as pointed out, world grain production has
leveled off on a per capita basis and tapered downward for many countries recently. The area harvested
per capita has continually declined over the entire period. How much of this downward trend per capita
is due to forfeited production capacity resulting from land degradation versus land shifted to other crops
is difficult to project. It is real, however (Jennings et al 1990; see Tables 1 and 2). While biotechnology
coupled with improved breeding will certainly lead to better yields in the future, society should not burden
scientists by siphoning off biotechnology's yield-increasing potential as a substitute for overcoming
damaged soils.

Land Use Issues—Marketing Niches
In addition to the food production pressures on the world's soil resources for indigenous populations, the
advent of modern transportation and storage systems has made available many of the world's unique
resources to markets worldwide for the produce from these diverse areas. Recent negotiations over
international trade (e.g., NAFTA-North American Free Trade Agreement, GATT-General Agreement on
Tariffs and Trade) have as much to do with biophysical conditions and comparative advantage of a
country's environment and marketing as they do with politics and economic policies. Many affluent
countries and regions consume agricultural products that they cannot/do not grow themselves (e.g., coffee,
citrus, spices, oil crops, bananas). In countries producing such commodities for export markets, local land
competition forces replacement of indigenous crops, creating environmental incompatibility, thus,
sustainability is forfeited. So, even international trade policy "smells of the clay."
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Agriculture: The Key to Poverty Alleviation
If the goal of humans is to live well, then quality of life is impacted, first, by the capacity of land, energy,
air and water resources to sustain individuals, second, by the ability of natural environments to support
habitats for the human species, and third, by the extent to which resources are used by humans (Black
1993). About one-fifth, or 700 million, of the world's population is chronically hungry, and insecure about
when and if they will have their next meal (Pinstrup-Andersen 1993). For them, living well versus survival,
which implies a significant gap in the availability and use of resources, is an academic argument.
A projection of world poverty as a measure of human physical condition and indicator of human
relationship to its land and natural resources is provided in Table 3. Reduction in poverty levels is
projected for Southeast Asia as a result of efficient, labor-intensive growth and the increased provision of
social services in these countries (Pinstrup-Andersen 1993). For sub-Saharan Africa, however, the
projections are bleak, this area will account for one-third of the developing world's poor compared with
one-half that it does currently. Furthermore, 97 percent of the 100 million people expected to be added
annually over the next 20 to 30 years will be in the developing world with Africa alone accounting for
one-third of this increase (Pinstrup-Andersen 1993).
Table 3. Poverty In 2000, by developing region (After P. Pinstrup-Andersen and R. Pandya-Lorch
1993).
Incidence of Poverty (%)

Number of poor (million)

Region

1985

2000

1985

2000

Sub-Saharan
East Asia
China
South Asia
India
Eastern Europe
Middle East, North Africa,
and other Europe
Latin America and
the Caribbean
Total

46.8
20.4
20.0
50.9
55.0
7.8

43.1
4.0
2.9
26.0
25.4
7.9

180
280
210
525
420
5

265
70
35
365
255
5

31.0

22.6

60

60

19.1
32.7

11.4
18.0

75
1125

60
825

Source: World Bank 1990; World Development Report. For 1985, Table 2.1 : for 2000, World Bank Estimates
Note: The incidence of poverty is the share of the population below the poverty line, which is set at $370 annuaI income (the higher
line used in this report).

Since agriculture is the sustenance of human and its livestock support systems, as well as the primary
source of income and employment for low-income populations, it must be relied upon as the keystone for
economic growth and alleviation of poverty (Pinstrup-Andersen 1993). It is critical, as Pinstrup-Andersen
points out, that the role of agriculture in alleviating poverty not be curtailed or burdened further by land and
natural resource degradation. Furthermore, he argues that in developing countries, the major risk factors
or driving forces associated with the degradation of the natural resource base are (1) poverty, (2) rapid
population growth, (3) low agricultural productivity, and (4) poorly defined land ownership and user rights.
While land expansion continues for securing living space, fuel-wood, and increasing food production,
it is done too frequently at the expense of natural ecosystem processes that exacerbate land degradation.
9

Even though the immediate and most pronounced environmental impacts are felt locally, the cumulative
"fallout" over time from such ecological impacts is felt worldwide in the form of altered carbon fluxes,
climate changes, lost biodiversity and other biosphere-related modifications to the global energy balance.
Nonetheless, the future well-being of humanity lies in the application of science and technology in
increasing agricultural production per unit of land. This yield-increasing focus will not only increase and
sustain food production, it will retard agricultural encroachment into sensitive ecosystems.
As
Pinstrup-Andersen and Pandya-Lorch (1993) conclude, "accelerated investment in agricultural research
and technological improvements is the only viable option for meeting future food needs and demands at
reasonable prices without irreversible degradation of the natural resource base."

Research Agenda: The Role of Soil Science
There is much that can be done to enhance agricultural productivity. There is evidence that not all known
technology has yet been utilized fully, particularly in developing countries. The "green revolution", some
believe, is far from over and yet to be fully implemented in many developing countries as yields continue
to increase dramatically in many countries (Holmes 1993). For other countries, especially in Africa,
however, the "green revolution" has a long way to go since its complexity of crops does not have the
research base that rice, wheat, corn, soybean and other crops have and which are adapted to the
ecosystems of Asia and South America.
Biotechnology coupled genetic knowledge and breeding programs hold much promise and hope in
increasing food production. Higher yielding varieties will be developed with better tolerance or resistance
to pests, droughts, low pH, aluminum toxicity, alkalinity and salinity, and adaptations to such other edaphic
conditions that currently cause stress on the existing germplasm. Soil scientists must point the way for
enhanced production technologies best suited for ecosystems where such technologies can realize their
full potential, where production system leakages can be minimized, and the integrity of soil can be
maintained, thus, sustained.
Soil-related constraints to agricultural production are well known, including erosion, loss of organic
matter and the biotic capacity of soils to nurture plant growth, structural deterioration, compaction and
hard-setting, nutrient imbalance and leaching, salinity, and diminuation of root zone moisture characteristics,
as manifested through reduced water holding capacity and infiltration, droughtiness or water logging. While
research has focused on elements of these problems and management strategies such as erosion control,
nutrient management, residue management, water management, and cropping systems management, these
practices have not been investigated widely in a holistic way. System interventions must be understood
and tied to the overall ecological processes that sustain biological productivity. Agricultural production must
be viewed within the context of "feedback" processes or loops as part of ecological processes or cycles.
Simply retrofitting a single practice to control a production problem without assessing its role within the
context of indigenous ecological processes and/or production systems, will only produce short-term gains
with potential long-term negative implications. Furthermore, management interventions or practices must
be "user-friendly" within the context of farmer knowledge, resources, culture and socioeconomic incentives.
While some interventions to retard or stop soil-land degradation may be at the threshold of individual
farmer implementation, requiring only small incentives to be incorporated as part of the production system,
most are often beyond the capacity and scale of a farmer or farm. One of the reasons no-tillage has
become a commonly accepted practice in the developed world is because it is a part of the production
system, not a retrofitted practice that requires extra time, major cropping system changes and extra
operations such as erosion control terraces, counter strips, and other conservation practices require.
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Water scarcity is receiving more attention as an increasing land-related resource problem. A recent
report from Population Action International2 projects that by the year 2025, the number of people living
in water-deficient countries will approach the three billion mark, up from 335 million in 1990. Groundwater
draw-down is common in many countries and water sources beyond natural precipitation are either
non-existent or too costly (e.g. desalinization, iceberg transfer). Waggoner (1991) states that the supply
of fresh water will likely be the ultimate control on human populations, modifying their agriculture and quality
of life. The implications for such water shortages for agriculture are obvious. Soil scientists must be
prepared to provide predictions on water use efficiency under various agricultural production systems and
project thresholds where production alternatives must be considered.
The future of human well-being cannot be enhanced without planned interventions. If we are wise and
develop ways to manage soils appropriately, this resource base is adequate to carry and sustain us. The
current level and continuing rates of land degradation have reduced and will continue to reduce our
capacity to sustain a quality life. While there are many data sets available from several parts of the world
that are valid, they are often first line estimates that lack standardization and follow-up assessments, thus,
precluding trend analysis. Hudson (1989) argues that too many global conclusions about the environment
are drawn from inadequate data and/or anecdotal interpretations. One of the first steps in the process of
properly managing land resources needs to be a global characterization of soil resources. Such a step has
been undertaken through the Global Assessment of Soil Degradation (GLASOD) sponsored by the United
Nations Environmental Program (UNEP) and coordinated by the International Soil Reference and
Information Center (ISRIC) in the Netherlands. This preliminary study, involving more than 250 soil
scientists and 21 regional coordinators, was designed to provide a quick and politically expedient early
assessment of soil degradation prior to a longer term, higher quality assessment. A more detailed global
soils project known as the World Soils and Terrain Digital Database (SOTER) is also being coordinated
through ISRIC for the International Society of Soil Science (World Resources Institute 1992). This world
data base study is targeted for completion in 15-20 years. It is the goal of UNEP to combine elements of
the GLASOD soil degradation survey with data on population, climatology, and vegetation loss in a world
desertification atlas.
Through such data bases and assessments, scientists should be able to predict soil behavior under
various cropping systems and land uses. Soil scientists must eventually address the concept of
characterizing soil quality or health and the capacity of soils to sustain a production system. While it is
relatively easy to identify and characterize those soil attributes once they are degraded, it is another matter
to predict the vulnerability of soils to degradation or to determine when soil quality will be impaired for the
long term.
The combination of the earth's quality land and soil resources coupled with the application of science
and technology as well as the resiliency of many ecosystems gives humans both hope and time for
intervening in land degradation processes. There is the biological capacity to sustain a global population
of 10-12 billion people at an acceptable level of well-being, but only //the
earth's ecological systems are well managed, thus sustained.

Conclusions
Since land degradation is driven by a combination of forces such as poverty, excessive population, low
productivity, lack of knowledge and inability or disincentives to adopt technology, and poorly defined or
inadequate land tenure systems, then these elements must be addressed in any interventions or policies
to retard land degradation. And, if sustainable agricultural systems are to be implemented, then system

2

Global water scare, Science 262-987 (1993).
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components such as resources, technology, environmental compatibility, and institutions (Crosson 1906)
must be accommodated.
Having taken a global perspective in this paper which precludes site- and system-specific
recommendations, we can set forth several premises of sustainability (as modified from Edwards and Wali
1993) as reminders and guideposts for developing a set of objectives and approaches for achieving
sustainability.
The following list summarizes the premises of sustainability:
Human history is a saga of people adapting to their natural environments as modified into cultural
landscapes (Worster 1979) through human being's inherent predisposition for population growth.
Populations of people and domestic animals are high and increasingly concentrated.
Land remains the paramount resource base for all societies (Cook 1992) and the resulting cultural
landscape strongly reflects the character and quality of this land.
Land and quality soils are a finite resource, and will continue to provide the primary base from which
human sustenance is derived.
Prime agricultural lands are already developed in virtually all countries with few exceptions.
•

The development of additional lands for agricultural purposes requires substantial investments, e.g.
fertility, availability of water, drainage, irrigation, and erosion control.
Changes in climate, e.g. a temperature increase and reduced or increased precipitation, could alter the
extent and distribution of land suitable for agriculture.
Agricultural practices coupled with poor management have been responsible for considerable
environmental degradation, locally and globally.
Traditional agricultural systems, some of which were sustainable, are disappearing; they are being
replaced by systems of farming that are more intensive (e.g. shortened fallow periods) and/or
dependent on finite fossil fuels and attendant technologies.
Non-fossil fuel inputs of industrial agriculture are finite (e.g. water, phosphorus).
The trend of economic development is toward increasing global interdependence in food, energy, and
environmental quality.
Lack of hard currency in developing countries coupled with high population density encourages
exploitation of land and increases pressure of exports thereby creating unsustainable conditions.
Global indebtedness in the developed countries reduces capital investments, development assistance,
and technical aid to developing countries; the debt service is large.
There is simultaneous breakdown of large political structures increasing trans-boundary problems;
thus, the solutions to global sustainable development will have to be multi-national.
The trend towards specialization and fragmentation of knowledge is a deterrent to the development of
holistic agricultural systems and of policies for sustainability.
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To meet the needs for sustainability, the following sustainable development objectives are imperative:
Sustained yield, production of food, fodder, fiber, and biomass fuels, on a per capita basis.
Improved management and utilization of indigenous biological system as a production resource and
reduction (maximize efficiency) of petrochemical and finite resources as appropriate.
Improved environmental quality.
•

Improved per capita income and greater equity in its distribution.

In response to Burton and Kates' (1986) challenge to the international community to "formulate goals
for where we wish and expect the world to be ... and develop ways of getting there," soil scientists have
a responsibility of contributing to this agenda. Both the probability of and capacity for reaching a
sustainable future largely rest upon our ability to tap the bounty of the earth's natural resources with
sustainable management strategies. To strive for the goal of a sustainable future, we must adopt the
following approaches to achieve sustainability:
Inventory the world's natural resources and characterize them for behavior prediction under various
management regimens; data must be standardized, periodically updated for trend analysis, and
disseminated.
Investigate soil processes to determine why (vs. just how) soils respond to various treatments;
agricultural production must be viewed as feedback loops from ecological processes (e.g. energy flows,
biogeochemical cycles, population dynamics) which are the "machines" of the "farm factory", which,
like the machines of a manufacturing plant, must be well lubricated and maintained (maintenance of
physical and biological integrity).
Develop measures or indices of soil quality that can be used to determine present soil health, assess
degrees of soil deterioration, and predict threshold soil condition before a soil or ecosystem "goes
over the brink" of economic or ecological deterioration.
Characterize soils for predicting response to water management strategies since water scarcity looms
large on the horizon for many countries and regions within the next quarter century.
Assess the reservoir of existing technologies that are available but unused, either in total or not utilized
to their optimal potential; such assessment should be helpful in determining future research directions
and policy interventions that will provide incentives for technology adoption.
Characterize degraded lands, and formulate best use-least cost measures for their rehabilitation and
management strategies.
Establish a series of landscape-level agroecosystem model sites that represent points in a continuum
around the world, logically in conjunction with the International Agricultural Research Centers coupled
with on-farm research, that will provide regional and local technology verification models and predict
system behavior through practical models; there is already much experience in the use of experimental
designs including climate, soil, production systems, and time drivers which have successfully addressed
questions on a landscape scale and provided a framework for predicting the utility of results and
extrapolation beyond the research sites (Elliott and Cole 1989; Peterson et al 1993).
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Establish a rigorous and systematic definition of alternative property rights and entitlement, their origins
and implications for sustainabilfty.
Integrate ecological and economic policy paradigms.
Develop and use synthetic integrative tools such as simulation modelling to examine options and
outcomes of various management scenarios.

Epilogue
Through such approaches and planning, we must redouble our efforts in investigating those processes that
impact soil and other natural resource behavior and hence modify ecological systems. In using computer
models, we must fully ascertain the extent and limitations of our databases and the confidence limits of
modelling scenarios such computers might generate.
Hayes (1993) cautioned about such dangers by citing the relatively simplistic models used in the Club
of Rome predictions (Meadows et al 1972; Meadows et al 1992) which were very limited with respect to
the true dynamics of the global economy and ecosystem and under most scenarios predicted a relatively
quick "crash and burn" ending for our global village. Hayes (1993) pointed out that, with the latest version
of the global model, we are at a singular moment in history of the world - "the one and only transition from
abundance to scarcity, from growth to stasis." While our global ecosystem has withstood much human
abuse, usually bending without breaking, its capacity to endure even greater demands and loadings from
its inhabitants may not be far from the point of irreversible damage. We cannot continue to bum the candle
at both ends. Nor can we be driven to global conclusions interpreted from anecdotal evidence and limited
case studies (Hudson 1989). Thus, while we must be cautious in formulating models that will guide us
toward attainment of a sustainable future, we cannot succumb to the tyranny of timidity as 90 to 100 million
people will be added annually over the next 15-20 years. About a half century ago, Ortega y Gasset,
(1944) stated: "Life cannot wait until the sciences have explained the universe scientifically. We cannot
put off living until we are ready." But we can proceed with what we know and knowing what we must do.
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Abstract
World population is projected to increase from 5.4 bi. in 1990 to 8.5 bi. by the year 2025. The developing
world is expected to account for 84% of this population growth. It is only recently that policy makers have
accepted that the 60-70% needed increase in food production plus demands for fiber, fuel and construction
materials must come from already exploited soil resources of which 88% possess one or more constraints
to sustainable production. These population increases will place higher pressures on arable land resources
from the present 3.57 persons ha' to 5.88 persons ha'. In Asia this is already at 11.1 persons ha'. It has
only recently been accepted in policy groups that improved soil productivity for sustainable production is
the foundation upon which these new demands must be met.
Results from the Global Assessment of Soil Degradation (GLASOD) study report that human induced
degradation of our vegetated soils has increased from 6% in 1945 to 17% in 1990 and with our present
stewardship policies could increase to 25% by 2025. All 11 taxonomie units and over 5.0 M series have
been identified within the developing world. The dominant orders are: 23% Oxisols (oxic horizon); 20%
Ultisols (< 35% base saturation); 16% Entisols (recent soils); 15% Alfisols (> 35% base saturation); and
14% Inceptisols (young soils). Major management constraints include: 41 % physical constraints; 27% low
nutrient reserves; 23% aluminum toxicity; and another 16% are acidic; 15% high P fixation, 26% low K
reserves and 9% have low CEC. Over 60% have variable charge and 30% have mixed charges requiring
special nutrient management.
Soil management research in this domain has been highly focused on: (1) soil characterization and
inventories needed to guide research and planning; (2) physical properties and water dynamics; (3)
managing the chemical deficiencies and imbalances; and (4) soil biology. The public policies driving this
research has been to exploit the soil resources to achieve some degree of self-sufficiency in production
of basic food requirements and to supply unprocessed commodities for export to earn hard currencies for
industrial development. Such policies only offer short-term gains that result in long-term degradation of the
soil resource base and often permanent destruction of the environment.
Briefly reviewed in this paper are examples of soil management research that offers: (1) options for
sustainable agriculture production technologies that could reduce deforestation in the humid tropics; (2)
management components that offer risk reduction and sustainability for some semi-arid domains; and (3)
analysis with sustainability indicators (partial and total factor productivity analysis) of past successes and
second generation challenges now facing rice farmers in the intensively managed systems in Asia. These
examples support the need for: (1) improved capacity based inventories for our soil resources; (2)
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integrating production component research into conservation management systems; (3) sustainability
indicators to monitor the impact of exploitation on the quality of soil resources; and (4) public policies
focused on sustainability of soil resources and the institutional capacities to respond to changing demands
and policy implementations.

Introduction
Soils are the natural resource foundation upon which countries in the developing world must build their
economies. Sustainable agriculture is highly dependent upon the successful management of these
resources to produce this generations' food, fiber, fuel and construction materials requirements without
compromising the ability of future generations to meet their own needs. The developing world includes
those countries lacking the industrial, financial or mineral base to purchase the basic needs that their
agriculture is unable to produce on a sustainable basis. By this definition, many of these countries are
located between the Tropic of Cancer and the Tropic of Capricorn, therefore, when we speak of soils in
developing countries the reference is primarily Tropical Soils. Soils in the tropics denotes a difference
between mean summer and mean winter temperature of 5°C or less, with mean annual temperature > 5°C,
and temperature is not a constraint to year-around agriculture production (Eswaran et al 1992).
Historically, production agriculture has been considered sustainable because application of scientific
technology and land exploitation were the means to meet increased production demand pressures. It has
become readily apparent to scholars of the subject that sustainable agriculture for the future must take on
new parameters for three basic reasons: (a) globally there is a relentless demand for more food, fiber, fuel
and construction materials; (b) scarcity of lands for agriculture; and (c) land degradation is s'owly being
recognized as a worldwide problem (Bently 1991). This paper will summarize identified constraints to our
soil resources, management challenges to overcome the loss of productive soils caused by human induced
degradation, and present some examples of successful approaches to soil management and new
challenges for sustainable agriculture confronting the developing world.

Overview of Soil Resources an Population Effects
Meeting basic human needs has taken on new dimensions since the world oil crises imitated in 1973.
Agriculture research in the developing world before 1950 concentrated mainly on cash crops for exports
such as cocoa, coffee, tobacco, cotton and rubber. Increased trends toward food self-sufficiency research
initiated by the Rockefeller and Ford Foundations and subsequently through International Agriculture
Research Centers (lARCs) in the Consultative Group of International Agriculture Research (CGIAR) initiated
many changes in developing countries toward this emphasis on food production. Annual crops of
world-wide importance, such as, wheat, rice and maize were clearly favored over regionally important crops
such as yams, pulses, oil seeds, vegetables or perennial crops. With the emergence of agroforestry, an
international focus has been given to other crops for the purposes of fuel wood, forages for animals and
constructions materials supporting production systems that emphasize conservation technologies and
policies. The first section of this paper reviews the increasing population demand and effects upon on finite
world soil resources.
••

Population growth and demands
World population has increased from 3.0 billion in 1960, to 5.3 billion in 1990 and is projected to nearly
triple to 8.5 billion by the year 2025 (Table 1, World Resources Institute 1990). By the year 2025 it is
projected that 84% of the global population will reside in the developing countries in Africa, Asia and Latin
America. To provide the present per capita level of the basic food groups for this higher level of
inhabitation the production of these key food groups will need to increase from 46 to 51% over the next
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three decades (Table 2). Global human needs planners are also including future demands for fiber, fuel
and construction materials in addition to food into the production demand pressures that will be placed
upon our soil resources. This will require quite different thinking on how we must plan and use our finite
soil resources.
Table 1. Projected size and growth In population.
Year
Region

1960

1990
millions

2025

Africa
N. & C. America
S. America
Asia
Europe
USSR
Oceania

281.1
269.5
146.8
1666.8
425.1
214.3
15.8

647.5
427.2
296.8
3108.5
497.7
288.0
26.5

1581.0
594.9
498.4
4889.5
512.3
351.5
39.0

Total

3014.4

5292.2

8466.5

Source: World Resources Institute 1990.

Table 2. Actual and potential needs of selected food sources based on 1991 per capita projections.
Actual1
Food
source

Rice
Other grains
Root crops
Oil crops
Pulses
Meat
Fish

Demands2

1950

1990

1995
Million tons

2025

Increase
1995-2025

168
463
253
91
26
46
22

490
1255
570
198
56
171
97

537
1298
624
217
61
185
103

785
1920
911
316
90
272
151

46
51
46
46
48
47
48

Sources: 1. Brown et al 1992; Brown et al 1993; 2 Hanson e t a l 1993.

Pressure on soil resources
There are number of criteria used as measures of present and future land-use demand pressures. Present
technologies using modest inputs require 0.5 ha per capita to provide basic needs. In actually, there is
about 0.28 ha per capita (World Resources Ins.rtute, 1990), Which means we presently do not produce
adequately to meet basic human needs. It would be well to review some distorted land-use demand
assessments, and then review some examples for soil management for sustainable agriculture production.
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When population pressure on soil resources is calculated on total land area the human demand
pressure is very misleading (Table 3, World Resources Institute 1990). For example, demand on soil
resources in Africa would be viewed as very low when total land area is used because of large areas of
deserts, mountains and semi-arid lands. The Pacific Rim island countries would appear to be almost
uninhabited because of a high percentage of forested lands. When population pressure on soil resources
is rightfully calculated on the areas classified as cropland, or soils that could be farmed in a sustainable
manner with adoption of appropriate technologies and policies, the land use pressure is more realistic
(Table 4, World Resources Institute, 1990). Under this scenario, land-use pressures in Africa and the
Pacific Rim countries would move near the top on basis of population pressure on available soil resources.
Studies in Africa reveal that populations have extended out and encroached onto traditional pastures
and forest/woodlands, or the marginal lands, and true average human pressure on available soil resources
is presented in Table 5 (Hanson et al 1993). There has been very little effort or even concern expressed
in what are the true productive carrying capacities of these soil resources and what input-output cost and
benefits might be needed for sustainability and equitability.
Table 3. Projected population demand pressure on total land area by region in developing world.

Region
Africa
Asia
C. America
S. America
Pacific Rim

Population density (per 1000 ha)

Total
land area
(million ha)

1950

2964
2731
299
1754
50

75
504
182
64
40

1995

1990
217
1140
506
169
99

252
1250
560
186
111

2025
539
1799
882
281
183

Source: Calculated from data from World Resources Institute 1992.

Table 4. Projected population demand pressure on cropland by region in the developing world
based on 1990 cropland area.
Population density (per 1000 ha)
Region

Africa
Asia
C. America
S. America
Pacific Rim

Cropland
(million ha)

1950

1990

1995

2025

186
454
38
142
0.7

1193
3033
1755
786
2871

3452
6856
3987
2090
7071

4015
7518
4409
2293
7900

8585
10820
6943
3477
13071

Source: World Resource Institute 1992.
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Table 5. Projected population demand pressure on cropland, pasture and forest/woodland in the
developing world.

Region
Africa
Asia
C. America
S. America
Pacific Rim

Total cropland, pasture
and forest/woodland
(million ha)

Population density (per 1000 ha)
1950

1990

1995

2025

126
816
276
74
47

364
1844
768
196
115

423
2022
850
215
129

908
2910
1339
326
213

1763
1688
197
1516
43

Source: Hanson, Bathrick, and Weber 1993.

Soil diversity and inherent constraints
The major land resource systems in the tropics are presented in Table 6 (Eswaran, personal
communications 1993). These six land resources systems cover about 6 1 % of the tropics and about 20%
of the global land area. Not included are deserts, mountains and much of the area above latitude 50° north
and south. From the point of view of land resources in the developing countries in the tropics,
approximately 25% are acid and non-acid savannas of South America and Africa and 2 1 % the humid
regions of Latin America, Africa and Asia. When land resources areas are classified and broken down by
Soil Taxonomie units, (Table 7, Eswaran et al 1992) the magnitude of site specific soil management
becomes overwhelming if all soil production constraints are to resolved at the series or phase level. This
is why constraints that limit the soil systems' capacity to be continuously productive would best be
determined on their inherent productive capacity and/or constraint so that as management technologies are
developed these can be delineated to analogous soil systems based on a quantifiable capacity factor.
Table 6. Major Land Resource Systems in the Tropics.
System

Area
(m.km2)

Savanna/acid
Savanna/non-acid
Desert Fringe
Humid
Steeplands
Wetlands

7.57
4.72
1.90
10.42
3.24
2.19

Percent Global

Percent Tropical

(%)

(%)

5.08
3.16
1.28
7.00
2.17
1.47

15.38
9.58
3.86
21.18
6.58
4.45

Source: Personal communications with Hari Eswaran

Utilizing data from the Food and Agricultural Organization of the United Nations (FAO) and the Fertility
Classification Capacity (FCC) system developed by the Tropical Soils Management program at North
Carolina State University, the World Resources Institute (World Resources Institute 1990) have assessed
that 88% of soils in the tropics possess one or more physical and/or chemical constraint (Table 8a, 8b,
World Resources Institute 1990). Inherent Soil characteristics are divided into physical (Table 8a) and
chemical (Table 8b) constraints. For the major tropical land regions, the area with no inherent constraints
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Table 7. Estimates of number of soils In each category of the US system of soil taxonomy In the
tropics.
Taxonomie level

Estimate of number of soils

Order
Suborder
Great Group
Subgroup
Family

11
45
200
1,250

1,000,000
5,000,000
10,000,000

Series
Phases of Series
Source: Eswaran, Kimble, Cook and Beinroth 1992.

Table 8a. Physical soil constraints by region In the developing world.
Physical constraints
Total
Land
Area

Region
Africa

(million ha)

3011

%
C. America

(million ha)

%
S. America

(million ha)

%

S.E. Asia

(million ha)

S.W. Asia

(million ha)

%
%

274

1898

-

897

678

-

No Inherent
Constraints

Steep
Slopes

Shallow
Soils

Poor
Drainage

Tillage
Problems

443
14.7

261
8.7

398
13.2

198
6.6

112
3.7

58
21.2
208
11.0
33
3.7
46
6.8

69
25.2
329
17.3
261
29.1
161
23.7

44
16.1
193
10.2
91
10.1
174
25.7

15
5.5
213
11.2
109
12.2
6
0.9

19
6.9
27
1.4
76
8.5
6
0.9

Source: World Resources Institute 1990

are: Africa 14.7%, Central America 21.2%, South America, 11.0%, South East Asia 3.7% and S.W. Asia
6.8%. The dominate physical constraints are shallow soils and steep slopes (erosion susceptible), with the
exception in South East Asia where land subject to poor drainage have been developed into highly
productive rice soils. Chemical deficiencies are more inherent in soils of Africa, South America and South
East Asia than physical limitations (Table 8b). Major limitations in Africa are Low K reserves, aluminum
toxicity and low nutrient retention; South America, Low K reserves, aluminum toxicity and phosphorus
fixation; and South East Asia, Low K reserves, aluminum toxicity and phosphorus fixation.
Status of world soil resources
Soil degradation and the on-site and off-site effects have long been observed in a number of countries, but
has not been quantified as the impact on the global soil resources since 1945. The Global Assessment
of Soil Degradation (GLASOD) study sponsored by the United Nations Environmental Program (UNEP) and
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coordinated by the International Soil Reference and Information Centre (ISRIC) in the Netherlands reports
global increase of 11% (from 6% to 17%) in human-induced soil degradation between 1945 to 1990 (World
Resources Institute, 1992).
Table 8b. Chemical soil constraints by region in the developing 'world.
Chemical constraints
Low
nutrient
retention

Region
Africa

(million ha)

%
C. America (million ha)

% S. America (million ha)

%

S.E. Asia

(million ha)

S.W. Asia

(million ha)

%
%

397
13.2

8.8
117
6.2
30
3.3
37
5.5

toxicity
hazard

Al
fixation
hazard

P
K
reserves

508
16.9
24
5.5
842
44.4
241
26.9
4

205
6.8
15
9.9
600
31.6
190
21.1
2

615
20.4
27

"

"

913
48.1
257
28.9
4

"

Low
soluble
salts

Excess of
Na

Sulfate
acidity

51
1.7

4

4

-

2

-

24
1.3
17
1.9
49
7.2

25
1.3
1

2

-

7

-

-

0

0

"

"

Source: World Resources Institute 1990.

GLASOD defines soil degradation as "a process that describes human-induced phenomena that lowers
the current and/or future capacity of the soil to support human life". The primary casual factors to
human-inducted soil degradation were from vegetation removal, fuelwood exploitation, overgrazing,
agricultural activities and industrial and urban pollution (Table 9, World Resources Institute, 1992).
Globally, the order of importance of human induced soil degradation found overgrazing highest at 35%,
followed closely by vegetative removal at 30% and agricultural activities 28%. Regional differences in
causal factors will require different approaches in rejuvenation and preventive soil management practices.
The four major types of soil degradation identified by GLASOD are water erosion, wind erosion, chemical
degradation and physical degradation (Table 10, Worlds Resources Institute, 1992). Water erosion ranks
first across all regions, with wind erosion ranking second with the exception of South America where
chemical degradation ranks number two. These findings strongly support that future soil management
technologies and public policies will need to change from the emphasis on exploitation to one of
rejuvenation and preventive conservation if intergenerational equitability is to become a reality.

Technologies for Sustainable Production
Soil management research to develop technologies for sustainable agriculture must focus on major
constraints within the specific agroecological domain that is being targeted. While scientific principals and
approaches might have similarities across many domains, research must be targeted on the constraints
within the given domain, to sort out what might be transferable from site specific data of other domains in
order to prioritize the research need based on the technology gaps within a given domain. This section
will review some examples of constraint driven research that were based on the identification of specific
problems, the research tasks were then divided into components, and the technologies tested through the
integration of the primary components. Examples will be drawn from the humid tropics, semi-arid Sahel
and intensively managed rice soils in Southeast Asia.
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Table 9. Causes of human-induced soil degradation by region.
Causal Factor
Total
degraded
area

Region
Africa

(million ha)

494

%

67
14
18
11
100
41
298
40
84
38
12
12
579
30

-

N.&C. America (million ha)

158

%

-

S. America

(million ha)

Asia

(million ha)

Europe

(million ha)

Oceania

(million ha)

World

(million ha)

243

%

748

%

219

%

103

%

1964

%

Vegetation
removal

""

Fuelwood
exploitation
63
13
11
7
12
5
46
6
1
0
0
0
133
7

Overgrazing

Agriculture
activities
121
24
91
57
64
26
204
27
64
29
8
8
552
28

243
49
38
24
68
28
197
26
50
23
83
80
679
35

Industrial
pollution
0
0
0
0
0
0
1
0
21
9
0
0
23
1

Source: World Resources Institute 1992.

Table 10. Increase by type of human-induced soil degradation 1945-1990.
Types of degradation

Region
Africa

Total
vegetated
area

Total
degraded
area

Water
erosion

Wind
erosion

2234

494
22
158
8
243
14
748
20
219
23
103
13
1964
17

227
46
106
67
123
51
441
59
115
52
84
81
1094
56

187
38
39
25
42
17
222
30
42
19
16
16
548
28

(million ha)

%
N.&C. Americc i

(million ha)

%
S. America

(million ha)

Asia

(million ha)

Europe

(million ha)

Oceania

(million ha)

World

(million ha)

%
%
%

%

%

2063

1740

3769

949

-

787

11542
•

Source: World Resources Institute 1992.
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iDhemical
Physical
degradation idegradation
61
12
7
4
70
29
73
10
26
12
1
1
239
12

19
4
6
4
8
3
12
2
36
17
2
2
83
4

Alternatives to deforestation in the humid tropics
Deforestation in the humid tropics in South America is driven by complex biological, demographic, economic
and social forces. Populations in these developing countries continue to grow. While much of the fertile
and accessible lands are used intensively, government policies are seldom adequate to prevent migration
to humid tropical regions and continuous deforestation. The traditional shifting cultivation of indigenous
societies has been broken by exploitational policies of colonists resulting in various forms of unsustainable
agriculture and continued deforestation. There are a number of land management strategies that can help
mitigate tropical deforestation: (1) develop sustainable production systems for already cleared rain forest
lands; (2) develop economic and equitable policies of land tenure for densely populated areas; (3) develop
overall rain forest preservation and utilization programs for these remaining resources.
The approach was to develop options for acid, low-fertility soils that improve the economic status of
subsistence farmers, maintain agriculture production on deforested lands, and recuperate productivity of
degraded lands (Sanchez and Benites 1987). The integrated approach: (1) develops and applies
sustainable management technologies; (2) establishes public policies to provide incentives to conserve
existing rain forests, and (3) implement effective, economically sound environmental protection. The
principal soil management options for sustainable production of the humid rain forest region of South
America included'. (1) paddy rice production for alluvial soils; (2) low-input cropping systems; (3) continuous
cultivation; (4) legume-based pastures, and (5) agroforestry.
Paddy rice production. Alluvial soils, highly fertile and located near water supplies and river transportation
account for 1 1 % of the soils in the South American humid tropics (Sanchez. Palm and Smyth 1991).
Research to adapt Asian rice technology developed the following technology: (1) land is cleared by slash
and burn and leveled for flow irrigation; (2) supplement irrigation by gravity flow or pumping in addition to
rainfall increased yields by 50%; (3) transplanting provided higher initial yields until paddies became
established; (4) initial fertilizer responses were only to nitrogen; and (5) farmer yields often averaged 5.5
t ha'' crop'. Yield from one ha of paddy rice is equal to 14 ha of upland rice under shifting cultivation.
Low input cropping. Low input are transitional systems developed to help poor farmers in more isolated
rural areas make the transition from shifting cultivation into potentially more sustainable options. This
system involves: (1) clearing secondary forests fallow by slash and burn; (2) work without fertilizers, lime,
or external organic inputs; (3) plant acid-tolerant upland rice and cowpea cultivars in rotation, remove only
the grain to minimize nutrient export; (4) establish a legume fallow when nutrient deficiencies and weeds
make cropping unprofitable; and (5) after one year eliminate the legume fallow by slash-and-burn and shift
to a more sustainable system, such as grass-legume pastures, agroforestry or high-input continuous
system. A low input system is only transitional because nutrient depletion and weed encroachment
eventually leaves the soils unproductive (Sanchez, Palm and Smyth 1991).
Agroforestry. Agroforestry has become an popular management option for many humid tropical areas
because it can be adapted to serve sustainabilrty for a wide range of socioeconomic and soil-landscape
communities. The soil management research on agroforestry has focused on: (1) selection of and
management of acid-tolerant leguminous trees; 2) food crop-tree production systems; (3) managed fallow;
(4) plantation crops-forage-small ruminant systems; (5) alley cropping or hedgerow system for soil and
water conservation with much emphasis on nutrient cycling (Sanchez and Benites 1987; Sanchez, Palm
and Smyth 1991). Alley cropping experiments have pointed out limitations on acid soils because nutrients
are soon exhausted through food crop-tree competition on low-fertility soils. The potential options that can
be developed from agroforestry systems appears to be nearly endless and especially suited to reclamation
of soils formerly under rain forests. Because the time lag between the establishment of a agroforestry
systems and economic return is much longer than for food or other cash crops careful economic planning
is required at the individual farm level.
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Managing pastures and grazing lands. Poor management of tropical grasslands for animal production
is a casual factor behind deforestation, soil degradation and land abandonment. Improved management
includes the selection of acid-tolerant, persistent and compatible grass and legume ecotypes, addition of
small quantities of needed nutrients and managed grazing. Long-term controlled trials near Pucallpa, Peru
has shown that a mixture of Brachiaria decumbens with Desmodium ovalifolim could provide as much N
to pasture biomass as 300 kg N ha"' yr"1 of urea to pure grass confirmed by both cutting and grazing trials
(Ara and Sanchez 1991). Of the animal intake about 33% of the N comes from the legume component
and 67% contributed from the enhanced N content of the grass. About 10% of N transfer to the grass
comes from legume litterfall and 90% recycled from animal excreta and root turnover. Under controlled
grazing and careful management productive legume and grass mixtures have been maintained for over 12
years at Yurimaguas, Peru (Sanchez, Palm and Smyth 1991).
Continuous cropping with Inputs. In humid tropic communities, farmers close to urban markets can also
implement the option of continuous production with the use of external inputs because they are in a market
driven economy, not a subsistence economy. To determine if a Ultisol in the humid tropics of Peru could
be continuously cropped without degradation, the North Carolina State University TropSoils project
undertook a long-term experiment comparing no-input with chemical correction and maintained application
of nutrients (Alegre and Sanchez 1991). Sustained crop yields have been obtained with continuous
cropping for 43 crops in 20 years. This continuous production was obtained with effective crop rotations,
judicious application of lime and nutrients and improved crop management practices. Over time the soil's
physical qualities did not deteriorate, organic carbon levels are maintained, and subsoil Al toxicity was
greatly reduced improving the soil chemical quality indicators.
Potential for reducing deforestation. A major mission of soil management research in the humid tropics
should be to reclaim deforested lands and save the pristine rain forest from unneeded destruction. The
above discussed technologies have been evaluated for their potential to reduce the rate of destruction of
tropical rain forests (Table 11).
For every ha each farmer adopts one of these sustainable
soil-management technologies onto traditional shifting cultivation there is the potential to reduce tropical
deforestation by five to ten ha (Sanchez, Palm and Smyth 1991). These soil management technologies
are especially applicable to secondary-forest fallow because such clearing of small biomasses contributes
little to global climate change. To maximize benefits from these technologies effective public policies and
institutional strengths are necessary.
Table 11. Potential for soil management technologies developed in Yurimaguas, Peru to reduce
tropical depletions.
Potential area of tropical
rain forest saved annually
(ha)

One hectare in sustainable
management options
Flooded rice
Low-input transitional cropping
High-input cropping
Legume-based improved pastures
Agroforestry systems

11.0
4.6
8.8
10.5
(not determined)

Source: Sanchez, Palm and Symth 1991
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Soil management technologies in the semi-arid tropics
While rainfall in semi-arid tropical Africa is limited, its variability and distribution are considered the major
constraints to food security. Major soil limitations include low fertility, acidity, sandy texture, and low organic
matter content and is subject to both wind and water erosion. The farmers in this region are well aware
of these constraints and therefore this management strategy is to minimize risks. The mission of soil
management research in the semi-arid tropics is to manipulate the soil-water-plant system to improve the
economic production and to decrease year-to-year fluctuations by improving indigenous practices through
the application of scientifically based soil and water conserving technologies. Research by the Texas A&M
TropSoils program in Niger focused on the effects of crop residue and inorganic plant nutrients
management on soil properties and risk reduction in the production of millet and other basic food crops.
Crop residue effects the on soil system. Because of shortages in building materials, fuel and animal
fodder, millet stocks, leaves and other crop residues are seldom left in the field. This exposes the soil
surface to wind erosion during the long rainless period and exacerbates water erosion by intensive rainfall
during the rainy season resulting in extreme spacial variability and low productivity (Pfordresher et al 1991).
Research in Niger has quantified that millet residue left on the surface manifested a number on beneficial
productivity effects upon these sandy soils: (1) recycling of nutrient elements following termite and microbial
decomposition; (2) entrapment of the higher nutrient content aeolian materials; (3) reduction in soil acidity;
(4) decrease in P fixation; (5) improvement in moisture dynamics of the system. Research conducted by
ICRISAT (Bationo et al 1990) found that three years of leaving millet residue on the soil surface resulted
in 268% increase in stover yields. Nitrogen uptake was increased 288%, P 240%, K 311%, Ca 212% and
Mg 260%. Surface mulched can entrap at least 2.0 Mg h a ' of nutrient rich aeolian materials, 60% during
the three months prior to the rainy season (Drees et al 1991).
Plant nutrient constraints. Spacial variability of farmers' fields in Niger seen with infrared video imagery
revealed that unproductive areas ranged from 2 to 36% with over 50% of the sites studied having 22% of
the field nonproductive (Pfordresher et al 1991). Planting pearl millet in such a field for two consecutive
years indicated that the location of the areas of poor growth is a function of soil properties and does not
change perceptibly between years, and the crops are more affected in low rainfall years than above normal
rainfall years. Aluminum toxicity is suggested as a major causal factor to the variable nonproductive areas
in these soils with Mn toxicity contributing as a secondary constraint. Major nutrient deficiencies were
identified as to be N, P, K and Mg (Chase et al 1989). Phosphorus is most commonly found to be the most
limiting nutrient in the sandy soils in Sahelian West Africa. Response to N is obtained only when P is
adequate and the millet residue has an additive effect to fertilizer when soils are low in P (Geiger et al
1991). Implications of this combined research are that stabilization of the soil surface against high winds
and erosive water is needed to regenerate and/or preserve native fertility and that soil testing is badly need
to select needed nutrient inputs on soils with sustainable production potential.
Intensive rice production systems
Today, rice-based agricultural systems dominate in much of Asia where more the 90% of global rice
supplies are produced and consumed, supplying 30-75% of dietary calories. Irrigated rice systems account
for about 55% of total harvested rice area and 76% of global rice production (IRRI 1993). About 40 million
ha of irrigated rice are harvested each year in tropical and subtropical Asia. Modern irrigated rice systems
in Asia are the most intensive crop production systems in the world. Double and triple-crop rice systems
are practiced on some 10 million ha in Asia where year-round irrigation is available. Based on IRRI
projections, rice production must increase more the 60% in Asia between 1992 and 2020 to meet the
growing demand (Table 12, IRRI 1993). Much of the increase in rice production is expected to come from
irrigated production systems (higher yield per unit area) which have fewer constraints to increased
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productivity than in rainfed rice ecosystems. However, one of the major issues is the capacity of the
biophysical resource base to sustain the required increase in rice output.
Table 12. Rice area (106 ha), yield (t ha'), and total production (10% rough rice) in 1990 and
estimates for 2020 In developing countries of South, East and Southeast Asia'.
1990
Rice
system
Irrigated
Rainfed lowland
Upland
Deepwater
Total

Area
70.0
37.6
11.5
8.7
127.8

2020

Average
yield
Production
4.9
2.1
1.1
1.5

343.4
77.2
12.3
13.0
445.7

Area
70.0
37.6
10.0
7.0
125.0

Average
yield Production
7.9
3.3
1.1
1.5

551.2
123.9
11.1
10.5
696.7

1 Includes China. India, Indonesia, Pakistan, Bangladesh, Vietnam, Philippines, Thailand, Myanmar, Nepal, Malaysia, Sri Lanka,
Cambodia, and Laos.
Source: International Rice Research Institute 1993.

Although rice output and yield continue to increase throughout most of Asia, recent trends indicate yield
stagnation and declining factor productivity. For instance, yield growth rates declined from 2.6% per annum
in the 1970s to 1.5% in the 1980s (1981-1988) for Asia as a whole. Concurrent with the decrease in yield
growth rate, aggregate data from some countries suggests declining partial factor productivity for certain
inputs (Rosegrant and Pingali 1993). A typical example is Indonesia where total rice production increased
70% from 1976 to 1986. However, the amount of nitrogen (N) fertilizer applied to rice increased by 440%
(IRRI 1991). Similarity, data from domains where intensive rice systems predominate in the Philippines
and India indicate trends that are similar to the aggregate national trends in rice output and production
efficiency, i.e.; (1) there was a dramatic increase in yields and factor productivity following the rapid
adoption of modem rice varieties and management practices in the 1960s; (2) yields and factor productivity
continued to increase in the second decade after adoption; and (3) stagnant or declining yield trends and
factor productivity in the most recent decade (Cassman and Pingali 1993). Although yields were stagnant
in the latest decade, fertilizer rates applied by farmers continue to increase.
Long-Term Fertility Experiments (LTFEs) on continuous irrigated rice systems initiated by IRRI
researchers and their colleagues in National Research Systems (NARS) over the past 25 years indicate
similar yield trends (Flinn and De Datta 1984). Significant yield declines are evident at many of these sites
specifically in treatments that receive complete nutrient inputs at rates that originally produced maximum
yields. At two LTFE sites in the Philippines, negative yield trends appear to result from a decrease in the
N supplying capacity of soil despite constant or increased soil organic matter and total N (Cassman et al
1994). Declining trends in soil N supply with continuous irrigated rice culture has also been reported by
Japanese researchers (Saito 1991) and in Australia where continuous rice cropping resulted in the need
for increasingly greater N fertilizer inputs to maintain yields (Beecher 1992).
A decline in the "effective" soil N supply with continuous rice appears to be a widespread but poorly
understood phenomenon that is linked to decreasing yield and factor productivity of irrigated rice systems.
In the IRRI Medium-Term Plan (1994-1998), efforts are directed towards understanding the soil properties
and processes that govern N supplying capacity of lowland rice soils that are intensively cropped two or
three times annually, and remain submerged for much of the year. The district farm, and experimental plot
data suggest that declining partial factor productivity for fertilizer N, and possible fertilizer nutrients more
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generally, can provide a focal point for research to quantify the magnitude of the problem. Monitoring both
factor productivity (Lyman and Herdt 1989) and the output/input efficiency from applied nutrients (Cassman
and Pingali 1993) provides a quantitative index by which the causal factors can be identified, their effects
quantified, and remedial strategies tested. Moreover, this knowledge will help to develop management
strategies to maximize the efficiency of nutrient use from endogenous soil reserves and from applied inputs,
both of which are crucial to sustained yield growth and increased profit from irrigated rice farming.
Cropping systems performance. The impact of the green revolution on rice production was tremendous
with regard to increases in yield. This success was based on straight forward "seed and fertilizer"
technology recommendations that did not require much site-specific information. Improved modern varieties
performed better than local landraces in nearly all irrigated environments, and accurate soil testing was not
needed to recognize that these varieties responded to fertilizer, particularly N, at most locations. More
recently, however, progress has been slow towards a more information-intensive crop management strategy
that optimizes efficiency of all resources in the production system. Moreover, we have limited capacity to
predict performance of cropping systems over the longer-term in relation to changes in the soil resource
base caused by crop intensification. For instance, in the irrigated rice systems of Central Luzon,
Philippines, fertilizer-N use efficiency achieved in farmers' fields is low because farmers do not adjust their
N application (ranging from 25-250 kg N ha'1) in relation to the native soil N supplying capacity of their soil
which ranges from 35-100 kg N ha"1 crop uptake without fertilizer-N application (Cassman et al 1993a).
Thus, the ability to predict soil N supplying capacity and the identification of causal factors for large
differences among farmers' fields would greatly increase fertilizer-N use efficiency by farmers.
Applied and adaptive research on soil fertility management would be considerably more efficient if it
targeted the capacity to: (1) predict the Soil Nutrient Supplying Capacity (SNSC) for major macronutrients;
(2) quantify the relationship between grain yield and macronutrient uptake; and (3) develop improved soil
test methods that predict the proportion of applied nutrient that is available for crop uptake; and (4) the
increase in actual crop nutrient uptake from added nutrients.
New approaches for rice production research: looking forward. The approach IRRI proposes is based
on four components: (1) the soil quality hypothesis; (2) more careful measurement of key variables; (3)
extrapolation from long-term experiments to farmers' fields; and (4) integration of agronomic, soil, and social
sciences in evaluating productivity trends and changes in the soil resource base.
The soil quality hypothesis. Recently C.T. de Witt (de Witt 1992) proposed that "Strategic research that
is to serve both agriculture and the environment should not so much be directed towards the search for
marginal returns of variable production resources, but towards the search for the minimum of each
production resource that is needed to allow maximum utilization of all other resources of the farming
system". This concept of resource use efficiency is well suited to irrigated rice systems because farmers
attempt to optimize a large number of production factors including tillage operations, high labor
requirements, high rates of nutrient inputs, and costs for irrigation, maintenance of irrigation infrastructure,
and crop protection against weeds, diseases and insects. Production efficiency, therefore, reflects the
technical efficiency of many practices and management decisions. Total Factor Productivity (TFP), which
is a ratio of the value of all outputs compared to the costs of all inputs (including labor), provides an
integrative value that quantifies the overall resource use efficiency of the cropping system.
On the other hand, soil quality can be defined by quantitative properties that contribute to crop growth,
plant health, and yield development. In all cropping systems the inherent SNSC is one of the most
important components of soil quality. When native soil fertility decreases due to cropping, greater inputs
of nutrients from external sources are required to maintain yields. This trend would be reflected by a
decrease in TFP. In fact, the inherent SNSC provides an integrative measure of soil quality because it is
extremely sensitive to changes in the soil's physical, chemical, and biological properties that are both
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directly and indirectly related to soil nutrient status. For instance, an increase in soil compaction can result
in decreased root extension, which in turn results in a decrease in nutrient uptake from soil resources.
Alleviating soil compaction through improved management would have the opposite effect. Likewise, root
nematode or soil-borne disease problems would be manifested by a reduction in nutrient acquisition from
native soil resources. Elimination of nematode or root disease problems would lead to greater nutrient
uptake. These considerations lead us to the following hypotheses concerning soil quality: (1) measurement
of the SNSC provides a practical and integrative measure of soil quality, particularly in irrigated rice
systems where drought is not a constraint and soil physical properties such as aggregate stability, pore
size, etc. are less important than in upland soil conditions; and (2) a decrease in the inherent SNSC will
be manifested by a decrease in TFP unless farmers improve the agronomic efficiency (i.e., output per unit
input) derived from applied nutrients inputs to offset the decrease in nutrients acquired from native soil
resources. Based on these hypotheses, a major goal for future soil management research for sustainable
production must include the soil quality parameter: the capability to predict the quantity of N, P, or K that
the rice crop can obtain from indigenous soil resources (i.e., the SNSC) to allow recommendations for
fertilizer-nutrient rates and timing that supply the minimum requirement for the targeted yield.
Extrapolation and magnitude of declining productivity. A yield decline ranging from 50 to 240 kg ha '
yr' has been found in most of the long-term experiments with intensive, irrigated double- and triple-crop
monoculture rice systems, and trends of stagnating TFP and decreasing N use efficiency are evident in
farm monitoring studies (Cassman and Pingali 1993) A key issue is whether these two phenomenon are
related, and the extent of such problems. Pivotal to this question is whether certain processes which occur
in submerged soils, and are therefore inherent attributes of the irrigated rice ecosystem, contribute to both
the yield decline in experimental fields and stagnating productivity in farmers' fields.
This issue provides an exciting opportunity for a new research approach that utilizes existing long-term
experiments as dynamic references for the interpretation of farm monitoring data to quantify productivity
and production constraints in relation to soil quality, crop management practices, and economic
performance.

Conclusions
World population is projected to increase from 5.4 billion in 1990 to 8.5 billion by the year 2025. The
developing countries are expected to account for 84% of this population growth. This will place extreme
demands on the soil systems in Africa and Asia that already have high demand use pressures. In addition
to the challenge to increase the production of basic food crops by 60-70%, many countries will also need
to address the increased demands for fiber, fuel and construction materials. These demands must be met
from present soil resources of which 88% possess one or more major constraint to sustainable production.
The recent GLASOD study, as reported by the Soil Resources Institute, reveals that human induced
degradation of the global vegetated soils has increased from 6% to 17% between 1945 and 1990.
Agriculture and harvests for human needs account for 99% of this degradation. This paper does not
attempt to discuss all details of inherent constraints of global soils in developing countries, biophysical
parameters of degradation and rejuvenation prescriptions, nor total review of research activities in soil
management for sustainable agriculture. The objective is to present some future challenges that must be
met by soil scientists, some ecosystem successes and second generation problems that have been
quantified when high production systems are put under high production pressures.
Clearing of the Amazon rain forest is of major global concern because it is the last remaining large
captured carbon and potential buffer zone. Options have been developed for the tropical rain forest of
South America that offer high potential to reduce the rate of deforestation by enabling farmers practicing
shifting cultivation to move to continuous managed production systems. Adoption of these technologies
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offers the potential of saving from 5 to 10 ha of rain forest for each ha of new technology adopted annually.
Many countries in the tropical rain forest agroecological zones possess other lands with high potential for
sustainable production, but lack the public policies and institution systems that will maximize production on
these more suitable lands. Soil management research in the uplands of the humid tropical agroecological
zones has emphasized resource inventories, chemical limitations, physical attributes and water dynamics.
Future research will need to focus on conservation driven sustainable use options compelled by social,
market and public policy realities.
Soil management in the semi-arid tropical regions have focused on sustainabil'ity and risk reduction
through maximum utilization of short and intensive rainfall periods. Many soils in this region are sandy
textured, chemically deficient, low in organic matter and subject to wind and water erosion. Soil
management research has focused on economic benefits to residue management, quantification of
economic thresholds levels for nutrient inputs, evaluation of indigenous phosphate sources for direct
application, water capture and water balance in specific management systems. Because sustainable
productivity will be highly dependent upon control of wind erosion and water management to reduce erosion
and increase moisture capture, more future emphasis will need to be within the context of interdisciplinary
Land-Management-Units (LMU) and integrated watershed management to blend new technologies with the
indigenous knowledge base.
More than 90% of all rice is produced and consumed in Asia, and it is estimated that global rice
production must increase by 50-70% in the next 30 years. Past production increases resulted from area
expansions and impacts of partial production factors from improved cultivars, plant nutrients, pest control
and improved crop management. Most of the future increase must come from existing intensive, irrigated
rice systems because there is little scope for an expansion of irrigated area. It was therefore crucial to
assess present trends in yield growth at national, farm, and experimental levels in Asian rice production
areas as a basis for targeting research and investment for rice-based agriculture. The evidence examined
by IRRI does not provide an optimistic scenario. Yield growth at regional levels, total factor productivity
at national, district and farm levels, and partial factor productivity from nutrient inputs in long-term
experiments are decreasing where rice is cultivated continuously with irrigation. While there are many
factors in both the socioeconomic and biophysical environment that may contribute to such trends, the key
issue for future research is what are the underpinning processes responsible for the decrease in the
productive capacity of the paddy environment as irrigated rice systems become more intensively managed.
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Abstract
Soils represent a considerable part of natural resources in the "post-Eastem-block" Central and Eastern
European countries. Consequently, sustainable land use and soil management have particular significance
in this region both for biomass production and environment protection.
In the present paper the considerable changes in the land use policy during the last 60 years are
characterized (private system, collectivization, reprivatization) and the environmental relationships of land
use and cropping pattern; soil degradation processes; soil-water problems; plant nutrition and fertilizer
application; and soil pollution are discussed. On the basis of these impact analyses conclusions are drawn
for the prevention of unfavorable soil processes and their harmful environmental consequences, as well
as for efficient soil moisture control, plant nutrition and soil pollution management under the new political
and economical circumstances. The paper is based mainly on Hungarian facts taking into consideration
the experiences of other countries in the region, as well.

Introduction
Soils represent a considerable part of natural resources in the "post-Eastern-block" Central and Eastern
European countries. Consequently, rational and sustainable land use and proper management practices
ensuring normal soil functions have particular significance in their national economy and soil conservation
is an important element of their environment protection.
There are considerable differences among these countries (Bulgaria, Croatia, Czech Republic, Hungary,
Poland, Romania, Slovakia, Slovenia, Yugoslavia and the European post-Soviet republics) in their
physiolographic conditions, soil resources, agroecological potential, socioeconomic circumstances; in the
role of agriculture in their national economy; rate, type and way of collectivization during the centrallydirected socialist period (Table 1); state, effectivity and efficiency of the economy restructuring, rate of
(re)privatization during the last years and at present.
In spite of these differences there were many similarities in their land use policies and soil management
practices during the last 60 years. The primary aim of agricultural production is to produce good-quality
products with low costs and without any environmental side-effects: unfavorable changes in the given area
and in its surroundings; at the present time or in the near- and far future. The relative importance of these
partial objectives (high quantity, good quality, low costs, environmental impacts) varied and changes
considerably in each of these countries, depending on their socioeconomic conditions, historical traditions
and political decisions.
34

The present paper is based mainly on Hungarian facts and impact analyses, taking into consideration
the experiences of other countries in the region (without the post-Soviet republics), as well.
Table 1. Some statistical data on the importance of agriculture in the national economy of EastEuropean countries.
Bulgaria

Czechoslovakia

Hungary

Poland

Romania

Yugoslavia

13.2

10.0

11.8

22.2

22.1

23.6

1980-1988.

-0.1

2.9

1.4

1.5

2.2

0.5

1985-1991.

-2.1

0.8

1.0

0.7

-3.3

0.4

winter wheat

4.0

5.2

5.1

3.7

3.8

3.8

winter barley

6.1

4.3

4.4

3.3

5.1

2.7

maize (corn)

3.5

5.7

5.9

-

6.2

4.0

sugarbeet

Part of population working in
agriculture, %
Yearly increase of agricultural
production, %

Average yield of main crops

20.7

35.3

40.0

33.6

25.4

37.8

sunflower

1.1

2.2

2.0

-

2.5

2.1

potatoes

9.2

19.6

17.4

18.8

16.8

7.4

146

232

160

201

157

168

1987

180

303

222

260

130

?

1988

222

314

245

268

133

?

1989

195

314

219

231

133

?

1990

173

255

104

127

107

?

f

f

f

P

f

m

Number of inhabitants per 100
hectare agricultural land
Fertilizer consumption (total),
kg/ha agricultural land (without
grasslands)

Rate of collectivization*
* f • fully collective; p = fully private; m • mixed.

Periods of Agricultural Development in Central and Eastern Europe
Four main periods can be distinguished in the last 60-year history of agricultural development, land use
policy and soil management practices in these countries. The main characteristics of these periods are
summarized below on the example of Hungary [26, 30, 31].
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After World War II agriculture was in a destroyed and exhausted condition irrespective of its previous
level, which was rather heterogeneous. The polarized pre-War ownership-structure (many smallholdings (1-2 hectares); few very large latifundiums (several thousand hectares)) was almost equalized
with the "land reform"; most of the land was distributed among the agrarian proletars and small
farmers. This period can be characterized by small-scale private farming (1-5 hectares) with low inputs,
and low yields.
The first and radically pressed collectivization program was completed in the early 50s. However, most
of the newly created cooperative farms did not survive the 1956 revolution and their lands (which were
officially always owned by the members of the cooperative) were distributed again.
The second collectivization program was "voluntary" and it was pressed "only" by very strict
economy regulations, giving a chance for efficient production practically only for cooperatives without
any other alternatives. It was completed in the early 60s. At that time about 25% of the land was
owned and used by the state farms, 65% was used by the cooperatives (and still owned theoretically - by the members of the cooperatives) and only less than 10% was owned and used
privately.
10 years after full collectivization a spectacular agricultural development was witnessed. The
centrally directed communist system wanted to prove that the large-scale collective ("social") sector
can produce more than the small-scale private sector. The central directives and the economy
regulations were elaborated and introduced accordingly:
(i)

well-equipped soil laboratories were established (with the necessary or - in many cases overestimated capacities for soil, water and plant analyses);

(ii)

in the newly established large state farms and cooperative farms well-educated agronomists
represented the potential guarantee for the proper practical application of these soil in-formation;

(iii) in the new Land Law (and related documents) the duties and responsibilities of land owners, land
users (farming units) had been listed and the necessary organization - coordination - control
machinery for soil- and water conservation practices were financed practically fully from the
central state budget;
(iv) the economy regulations (high rate state subsidy on fertilizers and other chemicals, and on the
main soil reclamation practices, such as amelioration of acid, salt-affected and sandy soils,
erosion control, irrigation and drainage; long-term credits; price policy; etc.), as well as the
evaluation of farming units and their agronomists on the basis of obtained yields or even on their
fertilizer and pesticide consumption^?) stimulated high yields and high inputs, irrespective of their
efficiency, their impacts on quality anti their environmental consequences.
The efforts proved to be successful at the beginning. Yields of the main agricultural crops sharply
increased, as it can be seen in Table 2. This was mainly due to four reasons:
(i)

new, intensive, high yielding crop varieties;

(ii)

adequate nutrient supply of crops (sharply increasing rate of mineral fertilizer application: Fig. 1.)

(iii) integrated pest management;
(iv) full mechanization.
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Table 2. Average yields of the main crops In Hungary (tons/hectare).
Year

Maize for corn

Wheat

Sugarbeet

Sunflower

Potatoes

1.07

8.77

21.20

1.10

10.46

24.64

0.96

7.91

3.23

32.52

1.11

10.45

3.32

4.17

33.00

1.24

11.74

1976-1980

4.06

4.85

33.64

1.61

14.16

1981-1985

4.63

6.11

38.90

1.98

18.23

1986-1990

4.88

5.63

38.40

2.03

17.74

1991

5.19

6.71

37.16

2.07

15.76

1951-1955

1.46

2.06

18.69

1956-1960
1961-1965

1.50

2.31

1.86

2.61

1966-1970

2.43

1971-1975

total _
Kg/ha
TOO tens — N

Figure 1. Mineral fertilizer application In Hungary.
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After the rather quick and spectacular agricultural development serious problems appeared and
became increasingly threatening.
The over-emphasized, preferred and even pressed gianto-maniac "global quantity" concept of
agricultural production (in which good or efficient is equal with big, large, high!) hide the problems
arising in other aspects: quality, efficiency, economy and environmental side-effects. The quantityoriented economy regulation system (credit, subsidy and price policy, etc.) did not stimulate neither
for rational input reduction, nor for economic quality production without (or with minimum)
environmental deteriorations. The concealed ownership-feeling lead to a harmful short-term thinking,
to the exploitation of soil resources, decreasing care of soil quality and reduced attention to the
prevention of soil degradation processes [2, 31].
Some of the main problems were as follows:
(i)

unfavorable changes in the land use and cropping pattern (the arable lands - including the largescale corn monoculture - went up' to and on sloping terrains to the detriment of forests and
grasslands);

(ii)

too large farming units (several thousand hectares) -> limited flexibility;

(iii) too large agricultural fields (100-150 hectares) -» increasing heterogeneity; even on hilly surfaces
' sacrificing the previous windbreakers, forest shelter-belts, soil conservation establishments ->
increasing hazard and rate of water- and wind erosion [13, 27];
(iv) overconcentrated livestock production, huge "livestock factories": evenly distributed farmyard
manure -> liquid manure problem [23];
(v)

heavy machinery, combined tillage operations, over-tillage -> serious soil structure deterioration
(compaction, surface sealing) [32];

(vi) serious problems in fertilizer application (non-adequate distribution; polarization in fertilizer
application -»simultaneous hazard of underdosage and overdosage; environmental side-effects).
The possibilities and limitations of Hungarian agricultural production had been evaluated and
thoroughly analysed in numerous scientific documents, e.g. in the final report of the national program
for the assessment of the agroecological potential of Hungary. All these evaluations called the attention
to the above-mentioned problems and their conclusions and recommendations were formulated for and
included in various laws, high-level Party and Government decisions, and related documents. However,
these regulations were not controlled systematically, consequently, they were not followed seriously,
especially if the written restrictions limited the "quantity production" plans. The economy regulations
stimulated only for this and create, in many cases, "anti-interest" against quality, input reduction and
environment protection [26, 30, 31].
Economy restructuring. After the favorable political changes in the region in the late 80s not only the
communist ideology and economy collapsed, but the quantity-oriented gianto-maniac concept of
"industrialized" (high input) agricultural production changed radically, due to the following facts:
(i)

the internal food markets became practically saturated and the forecasted intensive export growth
failed (-> stabilized or even decreasing quantity requirements);

(ii)

sharply increasing quality requirements, reaching the European standards;

(iii)

radically increasing significance of efficiency and economy (-> necessity of input rationalization);
38

(iv)

increasing hazard of environmental side-effects: pollution of air, water and soil; increasing rate
of soil degradation processes.

In the new concept - instead of the global quantity aspect - quality (exportability) efficiency (based
on a real and exact cost-benefit evaluation) and environmental consequences became more and more
important.

Environmental Aspects of Land Use and Cropping Pattern
Changes in Hungary's land use and cropping patterns between 1950 and 1988 are shown in Table 3 [7,
24]. As it can be seen, the following changes are evident:
(a) The acreage of uncultivated land (e.g. settlements, roads, railways, open-pit mines, industrial
enterprises, water ways, etc.) increased from 7.8% to 11.6%. This means the loss of about 335 000
ha of agricultural land, which area is equal to the size of a small Hungarian county (administrative
region). The normal social development requires about 6 000-7 000 ha per year urban, rural and
infrastructure which has to be concentrated to the places of lower productivity, if it is acceptable from
other aspects as well.
(b) The loss of arable land amounted to nearly 790 000 ha, dropping from 59.3% to 50.6%. Vineyards also
decreased from 2.5% to 1.5% (with about 90 000 ha), in spite of the efforts in the reconstruction
program of traditional vine producing areas.
(c) Grasslands diminished from 15.9% to 12.9%, amounting to 240 000 ha. In Hungary the majority of
grasslands is on land sites with low productivity (salt affected, sandy and shallow soils, river
floodplains, waterlogged areas, etc.) and in most of the cases represent an extensive land use with
low animal carrying capacity (pastures) and low (1.0-1.5 t ha"1) hay yield.
Table 3. Land use and cropping patterns in Hungary.
Land use
Arable land
Gardens
Orchards
Vineyards
Grasslands
Forests
Reeds
Fishponds
Uncultivated areas

1950

1991

59.3
50.6
1.0
3.7
0.6
1.0
2.5
1.5
15.9
12.6
12.5
18.3
0.3
0.4
0.1
0.3
7.81
1.6
100.0 100.0

Expressed as percentage of the total
93 032 km 2 surface of Hungary

Main crops
Wheat and rye
Barley
Maize
Pulses
Sugarbeet
Sunflower
Potatoes
Silage maize
Alfalfa
Vegetables
Other crops

1951-1960
32.2
8.6
23.4
1.4
2.1
2.8
4.3
1.7
4.6
2.1
16.8
100.0

1991
27.0
7.8
24.0
2.2
3.5
8.4
1.0
5.3
6.6
2.4
11.8
100.0

Expressed as percentage of the total arable land

(d) There has been a considerable increase in the amount of land used for gardens (1.0-3.7%), orchards
(0.6-1.0%) and forests (12.5-18.3%).
(i)

In the seventies large-scale orchards (mainly applied plantations) were established because of
the existing and promising fruit export possibilities. Later on, this rapid increase proved to be
irrational (due to the increasing costs of chemical pest control, high rate fertilization, harvest,
storage and processing, and because of the decreasing export market for fruits partly due to the
quality and storage problems caused by high-rate fertilization) and large plantations were
liquidated, even in the Nyirség region (NE Hungary) where the poor, acidic sandy soils with low
fertility represent a low potential for arable crop production.

(ii)

Afforestation was implemented mostly for recreation, environment and landscape protection, as
well as for soil conservation on hilly areas with complex slopes, on deteriorated lands (open
mines, eroded slopes, floodplains, etc.) and on soils with a low agricultural potential (sand hills,
shallow soils, etc.). Consequently, this tendency (in spite of the very low, sometimes negligible
wood production) can be evaluated as a positive change in the land use pattern.

(iii)

Considerable territories were divided into small holdings and used as gardens, especially near
towns, main roads, recreation places along rivers and lakes.

(e) The cropping pattern indicates stability (Table 3) with the exception of radical reduction of potato
production (from 4.3 to 1.0%) and slight decrease of barley (8.6 - 7.8%) on the one hand, and the
sharp increase of sunflower (2.8 - 8.4%) and silage maize (1.7 - 5.3%) production on the other hand.
A great part of the arable lands (14.5+81.0%), forests (68.9+30.6%), grasslands (17.8+77.7%), and
even orchards (24.4+58.9%) and vineyards (14.7+54.5%) were owned by state farms and used by
cooperative farms, respectively. Their large size (5 000 and 3 500 ha, as an average, resp.) and their large
scale, high input agricultural production (irrationally large, consequently heterogeneous agricultural fields
with a size of 50-70, sometimes 100-120 ha; irrational, non- or slightly flexible land use and cropping
pattern; monocultures; mechanization with heavy machinery; high-rate application of chemicals, such as
mineral fertilizers, pesticides, growth-regulators; etc.) and misguided soil management (improper tillage,
operations, fertilization and irrigation practices, etc.) in many cases result in environmental side-effects,
such as: various soil degradation processes, soil toxicity, pollution of surface and sub-surface waters, etc.
In the smaller fields of the private sector, subsidiary farms or household farming plots in the
cooperatives more opportunity was provided for a more rational, microscale utilization of the land, with
higher flexibility. But here the uncontrolled useof pesticides and fertilizers often lead to their overdosage,
causing soil and water pollution problems.
Realizing the high spatial and temporal yield variability of the main crops, a National Program was
initiated by the Hungarian Academy of Sciences in 1979 for the "Assessment of the Agroecological
Potential ofHungary"[6, 7]. On the basis of a comprehensive and exact multidisciplinary analysis of natural
factors (with their territorial distribution and time variabilities) and yield potentials the final conclusion was
drawn that the total crop production in Hungary could be increased by 60-70% without any additional
inputs, simply by rational land use, i.e. the territorial coordination of agroecological conditions (land site
characteristics) and the ecological requirements of the cultivated crops. In spite of the fact that the results,
conclusions and recommendations were presented to the policy-makers and the tasks were formulated in
numerous official documents little initiative was taken for their implementation and the lack of flexibility in
the state-controlled economy regulations (prices, subsidies, credits, taxes, etc.) does not stimulate rational
land use practices. On the contrary, sometimes it prevents it. E.g. the economic "pressure" for com
production in the cooler and more humid NE hilly lands (-» low yield, high costs; -+ high risk of water
erosion) instead of soil protective grassland farming.
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Limiting Factors of Soil Fertility and Soil Degradation Processes
A large amount of soil information is available in Hungary, as a result of long-term observations, various
soil survey, analyses and mapping activities on national (1:500 000), regional (1:100 000), farm (1:10 0001:25 000) and field level (1:5 000-1:10 000) during the last sixty years. Thematic soil maps are available
for the whole country in the scale of 1:25 000 and for 70 % of the agricultural area in the scale of 1:10 000
[3, 5,19, 21, 29]. The 1:100 000 scale map of the most important soil properties was prepared within the
national program on the "Assessment of the agroecological potential of Hungary in 1978-1981 [29].
The main limiting factors of soil fertility are indicated in Figure 2, and their territorial extension is
summarized in Table 4 [17].
The necessity and rationality of the reclamation of soils with limited fertility depends on economical
(cost-benefit analysis) and ecological considerations. The radical amelioration of salt affected soils, sandy
soils or peatlands requires expensive complex measures, therefore it is not economic. At the same time
the saline lakes and soils, wetlands and sand regions are - in many cases - protected ecosystems, habitats
of protected plants and animals, consequently, represent special environmental value. These areas must
be kept in "original" condition, their reclamation is not advisable (although this was pressed sometimes in
the last decades). On the contrary, the improvement of soils with moderate limitations (e.g. liming of acid
soils, loosening of compacted soils, etc.) can be an efficient and economic tool for agricultural development.

Figure 2. Map of the limiting factors of soil fertility In Hungary. Original scale: 1:500 000.
1. Extremely coarse texture; 2. Acidity; 3. Salinity and/or alkalinity; 4. Salinity and/or alkalinity in deeper layers; S. Extremely heavy
texture; 6. Waterlogging; 7. Erosion; 8. Shallow depth.
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Table 4. Limiting factors of soil fertility and soil degradation processes In Hungary.
No.

Limiting factor of soil fertility

Area,
1000 ha

%

No.
1.

Soil degradation processes

1.

Extremely coarse texture

746

8.0

2.

Soil acidity

1200

12.8

- combined with erosion

(348)

(3.7)

2.

Soil acidification

- combined with shallow depth

(67)

(0.7)

3.

Salinization/alkalization

4.

Physical soil degradation

Soil erosion:

- by water
- by wind

3.

Salinity/alkalinity

757

8.1

4.

Salinity/alkalinity in the deeper
layers

245

2.6

- structure destruction
- compaction

5.

Extremely heavy texture

630

6.8

- surface sealing

6.

Peat formation (waterlogging)

161

1.7

7.

Soil erosion

1455

15.6

- overmoistening, waterlogging

(348)

(3.7)

- drought sensitivity

- combined with acidity
8.

Shallow depth
- combined with acidity

217

2.3

(67)

(0.7)

5.

6.

Extreme moisture regime

Biological degradation
- decrease of organic matter
- deteriorations of soil biota

7.

Unfavorable changes in the
nutrient regime
- leaching
- biotic and abiotic
immobilization

8.

Decrease of the buffering
capacity, soil pollution, "toxicity"

Soil degradation is usually a complex process in which several component features of soil deterioration
can be recognized to be contributing to the loss of land or its "productive capability", to the limitation of
normal soil functions, and/or to the decrease of soil fertility due to unfavorable changes in soil processes
and, consequently, in soil properties.
In the Central and Eastern European countries the large extension of various undesirable soil
degradation processes represents serious bio mass production constraints and environmental problems both
in the directly affected territories and in their surroundings. This is clearly shown on the UNEP/ISRIC
GLASOD (Global Assessment of Human-induced Soil Degradation) Map. The most important soil
degradation processes in Hungary are summarized in Table 4 [22].
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Soil degradation is nor an unavoidable consequence of intensive (but rational!) agricultural production
and social development! Most of the degradation processes and their unfavorable consequences can be
prevented, eliminated or at least moderated. But it needs permanent actions and widely adopted proper
soil- (and water) conservation technologies. The logical consecutive steps of the conceptual strategy of an
efficient soil degradation control system are schematically summarized in Figure 3 [28]. The key words in
this system are: prognosis and prevention. This can be rationally based on a comprehensive:
sensitivity analysis (evaluating the susceptibility/vulnerability of soils against various soil
degradations) [25];
impact analysis (evaluating the "positive" and "negative" impacts of various human activities).
The main causes (natural factors and human activities) of various soil degradation processes in the
Central and Eastern European region are summarized in Tables 5, 6, 7 and 8, including the main
possibilities of their efficient control.
Between 1960 and 1970 considerable efforts were taken in most of the "former-Eastern-block"
countries to prevent soil degradation processes [27, 31]. Based on the results of comprehensive soil
survey - soil test and soil analysis - large scale soil mapping programs huge (sometimes oversized)
amelioration plans were elaborated and implemented. All of these activities were financed from the central
state budget. There was a high-rate state subsidy on the main soil reclamation practices and soil
degradation control measures. They were apparently cheap and highly efficient, because the politically
dictated, complicated and artificially manipulated economy regulators (e.g. credits, subsidies, prices, etc.)
prohibited any real cost-benefit analyses of these actions. Later (in the 70s) these well-coordinated
activities dramatically decreased (in spite of the political and economical pressure) and were not able to
balance the further extension of soil degradation processes due to improper land use, cropping pattern,
soil management and agrotechnics.

Environmental Aspects of Soil-Water Problems
Soil moisture regime has particular significance in soil fertility. It determines the water supply of plants,
influences the air- and heat regimes, biological activity and plant nutrient status of the soil. In most of the
Central and Eastern European countries soil moisture regime strongly influences (sometimes determines)
the ecological potential and agricultural productivity of a given area, the biomass production of various
natural and agroecosystems, and the hazard of "nutrient pollution" of surface and subsurface waters [9].
E.g. in Hungary the 620 mm yearly average precipitation may cover the water requirement of the main
crops even at high yield levels. But the average shows extremely high territorial and temporal variability even in micro-scale. Under such conditions a considerable part of precipitation is lost by surface runoff,
downward filtration and evaporation. The non-uniform rainfall distribution is one reason of the extreme
moisture regime: the simultaneous hazard of waterlogging or over-moistening and drought-sensitivity in
extensive areas, sometimes on the same places within a short period [18, 20].
The other two reasons of the extreme moisture regime are:
the relief (in addition to the undulating surfaces the microrelief of the "flat" Hungarian Plain);
the unfavorable hydrophysical properties of soils [32].
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Table 5. Soil erosion.

Possibilities for control

Main reasons
Human activities

Natural factors
Strong surface runoff
- heavy rainfal!
- steep slope
- uncovered surface (lack of
permanent dense vegetation)
- limited infiltration

a) water erosion
- irrational land use, cropping
pattern (deforestation,
overgrazing, etc.)
- too large farming plots
- inadequate agriculture

Erodability of soil

- strong wind
- lack of permanent dense
vegetation cover
- dry and loose (non-stable) soil
surface
- lack of good soil structure

b) wind erosion
- as in part (a)
- lack of wind-breaks

Reduction of surface runoff
- reduction of slopes (levelling;
terracbg: contour ploughing)
- establishment of permanent and
dense plant cover (rational land
use, cropping pattern)
- help infiltration (deep-loosening)
- surface drainage
Reduction of soil erodability
(mulching; chemical reclamation;
soil conditioning)
Proper infrastructure (layout of
roads, canals; optimum-size plots)
- forest shelter belts (wind-breaks)
- establishment of permanent and
dense plant cover (rational land
use, cropping pattern, crop
rotation)
- stable soil surface (surface stabilization; irrigation; soil conditioning)

Table 6. Development of extreme soil reaction.
Main reasons
Natural factors
- acidic (non-calcareous) parent
material
- decomposition of plant residues
(leading to C 0 2 , acidic substances
- leaching (high precipitation + low
water retention)
- salt accumulation from
local weathering
surface
^
subsurface
>
waters
seepage
J
- improper drainage
vertical
horizontal
- migration of soil solution

Possibilities for control
Human activities

a) acidification
- acidic depositions, air pollution
(urban, industrial, etc.)
- improper fertilizer application
(form, dosage)

b) saUnization/alkalization
- salt accumulation from:
irrigation water
groundwater
with rising water table due to
human activities (unlined canals
and reservoirs; poor irrigation
practice; improper drainage)
applied chemicals (fertilizers.
amendments)
- alkalization due to applied
chemicals
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- rational (adequate) fertilization
system (form; dosage; Ca
fertilizers)
- chemical amendments (lime;
alkaline substances)
- air pollution control
- prevention of salt accumulation
good quality irrigation water (on
the field)
groundwater control (horizontal
drainage)
- lowering of "1 groundwater
- prevention of f table
rise of
J
saline seep control
- amelioration
reduction of alkalinity
(amendments)
Na + ->• Ca- + ion exchange
- Ca-containing amendments
(solubility)
- mobilization of soil-Ca acids,
acidic materials)
leaching (leaching requirements +
vertical drainage /deep ploughing
horizontal drainage

Table 7. Physical degradation of soils.
Possibilities for control

Main reasons
Natural factors
- lack of structure-forming and
stabilizing agents:
- inorganic and organic colloids
- cementing agents
- biological components (roots;
microbial and earthworm
activity)
- natural structure destruction
- heavy raining
- surface runoff, flood, waterlogging
- chemical proeprties (e.g.
alkalinity, etc.)
- climatic extreme
- too high or too low precipitation
- uneven territorial and time
distribution
- extreme soil texture
- poor soil structure
- shallow depth (solid rock; pans;
cemented or compacted layers on
or near to the soil surface)
- heavy surface runoff
from the area -» drought
to the area -» ovennoistening,
waterlogging

Human activities
ajstructural damage, compaction
- mechanization (heavy machinery;
combined operations; overtillage
- tillage in improper moisture
conditions
- poor moisture-control practice
- irrigation (intensity; method)
- drainage
-unfavourable changes in organic
matter regime (chemical soil
properties; biological degradation;
improper recycling; lack of
organic fertilizers)
b) extreme moisture regime
- inadequate
- land use
- watershed management
- improper agrotechnics
structural damage (a)
surface crust
plough pan

- proper agrotechnics
- tillage (time; moisture content;
accuracy, "quality" and number
of operations) <— technical
background
- cropping pattern, crop rotation
- organic matter recycling
- irrigation (moisture regime
control)
- chemical amelioration
(improvement of acid- and saltaffected soils, sands, etc.)
- soil conditioning
Soil moisture control: improvement
of water-use efficiency
- amelioration
- control of water (5a) and wind
(5b) erosion
- soil reclamation (acidic, saltaffected and sandy soils, etc.)
- deep loosening
- improvement and stabilization of
soil structure (7a)
- irrigation
- drainage (surface and subsurface)

Table 8. Other soil degradation processes.
Main reasons
- See Tables 5, 6, 7
- intensive use of chemicals
- fertilizers
- pesticides
- growth-regulators
- other chemicals
- soil pollution

• See Tables 5, 6, 7, 8a
• non-adequate system for plant
nutrition (fertilization)

Consequences

Possibilities for Control

a) biological degradation
- undesirable changes in microbial
populations total number; species
spectra; activity, etc.)
- undesirable changes in earthworm
activities
- desirable —> undesirable changes
in the biological transformation
processes

- see Tables 5, 6, 7 -> better
environment for the desirable soil
biological processes
- rational system for plant nutrition
- prevention of soil pollution
environment protecting agriculture
- inoculation

tnfavourable changes in the nutrient r gtme
- limitations in the optimum nutrient
- See Tables 5, 6, 7, 8a: increase
supply of crops (leaching; surface
nutrient use efficiency
runoff; immobilization)
- rational nutrient regime control
- undesirable ion antagonisms (as a
fertilizer application
result of 6 and 8a)
mobilization of the nutrient
- nutrient "pollution" of surface
resources of soil
and/or subsurface waters
recycling of organic residues

c) decrease of buffering capacity (-+ poltuttor
- unfavourable changes in abiotic
- limitations in crop growth and
and biotic soil processes
metabolism
- overdosage of chemicals
- biological degradation
(overdosage; uneven distribution)
- toxicity
- pollution from other sectors
- agriculture (liquid manure)
- industry
- mining
- urban development
sewage waters, wastes.
by-products of various origin and
chemical composition
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toxicity)
- no overdosage!
- prevention of permanent and
periodical stresses
- increase the buffer capacity of soil
- agrotechnics
- amelioration

The hydrophysical properties of soils are closely related (reasons or consequences) to the limiting
factors of soil fertility (Table 4, Figure 2) and soil degradation processes (Table 4). This is shown by Figure
4, where the main soil reasons of non-favorable and moderately unfavorable moisture regimes are
illustrated [18, 20].

D
03
IS 5

0 6

Ds
Figure 4. Distribution of soils with good and unfavorable hydrophysical
properties in the counties (administrative districts) of Hungary. 1-6:
Soils with unfavorable hydrophysical properties. (1) due to coarse
texture; (2) due to heavy texture; (3) due to clay accumulation in the
B horizon; (4) due to salinity/alkalinity; (5) due to peat formation; (6)
due to shallow depth (7) Soils with good hydrophysical properties.

The highly variable moisture regimes would necessitate a special "double-faced" soil moisture control
in Hungary:
- ensuring (or making possible) the drainage of excess water

i when and where

- giving the necessary additional water

ƒ it is necessary,

sometimes simultaneously.
Both actions are costly and faced with serious limitations:
(a) drainage: poor permeability of soil; limited capacity of drainage canals and drainwater reservoirs;
salinity problems);
(b)

irrigation: relief; limited and still decreasing water available for crop production as a result of
limited surface and subsurface water resources and the increasing water demand of other
sectors.

Consequently, all efforts have to be taken to improve agricultural water use efficiency by proper soil
management:
- to help infiltration to the soil;
- to increase the water storage capacity of soil;
- to improve the water availability for plants.
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All actions ensuring normal soil functions are related to the regulation of the substance regime of soil,
which is - in most of the cases - closely connected with soil moisture control in Hungary. On the other hand,
most of the measures for soil moisture control are - at the same time - the elements of environment control,
as it is shown in Table 9 [24].
Table 9. Elements and methods of soil moisture control with their environmental impacts.

En vironmental

impacts

Methods

Elements

Favourable

Surface runoff

%
O

Evaporation

Feeding of groundwater by filtration
losses

Increase of the duration of infiltration (moderation of slopes:
terracing, contour ploughing; establishment of permanent and
dense vegetation cover; tillage); improvement of infiltration;
soil conservation farming system

1.

Unfavourable

-

la. 5a, 8

a
o^

Help infiltration (tillage, deep loosening); prevention of ninuff and seepage, water accumulation

2. *

-

a
3

Increase of the water storage capacity of soil; moderation of
cracking (sou reclamation); surface and subsurface water
regulation

3b, 7

-

Minimization of filtration losses (_j); groundwater regulation
(horizontal drainage)

2, 3, 5b, 5c

-

L

4. 5a. 7

-

4,

5b, 6, 7

-

c
Rise of water
table

Minimization of surface runoff (tillage practices, deep loosen-

Infiltration

S*

ing) U )

3
Storage in the
soil tn available
form

£
2,-

Irrigation
Surface
\
Subsurface J

Increase of the water retention of soil;
adequate cropping pattern (crop selection)

Irrigation: groundwater table regulation

driinage

Surface
1
Subsurface j

drainagc

4, 5c 7

9. 10

1. 2. 3, 5c,
6. 7

11

Environmental Impacts
Favourable

Unfavourable

Prevention, elimination, limitation or moderation of the following phenomena:
1
la
2
3
4

Water erosion '
Sedimentation
Secondary salinization. alkalization
Peat fromaiion, waterlogging, overmoistening
Drought sensitivity, cracking

5a
5b
5c
6
7
8

Surface runoff ( - surface waters - eutrofication) of plant nutrients
Leaching ( - subsurface waters) of plant nufx.
Immobilization of plant nutrients
I'mmatiim of phrto-loxic compounds
„Biological degradation"
Flood hazard

9

10
11

Qvermoislcning: waterlogging;
peat and swtmp formation; secondary salinizaiion/allcalizatton;
Leaching of plant nutrients
Drought sensitivity

In the last years a comprehensive soil survey - analysis - categorization - mapping- monitoring system
was developed forthe exact characterization of hydrophysical properties, modelling and forecasting of water
and solute regimes of soils. The system may serve as a scientific basis for soil moisture control and it was
efficiently used for practical soil water management both for crop production and environment protection
[18, 20].
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Environmental Aspects of Fertilizer Application
Before World War II the plant nutrient status of Hungarian soils was rather poor, due to the negative
nutrient balance: more nutrients were taken up by the cultivated crops and were taken away from a given
territory as yield (or biomass) that was being put back in the form of organic and green manures or
fertilizers [24, 37].
From 1955 there was a rapid increase in the fertilizer consumption (Figure 1). This tendency was one
of the reasons of the substantial yield increase during the same period (Table 2). Another consequence
was that - due to the positive nutrient balance - the nutrient status of Hungarian soils was significantly
improved. In the early seventies well-equipped agrochemical laboratories were established in each county,
a regular soil test system (with 3-year cycles) was introduced and a national advisory service was
organized, including 19 regional soil testing and plant analysis laboratories [26].
In spite of these developments there were serious problems and inadequacies in the fertilizer
application technology (improper N-P-K ratio; lack of Ca, Mg and micronutrient supply; limited variety of
fertilizers; problems with their storage, time of application, way of distribution; etc.). The main problem,
however, was an unfavorable "polarization" tendency in fertilizer application [1]:
(a)

better soil -> rich farm -> higher rate of fertilizer application (in spite of the lower requirements
-» better nutrient status of soils) -> overdosage;

(b)

poor soils -> poor farms -> lower rate of fertilizer application (in spite of the higher requirements
-»lower nutrient supply of soils) -» underdosage.

The over-generalization and the imperative "maximum-concept" led to false conclusions, decreased
the effectivity and efficiency of mineral fertilization, and resulted in environmental side-effects, like:
soil acidification (due to non-adequate type of fertilizer, lack of simultaneous lime application) and its
consequences: mobilization of toxic elements ("chemical time bomb effect"), fixation of some of the
nutritive elements, etc. [10, 33, 34];
load of surface waters by P compounds (mainly due to surface runoff, lateral erosion and sediment
transport);
contamination of subsurface drinking water resources by nitrates (leaching);
accumulation of harmful toxic elements in the various stages of the "food chain": in soils, plants,
animals and human organs, according to their solubility, mobility and availability [4, 8].
(Most of) these side-effects - however - are not inevitable and uncontrollable consequences of fertilizer
application: they can be prevented, or at least reduced, efficiently by precision nutrient management, based
on the nutrient requirements and nutrient uptake dynamism of cultivated crops (the specific requirements
of species, variety or even genotype); the nutrient status and other properties of soils; the characteristics
of agroclimate and hydrology conditions of the given landsite.
All of these factors were taken into consideration in the development of our new plant nutrition advisory
system which was efficiently used on several hundred hectares year by year [12, 37].
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Influence of Land Use and Nutrient Management on Water Resources
The impacts of crop production on surface and subsurface water resources can be summarized, as follows
[14, 23]:
(a) Soil erosion by water results in considerable soil losses in the undulating hilly regions of Hungary.
According to the latest estimations this soil loss is about 80-110 million m3 yearly, which means
considerable losses in organic matter (1.5 million tons) and plant nutrients as well. The other
unfavorable consequence of soil erosion is sedimentation; silting up of waterways, canals and
reservoirs (limitations in their functions; necessity of their more frequent cleaning ->increasing costs);
and increasing hazards of waterlogging and floods in the lower parts of the watershed [11, 13, 27].
(b) P fertilization. Because most of the P compounds have low water solubility their liquid transport and
leaching is negligible (is limited to some centimeter distances). But adsorbed (fixed) P, insoluble P
compounds and sometimes P fertilizer particles can be transported by surface runoff directly to surface
waters. Their high P concentration may result in increasing eutrophication and its undesirable
consequences:
rapid silting up of canals and reservoirs (see above);
unfavorable changes in the aquatic ecosystems of shallow lakes (e.g. Lake Balaton, particularly
the Keszthely Bay: recreation problems, fish disease, etc.).
(c) K fertilization. Most of the potassium fertilizers are highly soluble and can be leached from the profile
of light-textured soils. In heavy soils the greater part of soil-K is fixed not only on the clay surfaces but
within the lattice structure of the swelling clay minerals. Potassium has a negligible importance from
the viewpoint of environment pollution.
(d) N fertilization. The nitrate pollution of subsurface waters is one of the most important environmental
problems in many countries. In Hungary more than 600 villages are supplied with bottled water
because the nitrate concentration of the drinking water supplies exceeds the permissible limit. The
potential sources of these high N concentrations can be the following factors:
(1) Liquid manure from large, concentrated livestock farms. The annual 9 million m3 of liquid manure
is distributed on 70 000 ha of agricultural fields (approx. 7 M m3) and 5 000 ha of special "filter
fields" (approx. 2 M m3), resulting sometimes in considerable point source N pollution of
subsurface waters [23].
(2) Sewage waters, sewage sludges and solid wastes as a result of industrial, urban and rural
development. In many settlements drinking water supply was introduced without the simultaneous
establishment of canalization. This resulted in rising water table ("groundwater hills" below these
villages) and an increasing hazard of N contamination of the groundwaters.
(3) Recreation and tourism, without appropriate waste water management.
(4) Illegal local sources (e.g. use of "old" wells for waste disposal, etc.).
(5) Irrational N fertilizer application.
Rational N fertilization cannot cause a significant N pollution, because, if we use the necessary
amount of N - according to the crop's requirement - then N losses (sources of N pollution) can be
efficiently reduced to a minimum level. What are the main possibilities of the N pollution of
groundwaters due to N fertilization?:
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leaching of N through preferential pathways, such as cracks and biological channels (roots,
earthworm channels);
uncontrolled N application in "hobby gardens";
improperfertilizer application, non-adequately selected forthe crop requirement (nutrient uptake),
soil properties and weather conditions; problems in uniform distribution, or differential distribution
according to the N status of the soil; time of application; etc.
Any improvement in the technology of N fertilizer application will result in the reduction of
losses ( -> higher efficiency) and environmental hazards.
(e)

Water soluble salts. Leaching of Na salts from the soil profile is favorable for the given soil
(-> decreasing salinity), but increases the salt concentration in the drainage water. Consequently, this
water cannot be used for irrigation again, and can be drained to international waterways only up to
a certain quality limit prescribed by international agreements. In addition to other facts (high clay and
swelling clay content, Na2C03-NaHCCytype salinity -> high alkalinity -» high ESP -» very low
permeability of the soil; lack of frost-free period after the growing season; lack of good quality water)
this is the main reason why we cannot use the traditional leaching-drainage concept for salinityalkalinity control and the only way for that is a well-functioning prediction -» prevention system [15,
16].

(f)

Pesticides and other organic chemicals. Hungary takes part in the various international programs on
these subjects ("Mapping of critical loads"; "Chemical Time Bomb"; "Vulnerability of soils to organic
pollutants"; etc.) and these researches are in the focus of our future scientific activities.

In the last years a comprehensive Project Proposal was elaborated and submitted to ECE for funding
on the "Long-term environmental risks for soils, sediments and groundwaters in the Danube Catchment
Area". The framework for the first phase of this Project is shown in Figure 5. It will give a basis for the
second phase which will be a complex Environmental Master Plan for the whole region [35].

Soil Pollution and its Management
Most of the elements occurring on Earth can be found in the soil. Their quantity, quality, solubility, mobility;
availability for microorganisms, plants, animals and human-beings show an extremely wide spectra. Most
of these elements are essential for the living organisms, but - over a certain "threshold concentration" - a
great part of the same elements can be harmful, or even "toxic" for the same organisms [8, 23].
The occurrence and accumulation of these elements (e.g. heavy metals and other - potentially toxic elements such as Al, As, F, etc.; organic pollutants; water soluble salts; nitrates, P and S compounds; etc.)
can be due to natural sources, as:
•

air (NOx, SOx, etc.) via wet and dry atmospheric deposition;

• water (B, Na, N, etc.) via irrigation water or groundwater;
• soil and geological deposits (P, K, Ca, Mg, Na, Fe, Al, Mn, As, Co, Cu, NI, Se, Zn, etc.) via local
weathering and soil formation processes;
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Phase 1
Set-up conceptual framework and scientific infrastructure for "Long term
Environmental Risks for Soils, Groundwater and Sediments
in the Danube Catchment Area"
Identification of
planning objectives and
criteria

^

Natural system
development

V

Specification of analysis
conditions: Danube
catchment, time horizon

Workpla

D

Analysis natural system: impacts, long term environmental risks.

Screening maps: An inventory of past and present pollutant
sources and polluted sites
Tasks forces on methodology
Analytical methods
Environmental standards
(Bio)monitoring
Geographical Information Systems
Mapping of vulnerability
Modelling
Identification of pathways

Multi-disciplinary hot-spot study in each country
Transboundary (bilateral) case studies on hot spots
Set-up of framework for an Environmental Master Plan

Interaction with
policy makers
(workshops)

Contribution to
conceptual framework for Environmental
Masterplan. Proposal second Phase.
Symposium

Figure 5. Framework for the first phase of the project on the longterm environmental risks for soils, groundwater and
sediments in the Danube catchment area.
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or it can be the consequence of various human activities (industry, energy production and energy used,
agriculture, urban and rural development, transport, domestic, commercial and military activities producing
or using irrigation water, organic manure, liquid manure, mineral fertilizers, amendments for soil
reclamation; sewage waters, sewage sludges, solid wastes; etc.). In addition to the increasing quantity
(accumulation) of these elements the sudden - sometimes surprising - mobilization of the - temporarily immobile pollutants as a consequence of changes in soil properties (e.g. soil acidification,
salinization/alkalization, destruction of soil structure and clay minerals, decrease of organic matter content
and buffer capacity, limitations in the "filter function" of the soil, etc.) is even more harmful. This timedelayed effect of potentially harmful chemical compounds is the typical "chemical time bomb" (CTB)
problem.
Both accumulation and mobilization of these elements and compounds represent a serious
environmental problem in many parts of Central and Eastern Europe.
The main potential possibilities of so/7 pollution control are schematically illustrated by Figure 6. Its
main elements are:
emission/imission reduction (preventing or reducing the quantity of pollutants deposited or transported
to the soil surface or into the soil);

®
vulnerability
soils
susceptibility of waters
sensitivity
ecosystem
to various compounds

^EMISSIONJ
- TRANSMISSION

I

IMISSION
LOAD
(Deposition, (a)
accumulation)

©
CRITICAL LOAD
concentration
(stress)
0

_&
(MOBILIZATION)

£L ® _Q_

CTB
IMMOBILE CONTENT
(POOL)

Figure 6. Strategy for pollution control (i: increase; d. decrease).

prevention of the mobilization of potentially harmful chemical compounds or elements which are
already present in the soil but in - temporarily - immobile form;
decrease of the susceptibility/vulnerability of soil against various pollutants (with the increase of the
buffering capacity of soils) which tolerate higher critical load of pollutants, consequently reduce the
"exceedance-risk" and the unfavorable ecological consequences [25].
For the comprehensive assessment of the status and regime of these elements in the soil and for the
evaluation of their ecological impacts and environmental hazards
the character of the contaminants (their total, soluble, mobile, plant-, animal-, and human-available and
toxic quantities);
53

their sources and pathways (atmospheric wet and dry deposition; vertical movement within the soil;
horizontal transport, such as surface runoff, seepage in the unsaturated zone, groundwater flow;
abiotic and biotic transformation, etc.)
has to be identified and quantified.
In the last years great efforts have been made in most of the Central and Eastern European countries
for such assessments. It is a fact that many of these failed because of financial difficulties and even the
operated programs were stopped or radically reduced. In Hungary, i.e., a national program started in 19871988 for the monitoring of micronutrients and potential pollutants. According to the plan the 0-30, 30-60
and 60-90 cm layers of 6000 soil profiles (representing 5 million hectares of agricultural fields) would have
had to be sampled in 3-year cycles, and 1000 "representative" soil samples have had to be analyzed for
20 elements in 5 various soil extracts. The huge Program stopped during the 2nd cycle. The results of the
first cycle were indicated on 1:2 000 000 scale thematic maps using a 6x6 km grid system.
At the same time thematic maps have been prepared on the susceptibility/vulnerability of soils against
various pollutants, their critical loads were calculated and efficiently used as guidelines for non-harmful
waste, waste-water and sewage sludge disposal.

New Trends, Further Developments
At the end of the 80s considerable changes took place in the political and economical circumstances in the
"post-Eastern-block" Central and Eastern European countries. Not only the communist ideology, the
inefficient, politically dictated and manipulated economy collapsed, but the "gianto-maniac" concept of
"industrialized", strongly-controlled, high-input agricultural production, as well. Some of the main changes
have been mentioned earlier in this paper.
These changes were rather different in the various countries of the region and the following facts are
valid directly for Hungary, but similar tendencies can be observed in Slovakia, in the Czech Republic, and
in Poland, as well.
In the last years the primary objectives of agricultural development and biomass production changed
considerably. Instead of the global quantity aspect quality (exportability, efficiency and economy (based on
a real and exact cost-benefit analysis), and environmental impacts became more and more important.
The planned economy restructuring can be characterized by the following tendencies in agricultural
production:
(a) Privatization of agricultural land to a rational extent:
mixed ownership: co-existence and cooperation of private, co-operative and state sectors;
decreasing size of farming units and agricultural fields -> more flexibility and better possibility for
rational land use, cropping pattern and agrotechnics according to the given ecological
circumstances;
ownership feeling -> more care for maintaining soil fertility and for stabilizing environmental
sustainability.
(b) Market-oriented production with special regard to efficiency (input reduction) and sustainability
(prevention, or at least minimalization of harmful environmental side-effects).
(c) Steps toward an European integration, with special attention to quality standards and environmental
aspects.
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The new tendencies result in two - contradictory - consequences for the environment:
(i)

the re-establishment of the lost ownership feeling will help the farmer to maintain soil fertility in his
holdings because it is his interest (better yield; higher land price, etc.);

(ii) the short-term market-oriented production of a land-user may lead to serious environmental
deterioration, because of the lackage of the necessary (but sometimes costly) preventive measures,
especially in cases when the harmful side-effect is detectable one-two years later or appears in the
surroundings (off-site effects: e.g. secondary salinization of soil, or nitrate pollution of groundwaters
in the low-lying areas as a result of irrigation, or overdosage of N fertilizers in the surrounding higher
territories).
The rational privatization of land and the market-oriented production give potential possibilities for the
establishment of a flexible sustainable agriculture. It will be based on various production systems with
special roles of "intensive" (not equal to "big", "high", "large", "much"), low input and organic (biologicalecological) farming systems.
The new circumstances formulate the main tasks of a productive, efficient (economically viable),
socially acceptable and environmentally sound sustainable agricultural development, land use and soil
management including the following elements:
(1) Territorial coordination of the agroecological conditions and the ecological requirements of cultivated
crops, taking into consideration both the production and the environmental aspects in short-, mid- and
long-term time scales: rational land use.
(2) Rationalization of the structure of agricultural fields by the optimization of field size according to the
given physiography conditions resulting more homogeneous fields for the uniform agrotechnical
measures.
(3) Elaboration, adoption and implementation of scientifically-based crop production technologies, including
5 fundamental elements:
-

adequate cropping pattern and crop rotation;
reduction (minimalization) of "production wastes" with their recycling;
improvement of agricultural water-use efficiency;
precision nutrient management, including rational fertilizer application;
integrated pest management with minimum use of chemicals.

The rate, direction and technologies of crop production are economy driven. In contrast, the
maintenance of soil functionality, the quality of surface and subsurface water resources, and the protection
of the natural environment (the biosphere) are not economy-dependent, but imperative tasks. Only their
efficient and most economic methods can be selected on the basis of cost/benefit analysis.
For the above-mentioned purposes:
(i)

the criteria of sustainable agricultural development and crop production have to be defined and
quantified;

(ii) the necessary economical regulations have to be elaborated (such as: tax, price, credit, subsidy
regulations, etc.) guaranteeing the fulfillment of these criteria;
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(iii) the defined and quantified criteria and the economy regulations have to be formulated in various legal
documents (laws and related official documents);
(iv) the potential possibilities and efficient ways (methods) of sustainable crop production have to be
elaborated, adopted, published and demonstrated, which needs the establishment of appropriate
mechanisms for research, training and education, demonstration, extension and advisory service;
(v) the necessary mechanisms for continuous control have to be built up.
The main tasks of the scientist - extensionist - farmer • environmentalist community in the future will
be:
ensuring the above-mentioned preconditions;
broadcasting the present knowledge and providing the necessary help (education, extension and
advisory service, technical assistance, etc.) to the land user;
establishment of proper society control mechanisms (legislation, financial policy and other economy
regulations) to stimulate (or even press - when and where it is necessary) the land users for
sustainable land use, including precision nutrient management.
The effective realization of these tasks must be jointly guaranteed by the State, by the land-owner and
by the land-user for the benefit of efficient, rationally privatized, market-oriented, sustainable agricultural
production harmonized with successful environment protection, ensuring pleasant environment and a
promising future.
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Abstract
Agriculture is a key sector in most tropical countries. Development of sustainable agriculture is essential
for economic growth, for redressal of poverty and food security, and for productive management of natural
resources.
The past three decades are marked, in several developing countries, by an accelerated growth and
productivity of agriculture. The impact of research and extension services was particularly evident during
the 60s and 70s when the introduction of green revolution technology stepped up growth in productivity of
particularly wheat and rice. However, large tracts of unirrigated drylands were bypassed by green
revolution technologies. The productivity of these areas has remained low, the yields of most crops have
hovered around 11 ha'. Further there is a widespread consensus that the sustainability of rainfed areas
is under a serious threat, because of the exposure of the land to human induced degradation.
Climate clearly is the primary constraint to sustainable production in rainfed agriculture in tropics. Bulk
of the annual rainfall is received in a short rainy season lasting from 2 to 6 months; characteristically 6-10
months are dry. Because of the very nature of the forces of its inception, the rainfall in the tropics is
variable, highly intense, and rainy wet periods are interspersed with long dry periods.
Tropics are also characterized by high temperatures, and low organic matter weathered soils endowed
with a low (< 50 mm) to medium water holding capacity (= 100 mm) in the root profile. The combined
effects of variable rainfall, high evapotranspiration rates, shallow depth, surface-sealing, and low water
holding capacity soils leads to unreliable soil moisture availability. This leads to low crop yields and crop
failures in droughty years.
Since rainfall amount and distribution, in the absence of irrigation, assert a major control on crop
performance in tropical environments, the solutions must center around increasing rainwater utilization.
The successes of sustainable rainfed systems thus hinge on tempering rainfall variability by choosing
suitable land and water management systems so that water availability risks are buffered.
Managing land and water by treating land as a hydrologie entity, or watershed as a basic planning unit
has been found as a comprehensive approach for an efficient resource use in rainfed agricultural

production units. Research conducted across rainfed areas of India by the Indian Council of Agricultural
Research, the Central Research Institute for Dryland Agriculture, and the International Crops Research
Institute for the Semi-Arid Tropics has consistently established that the adoption of watershed based land
and water management techniques have resulted in higher crop yield, reduced soil erosion, increased
rainwater use efficiency, and improved socioeconomic indicators of sustainable agriculture.
In order to fully realize the operational benefits of the improved watershed management programs, the
soil scientists and land use planners have a central role to play. Their expertise and knowledge when
pooled together, could help to integrate the physical components of land with the biological components
so that the various options on productive land use systems in different ecoregions are presented to the
farmer. The 'ecoregional' bias would provide a geographical framework for identifying uniform areas from
which near equal yield gains be expected in response to 'somewhat' similar management practices. This
would facilitate the use of computer-aided geographical systems. Thus, a regional rather than site-by-site
approach in planning sustainable land use across watersheds would be available. The implementation of
such a schema, would require that all soil and related environmental inventories are available in digital
formats in relational database management systems. In sustaining rainfed agriculture in the tropical world
basic knowledge of rainfall climatology and land attributes is necessary for efficient rainwater management
for conserving resources and the preservation of the environment.

Introduction
Agriculture is a key sector in most tropical countries. As an example, agriculture generates 35% of India's
GDP, employs 70% of the labor force, and shelters 80% of the poor. Development of sustainable
agriculture is essential for her economic growth, for redressal of her poverty and food security, and for
productive management of her natural resources.
The past three decades are marked, in several developing countries, by an accelerated growth and
productivity of agriculture. The impact of research and extension services was particularly evident during
the 60s and 70s when the introduction of green revolution technology led to accelerated growth in
productivity of particularly wheat and rice crops. The emphasis during this period was on the promotion
of the new high yielding varieties, increased use of fertilizers and irrigation. However, large tracts of
unirrigated drylands were bypassed by the green revolution. The productivity of these areas has remained
low, the yields of most crops have stagnated around 1 t h a ' . Further there is a consensus that the
sustainability of rainfed areas is under a serious threat, because of widespread exposure of the land to
human induced degradation.
Of the 180 million ha gross cropped area, 65% is farmed under rainfed conditions in India. Rainfed
agriculture supports 40% of the population and contributes 44% food to the nation's food basket. It
accounts for nearly 70% of the oilseeds, 90% of the pulses and 70% of the cotton. Cropping intensities
and crop yields are low and are unstable due to unpredictable swings in rainfall, a host of biotic and abiotic
stresses and adherence to age old farm and crop management practices. Ending neglect of rainfed
agriculture by improving productivity through scientific management of fragile dryland ecosystem is the first
step in sustaining high productivity goals. Stability of rainfed agriculture is possible to guarantee by an
effective tackling the weather aberrations so that yields are sustained. This paper lays emphasis on the
overall development of drylands for maximizing the usefulness of limited rainwater by imposing relevant
conservation measures, and by priorating crops/cropping systems.
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Rainfed Regions: Key Characteristics
Seasonal aridity is a distinguishing feature of semi-arid tropical rainfed regions. In the dryland regions,
rainfall exceeds potential evapotranspiration for 2 to 7 months in a year. The mean annual temperature
of 18°C separates tropics from subtropics. An abundance of sunlight is another notable characteristic of
semi-arid tropical and subtropical regions. Among the three important climatic elements for crop
production—rainfall, temperature and solar radiation, behaviour of rainfall is most uncertain. The coefficient
of variation of mean annual rainfall varies between 20% and 50%; while that of annual temperature and
sunshine, have a cv of around 5% only. Obviously, in monsoonal India where 70% of the total net sown
area is essentially rainfed, errant fluctuation in rainfall, is the primary constraint to sustainable crop
production. The situation is complexed further by the overexploitation of natural resources and associated
degradation in the quality of land, due primarily to an annual increase of 2.1% in the already burgeoning
population of 880 million who quest for additional land for agriculture.

Rainfall in India: Regularly Irregular in Distribution
On an average, India receives annual rainfall of 1 100 mm which ranges from 100 mm in parts of Thar
desert in the West India to over 10 000 mm in northeastern parts (Anantha Krishnan et al 1984). Wide
variations in rainfall are a result of monsoonal troughs and intertropical convergence zones. Topography
of the Indian land mass, its proximity to sea, the effects of atmospheric sinks like dense forested zones,
El-nino effect (Quinn 1974) and the surface albedo in West Asia (Otterman 1974) are the principal factors
that contribute to variations in rainfall distribution. Southwest monsoon contributes 72% of the total rainfall
received in India. Only 3% of the annual rainfall occurs due to northeast monsoons. Remaining 25%
occurs as pre- or post-monsoon rain largely due to cyclonic and thunder storm activity. Table 1 indicates
the geographical spread of area viz-a-viz annual rainfall for India.
Table 1. Area distribution in India according to rainfall (1982-83).
Rainfall zone
mm/annum
Very low (< 500 mm)
Low (500-750 mm)
Medium (750-1150 mm)
High(> 1150 mm)
Himalayan and Shivaliks mountain

Net sown
area

Net irrigated
area

Net rainfed
area

14.3
33.9
48.2
42.4

3.9
10.5
15.7
8.9

10.4
23.4
32.5
33.5

3.0

0.9

2.1

In India, rainfall deviations from the normal in terms of time of commencement, intermittent failures and
early withdrawal result in drought-like conditions. During the past 120 years (1870-1990), 29 agromet
divisions out of 35, experienced 420 drought events of varying intensity. On 70 occasions, the drought was
of severe intensity (Katyal et al 1993a). As the amount of annual rainfall decreases the coefficient of
variability tends to increase. As a result, probability of drought persistently haunts the low rainfall regions
(Table 2).
Annually, India receives 400 m ha m (million hectare meters) equivalent of rain water (including that
contributed by melting snow) (Table 3). About half of this water (178 m ha m) flows as surface runoff
according to the reports of India's Irrigation Commission. Due to topographical and other land form
conditions only 40% of the surface flow is harvestable through big reservoirs. Around 100 m ha m of the
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Table 2. Effect of mean annual rainfall on coefficient of variation (CV) and probability of occurrence
of deficit rainfall in India.

Station
Jodhpur
Anantapur
Hyderabad
Varanasi
Ranchi
Shillong

Mean annual
rainfall (mm)

CV of annual
rainfall (%)

369
568
767
1026
1434
2415

Probability (%)
of occurrence
of deficit rainfall
(< 75% of normal)

55
30
29
25
21
15

51
38
31
25
20
7

Source: B.V ' Ramana Rao (personal communication).

Table 3. Distribution of geographical area in different rainfall zones in India.
Rainfall
zone
(mm)
100-500
500-750
750-1000
1000-2500
>2500

Geographical
area
(m ha)1

Rain water
availability
(m ha m)2

52.07
40.26
65.86
137.24
32.57

15.62
25.16
57.63
205.86
95.73

328.00

400.00

1. Million hectare
2. Million hectare meter

surface flow, thus, remains underutilized. According to Katyal et al (1993b), 24 m ha m rainfall runoff can
be potentially conserved at the primary source, i.e., the donor area of the catchment or watershed. Of this
nearly 6 m ha m is harvestable through field level structures, i.e., farm ponds in the rainfed zones receiving
annual rain less than 1 000 mm. Lack of adequate attention to conserve this resource (surface runoff) is
the major cause of the iterative droughts experienced particularly in the low rainfall areas (generally regions
with < 750 mm annual rainfall).

Land Degradation: A Widespread Menace
Uncontrolled runoff erodes the top soil. It has been observed that soil loss of 5 t ha'' yr'1 and 31 ha"1 yr"1
from uncultivated fallow and cropped land, respectively are of common occurrence. In early 80s, the Food
and Agriculture Organization (FAO 1984) warned that if the soil erosion went on unchecked till the year
2000, about 18% of the rainfed crop land of the developing nations will be wiped out. The resultant
productivity fall will be around 30%. In India, annually 26.2 m ha are affected by soil degradation due to
soil erosion (NBSS&LUP 1992).
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Erosion, whether by water or wind is the single most important factor leading to wide scale degradation
of Indian land mass (Sehgal and Abrol 1993). Of the 329 m ha of the total geographical area of India, 166
m ha suffer from degradation of one or of the other kind (NBSS&LUP 1992). Erosion of top soil by water
affects 140.4 m ha (Sehgal and Abrol 1993). The potential productivity of another 15 m ha of top soil is
affected by wind erosion. On account of long rainless periods (upto 10 months) and the exposure of lands
to overgrazing by cattle, due to uncontrolled grazing, leave the rainfed soils devoid of any significant
vegetation. Parched barren lands fall an easy prey to erosive forces of both water or wind.
Erosion excerabates the transport of organic matter rich top soil. High temperatures of the arid and
semi-arid tropical regions further reduce soil organic matter. Loss of organic matter aggravates the
impoverishment of soil resource of several elements essential for plant growth. Typically, almost all the
N and S (95%) reside in organic matter. Nearly 70% of available Zn and Cu are in organic form (Hodgson
1969). Between 20% and 70% of the soil P is of organic origin (Dusburg et al 1989). Continuous
unabated destruction of top soil thus ruins native fertility of drylands. The comment that ihe tropical rainfed
crops suffer more often from a variety of nutrient deficiencies rather than from moisture inadequacy' does
not seem to be an exaggeration.
Apart from hastening deterioration in soil fertility, soil erosion also reduces effective soil depth. Shallow
depth soils are a familiar feature of rainfed soils. Such soils have less volume to store rainwater and offer
less volume for roots to mine soil. Terrain deformation or undulating physiography thus also occurs due
to soil erosion. In an estimate made by National Remote Sensing Agency of India (NRSA 1985) the total
area under undulating lands is 10.8 m ha. More recently, Sehgal and Abrol (1993) have estimated that
16.3 m ha of Indian land surface suffers from terrain deformations.

Land Use: Sine Qua Non is Rain Water Conservation
Table 4 presents the area under main categories of land use. Of the 142 m ha net sown area 45 m ha
are irrigated. Largely, the irrigated areas are cropped more than once annually. The remainder 97 m ha
of net sown area is rain dependent. Typically, areas located in very low to medium rainfall zone with a
mean annual rainfall < 1 150 mm are covered by poor water holding shallow depth soils. Such areas
occupy two thirds of the total rainfed areas. Consequently, these are the areas where the combined effects
of variable rainfall, high evapotranspiration rates, poor water holding capacity of soil lead to unreliable
moisture availability for successful crop production. Crops are periodically exposed to suboptimal moisture
availability during one or more critical phenological stages of the crop. The adverse effects arising from
drought can be effectively minimized by selecting crops/crop varieties and cropping systems with duration
that match the secure moisture availability period. Adequacy of moisture determines the length of growing
season which is defined as the time span during which a crop/cropping system does not face continuous
moisture shortage'. The amount and distribution of rainfall, soil moisture storage capacity and the rate of
evapotranspiration are integrated in a water balance format to arrive at the length of the growing season.
Regional diversity in crops/cropping systems is a reflection of the growing season.
Through the efforts of national agricultural research network, supplemented by valuable support from
the International Research Centers like ICRISAT, satisfactory information on standard agronomy,
appropriate choice of crops, their varieties and cropping systems and input use to control common biotic
and abiotic stresses has been developed in India. Despite these advances, risk and instability of
agricultural production are the hallmarks of the rainfed agriculture. Suboptimal moisture availability is the
root cause of the problem. It is the atypical rain distribution which entrains water deficits during the
cropping season. Although variations of rainfall are difficult to predict, 'its adverse effect can be minimized
by conserving the rain water where it falls. Apparently, any solution to stabilizing India's rainfed agriculture
must center around maximum rainwater utilization for crop production. However, to sustain agriculture, it
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will be essential to harmonize the strategies of rainwater conservation and its judicious use, with
environmentally friendly crop production technologies.
Table 4. India—the land use (1988-89).
Category

Area (million ha)

Geographical area
Reporting area
Forests
Net sown
Fallows
Non-agricultural uses and
barren and unculturable
Pastures and culturable wastes

329
305
67
142
24
41
30

Source: Agricultural Statistics at a Glance 1993.

Watershed: A Unique Approach for Integrated Development of Rainfed Agriculture
Water deficits are a demonstration of imbalance in hydrological cycle on a microscale. Since rainwater can
be effectively conserved, managed and budgeted by delineating the dryland areas into discreet hydrological
units, the concept of watershed has emerged. With watershed as the hydrologie unit of development, it
is possible to work out a comprehensive approach for an efficient natural resource use plan.
The concept of management of water on a watershed basis is not new, it has been known since long.
However little emphasis was given to integrate water conservation and crop production technologies. It
was in 1983, when Indian Council of Agricultural Research (ICAR) piloted a National Watershed Program
with 47 Model Watersheds spread across the country. This agricultural development approach is holistic.
These watersheds have served as testing grounds for the available dryland technologies, and have been
effectively utilized as a channel of feedback mechanism for further improvements of R&D work where
necessary (Katyal and Das 1993). Almost at the same time International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT) was pursuing watershed based dryland farming research. Thus an integrated
watershed research program to generate technologies suited to various dryland agriculture agroecologies
has been underway for the past 20 years. Some of the areas of research which have received attention
are:
Rainwater conservation and its efficient use through comprehensive land use management by adopting
low cost mechanical and vegetative soil and water saving techniques;
Adoption of improved crop management technology; and
Development of alternate land use systems for stabilizing and maximizing productivity of food, fibre,
fodder and fuel capability in that it links agriculture with animals and environmental security based on
land capability.
The progress of the work on model watersheds has been reviewed by Sinha and Prasad (1989).
According to them, effectiveness of watershed program in increasing the productivity and overall benefits
from its implementation have been noted beyond expectations. Singh et al (1990) confirmed the value of
watershed program. Following improvements in rainfed agriculture management were distinctly visible:
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1.

Two to several fold increase in crop productivity. Data in Table 5 show a steady rise in crop yield in
model watersheds since their inception (Singh and Sharma 1989). The productivity has been sustained
despite aberrations in rainfall. This has been made possible because of an effective control on self
directing runoff. Land treatments have encouraged maximum In situ water conservation and have
facilitated the safe conduct of runoff to predetermined points for on-surface or underground storage.
Erosion has been virtually eliminated. Not only was the water resource developed but land was
protected from any further degradation.

Table 5. Productivity gains in different crops in model watersheds in India.
Yield (kg ha1) during
Crop

1983-84 ~

Sorghum (10)'
Mungbean(11)
Groundnut (10)

663
580
414

1984-85

1985-86

1986-87

1987-88

683
262
507

909
574
907

1008
407
981

1708
517
1194

1. Figures In parentheses indicate the number of watersheds taken for the average yield
Source: Singh and Sharma (1989).

2.

As a result of the implementation of conservation measures the rainwater use efficiency increased.
This was reflected both by increases in cropped area and by cropping intensity (Table 6). As the water
availability became more ensured, high value crops replaced traditional low yielding low value cereals.
For an instance, in Alfisols of Karnataka, finger millet a drought resistant was the principal crop before
the establishment of watershed program. After the introduction of watershed program, the area
devoted to groundnut a drought sensitive crop has substantially increased. Groundnut is a high value
crop, thus farmers have gained full advantage of efficiently utilizing increased water security provided
by watershed (Table 7).

Table 6. Changes in cropped area (ha) and Intensity of cropping due to implementation of
watershed program in India.
Watershed1 program implementation period

Base year
Cropping season

Kharif (Rainy season)
Rabi (Post-rainy season)
Summer (Pre-rainy season)
Total cultivable area
Intensity of cropping (%)

1984-85

1985-86

104
232
—
336
110

181
197
—
378
124

1986-87
1987-88
cropping area f h i l
(naj
138
250
—
388
127

133
229
5
367
120

1. Net watershed area • 305 ha.
Source: Umrani et al (1989).

3.

It has been observed that due to the intensive efforts of soil and water conservation in watersheds
and the resultant check on surface water runoff, the off-site flooding of low lying areas of the
catchment was eliminated. Additionally excessive siftation of water bodies (lakes, ponds) was
significantly prevented.
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Table 7. Change In area occupied by major crops due to watershed program.
Area covered (ha)
Crop/Cropping system

1983'

1988

Finger millet with intercrops
Groundnut with intercrops
(mainly pigeonpea)
Sole groundnut
Others

400
150

70
366

—
33

199
28

1 Base year.
Source: Hegde and Pandurangaiah (1989).

4.

In watershed program areas, the agricultural productivity and profitability income of the participating
farmers increased (Table 8). Also in watershed villages the number of working days'1 year were more
when compared to non-watershed villages (Satpathy and Bhoj 1989).

Table 8. Economic assessment of the watershed development program in India.
Benchmark year
1984-85

Watershed program years
1985-86

1986-87

1987-88

Kharif (Rainy cropping season)
Rainfall (mm)
Income/ha (Rs)

174
865

154
1674

203

118

1061

1014

96
514

2078

rainy cropping season)
Rainfall (mm)
Income/ha (Rs)1

281
960

259
1528

185

1. 1US$ = Rs.32.
Source: Umrani et al (1989).

National Efforts on Watershed Development
Enthused by the gains shown by the Model Watershed Program Government of India has launched a
massive national effort on stabilizing and improving the quality of agriculture in rainfed area. Holistic
approach for integrated farming systems based on watershed approach is the hallmark of development
activities of this program. The National Watershed Development Project for Rainfed Areas (NWDPRA) has
been launched. It aims at a sustainable development of dryland agriculture with the following objectives:
Restoration of ecological balance in the degraded and fragile rainfed ecosystems, and
Promotion of diversified farming systems to enhance the income levels of farmers and village
communities on sustainable basis.
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NWDPRA is being implemented over all the Community Development Blocks in the country in which
less than 30% of the area is irrigated. In all, 2 391 broad hydrological units have been identified and
cartographically delineated for pressing ahead soil and water conservation and crop production programs
in an integrated mode. A total of 2.8 million hectare rainfed area is proposed to be covered at a cost of
11 billion rupees (1US$ = Rs.32). The program envisages people's participation at all the phases of
implementation of watershed program e.g., in the conduct of land surveys, for project planning,
implementation and management. This is a vital aspects of the project strategy. The whole effort directed
to make NWDPRA a farmer's movement, so that it allows multiplier effect. Katyal (1992) has suggested
corporatism for watershed development since the area covered by a watershed is owned by several small
farmers. The land across a watershed due to varying capability cannot be devoted to a common use. The
improvement in ground and surface water availability calls for rational sharing of common property
resources. The land must be saved from unlimited grazing. Following a phased withdrawal of
governmental subsidies, Katyal and Das (1993) believe that in the future institutional support for farmer's
training and spot guidance should be made available if watershed program is to make headway.

Doctrines for Developing Sustainable Dryland Farming in the Tropics
Can we meet this new challenge? If the recent past is any indication, it is not an insurmountable problem.
However, strategies require innovative thinking, visionary leadership, an increased awareness at all levels
from national leaders to farmers, and a level of investment in both research and development that is higher
than the present. Some doctrines that will help us chart this course include the following.
Conservation and production
Since water and soil fertility are the two major constraints to increased and stabilized agricultural production
in the dryland-farming areas of the tropics, every effort must be made to conserve both water and soil
resources. Rainwater management and the implementation of soil conservation programs hold the key to
an ecologically-balanced improvement in the quality of rainfed lands.
The Government of India has done exceedingly well in giving priority to the dryland development
programs. Many watersheds (approximately 5 000 ha each in size) have been delineated across the
country. The ICAR has provided expertise in tackling the agricultural production and related soil and water
conservation problems in 47 'model watersheds'. Scientists are working with policy-makers, extension
workers, and farmers.
Progress has, however, been slow. Development of watersheds require grid surveys, land leveling,
land shaping, and an integrated drain network. Many different agencies have to pool their expertise and
databases. Further, it must be made clear to the farmers participating in the watershed program that they
stand to gain from differential benefits as individuals. For example, those farmers whose lands are located
in the upper reaches of that watershed may gain less because water from their lands drains off easily
(although they lose more soil through soil erosion and do not value it). On the other hand farmers whose
lands are located in the lower reaches of the watershed, and where crops suffer from water stagnation
more often, stand to gain from improved drainage brought about by watershed development. Thus, the
development costs of the on-farm watershed program vary considerably among beneficiaries leading to
difficulty in apportioning costs among participating farmers. For a watershed program to be successful the
land in a watershed must be managed in a holistic manner to conserve soil and water. Sometimes it is
difficult for participating farmers to agree on a single approach.
Where watersheds have been developed with full subsidy, results increased crop yields and soil/water
conservation have been achieved. But sometimes the framework of a watershed is dismantled when the
government/agency withdraws supervisory or financial support probably due to lack of appreciation by the
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farmers for jointly managing common property resources. One of the major challenges of the coming
decade will center around human resource development so that farmers are motivated to produce more
food and at the same time protect resources. Resolution of conflicts and speedy removal of obstacles to
implement watershed technology would be required. New approaches in extension education and a
renewed thrust in creating ecological awareness are needed.
Implementation/land use policy
India has diverse soil and agroclimatic resources. The production potential for different ecoregions is widely
different. Without the wise and sustainable use of soil and water resources, the development of dryland
farming areas is not possible. The optimal use of land requires that land resources be well characterized,
their spatial relations be delineated, and their capacities for all likely uses, at various levels of management,
be determined and implemented.
Drylands in India grow many crops but cereals dominate. Since irrigated lands are most suitable for
the production of cereals, every effort should be made to grow more pulses, oilseeds, horticultural and
other cash crops in the drylands. Legume crops must have an important place in crop rotations so that
minimal nitrogenous fertilizer inputs are needed. Already a noticeable increase in the acreage devoted to
pigeonpea and groundnut crops in the drylands has been registered. The area under sorghum and pearl
millet is on the decline. This trend should be maintained.
Shifts in land-use particularly, in the dry farming areas will have to be supported by the provision of
appropriate and tenure, effective demonstration of wise and profitable uses of land, guidance and
interventions by research and extension institutions and the incentives provided by market forces. The
most important factor is commitment of the people who use and occupy the land. There is no sustainable
agriculture without stewardship.
Releasing land for industrial development and forestry In the future
Feeding a billion people will pose a serious problem for the maintenance of environmental quality.
Generally, it is accepted that to maintain balanced environmental quality one third of the geographical areas
should be under agriculture, another third under forestry, and the rest under urban land use. India has a
geographical area of 328 million ha. This means that for environmental security the cultivated areas should
be around 110 million ha (against 144 million ha currently cropped).
Thus options to reduce agricultural area will pose serious problems. Increasing crop productivity in the
endowed environments, both in the irrigated and drylands, is the only answer. The technologies to reduce
risks to dependable crop production in medium rainfall (750-1 200 mm) zone for which improved dry
farming methods are available will have to be speedily implemented. Drylands are the only source of land
for meeting future needs of industry and forestry. All marginal and ecologically fragile lands must be
mapped and an appropriate land use plan developed.
Providing increased employment
Currently migration of labor (particularly able-bodied persons) from dryland farming to urban areas is very
large. A higher rate of productive employment through improved technology would be one of most
desirable social equity goals, in the coming decade, to achieve overall growth of employment opportunities
in the dryland farming areas. Poverty and underemployment are positively related (Dantwala 1979) and
more employment would therefore benefit the poor. The watershed-based rainfed technology is likely to
provide more and a stable employment than the existing technology, the stability in employment would help
reduce the seasonal under-employment (and migration) prevalent in dryland areas.
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Upgrading infrastructure
A key element in the success of any agricultural development program is the availability of rural
infrastructural facilities. This implies that good quality seeds, tree nurseries, appropriate chemical fertilizers
and plant protection material, and credit/marketing facilities are equitably and readily available. Currently,
there is a large gap between the requirement of infrastructure facilities and their present status particularly
in rainfed areas. Among the various options that may be available, one that has worked well in several
dry farming regions is the creation of a network of 'farmer organized and operated cooperatives'.

Conclusions
Upgrading dryland farming to meet the requirements of sustainable agriculture and environmental ecological
maintenance is a must and cannot be delayed any further. India is reaching an ecological crises from
which it will be very difficult and formidably expensive to recover. Improved technologies for increasing and
stabilizing dryland production are already available. Wherever these techniques have been applied as in
Sukhomajri watershed near Chandigarh, Kabalnala in Karnataka, Adgoan in Maharashtra, Maheshwaram
in Andhra Pradesh, or by hundreds of small and marginal farmers in the Singhbhum district of Bihar, the
successes have been commended.
In the words of Sinha (1989), who spearheaded the Singhbhum dryland development program by the
adoption of watershed-based land and water conservation techniques, "the optimal exploitation of natural
resources also raises questions of ecological balance. Development alternatives must appreciate the global
linkages and the adverse position that Third World countries like India have in their economic and fiscal
interaction with the developed world. The processes and dynamics of harvesting rainwater (via watershed
technology) proves that small can be beautiful and that there is the option of labor intensive, dispersed,
intermediate-technology based development. This has the added advantage of promoting ecological
balance and stabilizing the water cycle".
According to Swaminathan (1986), "We thus have now the technical capability to build enduring
national and global nutrition security systems based on sound principles where the short and long-term
goals of development are in harmony with each other. What we often lack is the requisite blend of political
will, professional skill, and farmers' participation. We live in this world as guests of green plants and of the
farmers who cultivate them. If farmers are helped to produce more, agriculture will not go wrong. If
agriculture goes right, every thing else will have a chance for success".
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Abstract
The rice-wheat farming system is a dominant agricultural system in five Asian countries, including China
and India. The economic significance of this farming system in meeting the demands for food grains in
these and other countries with a growing population in the developing world is therefore formidable.
However, for a variety of reasons, including soil degradation as a result of a virtual monoculture, concerns
have been expressed about the sustainability of the farming system. The water management aspects,
especially of rice, are reviewed. A case study was carried out in an area of Pakistan's Punjab where the
rice-wheat farming system predominates. The area is thought to have increasing problems of soil salinity
due to the salt load of pumped groundwater and insufficient leaching. Data are reviewed on the inequity
of distribution of canal water, the operation of public and private tubewells, the percentage of seasonal
irrigation water derived from groundwater, and its salinity, cropping patterns and management practices.
Analysis of these data leads to the conclusion that the rice-wheat farming system is not inherently
unsustainable in this environment. However, the production level of wheat and rice in the area will remain
low unless alternative management practices are introduced. The physical performance of the irrigation
system and particularly the institutional performance of the irrigation agency need to be measured.
Alternative institutional arrangements, such as joint management of the irrigation systems by a public
organization and a group of farmers must be explored when aiming to improve the prospects for sustaining
the farming system at a higher level of productivity.

Introduction
A large and growing percentage of 250 million ha under irrigation in the world is suffering deteriorating
yields or total soil sterility because of waterlogging and salinity which arise from a variety of causes from
project design to system mismanagement. The scope of the problem, and the staggering projected costs
of remedial drainage and reclamation efforts (about $5000 per ha) question the long-term viability and
sustainability of irrigated agriculture as planned and operated in the developing world.
Although the term sustainability is widely used these days in reference to irrigated agriculture, there
is no apparent consensus on what the term actually means. Sustainability of irrigation systems clearly
implies a system that has a capacity to produce something more or less indefinitely, but it is certainly open
to debate whether sustainability applies equally to shorter term measures of performance of irrigation
systems. In the absence of any widely accepted definition, I propose the following at least for the purposes
of this paper: A sustainable irrigation system is an irrigation system which generates outputs that are valued
and used by people, and where thé potential for production of available natural resources is not reduced
by short-term operation and maintenance of the system. This definition means that in addressing
sustainability one cannot look only at performance trends over a period of time. Actual levels of
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performance may, for one reason or another decline over time, but as long as that decline is reversible
within normal economic criteria, the productive potential of the system has been sustained. If, on the other
hand, operations and maintenance strategies result in decline in the overall production potential of the
system, then there has been some destruction of original capacity and the system is no longer sustainable.
In other words, sustainability is a feature of a dynamic system, since it implies a balance between opposing
forces or trends, in fact those forces that sustain the system and those that threaten its sustainability.
The topic of this paper is to look at sustainability issues related with one of the largest farming systems
in Asia, the rice-wheat system. I discuss questions that have been raised with respect to the sustainability
of the cropping system itself and also of the irrigation system, the latter based on a case study done in
Pakistan. A clear distinction between the two areas of sustainability need to be maintained.

The Rice-Wheat Farming System
The rice-wheat farming system is a dominant agricultural system in five Asian-Pacific countries, namely,
China, India, Pakistan, Bangladesh and Nepal. It is estimated that rice-wheat rotation is practiced on over
23 million ha in these countries, 10.3 million ha in China (in 1989, 22), 11.3 million ha in India (1), 1.5
million ha in Pakistan and 0.5 million ha each in both Bangladesh and Nepal (19). About 28% of rice and
36% of wheat areas of the five countries together are under rice-wheat system. Considering that rice-wheat
cropping is practiced essentially under irrigated conditions, about 35% to 50% respectively of the irrigated
rice and wheat areas are under rice-wheat cropping. Several other countries in the region, including
Myanmar, Korea, Bhutan, and Japan also have pockets of rice-wheat cropping. Other traditional rice
producing countries in the region, such as Indonesia, Philippines, Thailand and Vietnam, have also been
attempting to commercially produce wheat in rice fallow, but the efforts have so far not been as rewarding.
The five main rice-wheat countries in the region have a total population of 2.33 billion, accounting for 43%
of the world population. With the total arable land area of only 298 million hectares in these countries, their
share of the world's total arable land is only 20% and the disparity between population and land area is
expected to worsen in the future. The land to person ratio is already extremely unfavorable in Bangladesh
and China.
Concerns about the sustainability of the rice-wheat farming systems have been expressed (1).
Continuous rice-wheat cropping is said to be over exploitive of the natural resource base as there are
potential degradations in soil health and fertility, and in water supply and quality. Under intensive rice
production systems, particularly irrigated rice, there is generally stagnation or even decline in yield. There
are a number of reports that factor productivity and input use efficiency are declining under intensive
rice-based cropping systems, including the rice-wheat system (19). In order to maintain yields, increasing
input levels are needed to balance the negative effects, as revealed from farm-level data from Indonesia,
Philippines and Thailand. The deterioration in productivity was found to be associated with the emergence
of deficiencies of secondary nutrients and micronutrients such as sulphur and zinc. Furthermore,
imbalanced application of N, P and K has contributed to the loss of productivity. Poor irrigation
management is expected to have strengthened this downward trend in grain yields. Conversely, there is
evidence as from the analysis of the yield gap between farmers with grain yields in the top third of the yield
range compared with the lower two-third, that on many farms this system is underproductive. Inadequate
planned population densities for both rice and wheat contribute to such underproduction. In addition, in
many parts of south Asia, the establishment of wheat may be delayed beyond the optimal by prolonged
or delayed rice-cropping; in parts of China, establishment of rice may be delayed by late maturity in the
preceding wheat. Disease pressures, particularly of weeds and possibly of foliar pathogens, may increase
where rice-wheat cropping is annually repeated on the same land (19).
Profitability of rice-wheat cropping, when adjusted for currency depreciation, probably declined in many
areas during the 1970s and 1980s, notwithstanding a decrease in production costs. Such declines in
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profitability are probably grater where support prices , as for wheat in Pakistan and Bangladesh, are so low
as to constitute a disincentive for farmers to adopt or continue rice-wheat cropping. In some districts and
provinces of the Indian sub-continent, as in parts of India and Pakistan Punjab, where aromatic rice is used
in rice-wheat sequences, or where sugarcane is incorporated in rice-wheat rotations, rice-wheat profitability
is comparable to that of alternative cropping sequences.
With the advent of high-yielding, short-straw rice varieties, the area under rice in India Punjab has more
than tripled from 1975 to 1987 (12). A similar increase took place in Pakistan, with the result that pressure
on available water resources in the Indian subcontinent has increased greatly. Water requirements for
paddy cultivation vary and depend largely on soil type. The average requirement under the conditions of
Pakistan's Punjab is considered to be around 1600 mm, which includes water needed for land preparation,
intentional drainage and deep percolation (2). However, the mean irrigation application was found to be
around 1300 mm during actual measurements on a fairly large number of farms, which for an average yield
is equivalent to only 0.14 kg rice per m3 water.

Water Management in the Rice-Wheat Farming System
Standard practice remains to flood paddy fields with up to 10 cm water. Researchers have been concerned
for quite some time now about the large amounts of irrigation water required for this practice, especially
as much of the rice-growing areas consists of medium to light textured soils that have high infiltration and
percolation rates (12, 20). As Narang and Singh (12) pointed out, reducing the duration of ponded water
to 1 week at transplanting, and maintaining near-saturated conditions thereafter did not adversely affect
grain or straw yield, plant height, number of effective tillers, nor 1000 grain weight. And it saved 40 cm
water on a loamy sand. A study by Punjab Agricultural University (8) has shown that even on coarse
textured soils brought under rice cultivation, continuous submergence is only required for a three week
period after transplanting to ensure that seedlings get established properly. Thereafter the field may be
kept drained for 1 to 5 days depending on the weather before the next irrigation is given. Waiting with
irrigation for five days after the ponded water had infiltrated saved up to 50% of the irrigation water, and
increased the water use efficiency from 0.3 to 0.5 kg/m3, without affecting the yield significantly. Sensitive
stages at which ample water is essential for high yields have been identified. For example, Rice is said
to be most sensitive to moisture stress at spikelet filling stage (20 days before heading to 10 days after
heading) (15). Water is also vitally needed in the planting and rooting stages, and during panicle formation.
Not all percolation water is wasted, however, as rice is grown in some areas as a reclamation crop.
The high tolerance of rice to exchangeable sodium arises chiefly from its ability to withstand a layer of
water on the field throughout the growing season. Also, the high pH of sodic soils is reduced under
continuous flooding. In addition, deep percolation during the monsoon—rice growing season—helps to
maintain or restore a favorable salt balance in the rootzone for a subsequent wheat crop.
It has been debated for some time whether considerable deep percolation is essential to get wetland
rice yields of more than 61 ha'1, because of the required removal of phytotoxins and the supply of oxygen
to the rhizosphere which presumably are enhanced by deep percolation. Percolation rates as high as 25
mm/day have been suggested as required (eg. 10). According to Sharma and De Datta (18), most of these
reports are based on research findings in temperate climates, and research in tropical areas doesn't fully
support these conclusions. No increase in rice yield was found when percolation rate increased from 0 to
44 mm/day, except in soils that are rich in organic matter (more than 50 g/kg). The authors concluded that
under tropical conditions percolation may benefit rice yields in soils with high organic matter content, or in
soils where large amounts of organic amendments are applied frequently. In other soils, high percolation
rates are not desirable as percolation aggravates leaching of nutrients and leads to low water-use
efficiencies.
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Desirable soil physical properties for wheat differ greatly from those for rice cultivation. Wheat needs
a well aerated root zone while the profile is puddled for rice to form a layer of low permeability. These
opposing requirements are not easily reconciled, especially when farmers use only animal-drawn
implements that are inadequate both for puddling and for restoring a more open soil structure.

An Environmental Case Study: Salinization in Rechna Doab, Pakistan
We shall now describe a specific irrigation system, where the sustainability of irrigated agriculture is
threatened because of interaction between irrigation and the environment. The chosen case is from
Pakistan's Punjab province, where in a large part of the study area, the rice-wheat farming system is
practiced. The area described is not at present one of the most severely affected parts of Pakistan, but
one where salinization processes have begun and may grow worse, unless there can be some remedial
management intervention (7).
Context
Salinity and waterlogging have long afflicted extensive areas of irrigated farmland in the country.
Waterlogging has been greatly reduced by the installation and operation of public sector, deep tubewells
through SCARP (Salinity Control and Reclamation Project) programs begun in the 1960s. More recently,
the rapidly growing exploitation of groundwater for irrigation by the private sector using shallow
tubewells—now about 300,000 countrywide—has greatly enhanced the "vertical drainage" effect of the
SCARP wells. In the commands of Pir Mahal and Mananwala, water-tables today range between 4 and
8.5 m deep, with gradients towards the distributaries' tails. The incidence of salinity, however, is still on
the increase. It has been calculated from the total amount of water entering Pakistan and its salt content,
and the total discharge into the ocean and its salt content, that more salt is entering the country than
leaving1.
Up to the 1960s the major mechanism importing salts into this zone was capillary transport of dissolved
salts from the water-table. The rapid growth of groundwater development in the 1970s and 1980s
introduced an important change to the salt budget of the root zone. Now, salts are also imported to the
root zone if they are pumped up with the groundwater. The amount of such salts that would remain and
accumulate in the root zone would then depend on the availability of water for leaching, in excess of
consumption by plants.
Irrigation environment
Sites selected for a study of secondary salinization were distributary canal commands over 200 km apart
served by Gugera Branch canal in the Lower Chenab Canal (LCC) system traversing Punjab's Rechna
Doab, which is the inter-fluvial plain between the Chenab and Ravi rivers. Here research on canal system
performance and constraints to irrigated agriculture below the outlet was already well underway. By 1989
when the study was started, field observations and considerable anecdotal evidence from farmers indicated
that these areas incorporated a range of incipient conditions of salinity.
The topography of the Rechna Doab is relatively flat with a land surface gradient ranging from about
0.25 m per km in the north and northeast to less than 0.2 m per km to the south and southwest, it is

'it has been estimated that annually the surface irrigation system adds 20 million tons of salt to the Indus Basin, which
is equivalent to 1.25 ton/ha of irrigated land. Moreover, based on an estimated 50 billion m' of pumped groundwater per
year (which seems high compared with the estimated annual useable groundwater recharge - see below), with an average
electrical conductivity of 0.9 dS/m, an additional 30 million tons of salt are added to the top soil each year.
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underlain by a deep, high-yielding, generally unconfined aquifer that is relatively homogenous and highly
anisotropic.
This discussion of irrigation operations and salinity problems is based largely upon primary data
collected in the command areas of two large, fairly typical distributaries, Mananwala and Pir Mahal, in the
LCC system. Mananwala Distributary off-takes from Upper Gugera Branch in Farooqabad sub-division,
Upper Gugera division, about 68 km downstream from the headworks of the LCC system. Pir Mahal
Distributary off-takes from Lower Gugera Branch at Bhagat Head regulator in Bhagat sub-division, Lower
Gugera division, more than 200 km farther downstream. Recently private tubewell development has been
extensive and rapid with local densities of 5-7 private wells per 100 ha now rather common.
Mananwala distributary is 45 km in length and its design discharge is 5.2 m3/s. It supplies 125 outlets,
either directly or from three minors, and serves a culturable command area (CCA) of 27064 ha. Pir Mahal
distributary is 475 km long and has a design discharge of 4.67 m3/s for a CCA of 14891 ha. It directly
supplies 50 outlets and 40 others off-take from its four minors. Mananwala distributary is located in the
Punjab rice-wheat agroecological zone. Rice, especially the high value basmati variety, is the predominant
crop here during kharif season (mid-April to mid-October) wherever irrigation water is sufficient, and wheat
is the principal crop in rabi season (mid-October to mid-April). Pir Mahal distributary is in the transition area
between this rice-wheat region and Punjab's cotton-wheat agroecological zone farther to the southwest.
Here, cotton is more frequently the main kharif crop, though rice is also grown; wheat continues to
predominate in rabi.
The foregoing data about design flows and service areas tells us that the design allocation of water
was equivalent to 1.7 mm/day in Mananwala, and 2.7 mm/day in Pir Mahal, based on the full CCA. Such
supply levels are very small in relation to potential evapotranspiration demand, but at the time of design
low cropping intensities were envisaged.
Distribution of canal water
Pakistan's irrigation canals were, in general, designed for an equity objective. This was to be achieved,
operationally, by sustaining constant discharge rates in most major channels, and by constructing outlets
to watercourses so that the flow into each would be in proportion to its command area. In principle,
monitoring of such a system, and feedback about deviations from the operational plan, require relatively
simple arrangements.
Findings from MM I research in Pakistan on the operations and performance of distributary canals in the
LCC system over several years show that the long-standing system performance objective of equity in
water distribution is now rarely achieved and almost never sustained. When distributaries are operating
at or near full supply levels, outlets in the tail reaches seldom obtain more than a fraction of their authorized
discharge at the watercourse head, in contrast to outlets in the upper reaches which commonly receive
much more than their design discharge. We surmise that the principal reason for the inequitable
distribution pattern is that maintenance efforts have been insufficient. Accumulation of sediment in the
canals, and cross-sectional shape change due to embankment erosion, have reduced their conveyance
capacity. As a result water-levels near the head are relatively higher, permitting greater flows out of head
outlets to watercourses.
A consequence is that farmers in the command areas of tail watercourses, on average, experience less
than one-fifth the access to canal water that farmers served by watercourses in the head reach of the
distributary have. When discharge at the distributary head falls below 70% of design, water supplies to tail
outlets simply collapse, and farmers in those command areas receive no water from the canal at all. The
frequency of days without canal water at watercourse heads increases also markedly toward the tail
reaches of the main channel and the off-taking minor. In kharif 1990, farmers in tail watercourse
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commands were without surface water supplies as much as 50% to 75% of the time and conditions for the
entire year were only slightly better.
Yet even when distributary head discharge conditions are relatively steady at or near full supply levels,
tail watercourse commands often remain deprived of even the modest surface water supplies they might
otherwise receive, particularly in kharif season. This condition is clearly presented in Figure 1 which shows
the mean delivery performance ratios (DPR) of tail reach outlets plotted against the mean DPR at the head
of the distributary canal. (The DPR is the ratio between actual discharge and the target value, here taken
as the design discharge.) For an equitable distribution, the values plotted in the figure should fall on the
dotted line, indicating that shortages at the distributary head are passed on equitably throughout the system.
A graph similar to the one in Figure 1 for the head reach outlets would show that most of the dots are above
the equity line.
Variability in distributary flows upstream is also passed on to the discharge of downstream off-taking
watercourses. The effect is most pronounced for tail reach outlets, and farmers in those command areas
experience the further disadvantage of greater uncertainty of delivery of whatever share of surface water
supplies reaches them.
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Figure 1. Water distribution to tail outlets.

Importance of groundwater
Although modest relative to the average annual canal withdrawals of about 129 billion cubic meters, annual
useable groundwater recharge in the Indus Basin is estimated to be about 29 billion cubic meters, or slightly
over half of the average annual recharge to the aquifers which underlie the Indus plains2.
2»

TJseable recharge is defined in Pakistan as groundwater of a salinity level less than 1500 mg/1. To this total,
another 6.7 billion cubic meters of annual groundwater recharge exceeding that salinity parameter, but remaining
less than 3000 mg/1, could be added. These salinity parameters, used to define "fresh" and "marginal" water
quality, are equivalent to 2.3 dS/m and 4.7 dS/m, respectively. For most authorities, however, the more generous
definition of useable recharge would be qualified by various caveats regarding its use in irrigated agriculture.
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Agriculture in Punjab Province has access to slightly over 66 billion m 3 canal water and about 24 billion
m groundwater.
3

From the first phase of coordinated canal designs in the late 19th century, areas served by perennial
systems in Pakistan were expected to have an annual cropping intensity ranging from 50% to 75%,
two-thirds of which was to occur in the winter (rabi) and one-third in the summer (kharif). In other words,
for half the year it was intended that no more than one-half of a canal command would be irrigated, while
in the other half merely one-sixth to one-fourth of the service area would be planted to irrigated crops.
Although some farmers could and do achieve higher cropping intensities than this using surface water alone,
rarely are they able to exceed 100% for the year, and that usually is achieved at the expense of farmers in
tail end commands who get little or no canal water at all for much of the year.
With extensive groundwater exploitation, however, water supplies at the watercourse level are now
typically of the order of 6 to 8 mm/d (see Figure 2). As a result, cropping intensities in Punjab canal
commands now commonly exceed 125%, increasing to over 150% in some watercourse commands. For
large areas of the province, however, there is mounting evidence that as a result of current levels of
groundwater pumping water tables have dropped so far that opportunities for further growth may be severely
limited and that in some areas aquifer exploitation already exceeds recharge (13).
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Figure 2. Actual irrigation water available at watercourse level.
Most groundwater exploitation in Pakistan is done in the context of conjunctive use with surface water.
The vast bulk of the most productive areas of the Indus Basin, and Punjab in particular, are those where
there is conjunctive use of canal water and good to medium quality groundwater. Only where groundwater
is highly saline is there a reliance on canal water deliveries for sustaining irrigated agriculture.
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Conjunctive use of canal and groundwater
What is meant by conjunctive use in the context of Pakistan irrigation systems? In terms of canal supplies,
each farmer is entitled to a fixed time share of available water per unit of land, the total share size being in
proportion to the size of the farm. This system, called warabandi, was developed in order to allocate a
scarce resource as equally as possible between as many farmers as possible and to simplify subsequent
administrative requirements. The basic characteristic, then, is delivery during a fixed time of a fixed share
of the available water on a timetable that is known to every farmer served by the same watercourse.
Farmers decide on the fields to be irrigated during each warabandi turn: some crops might be irrigated every
turn, others only once every two or three turns.
Public tubewells
Modern groundwater development in the Indus Basin occurred primarily through publicly financed and
operated deep tubewells. These tubewells were mostly electric powered, with multistage turbine pumps in
the bore itself, and designed to deliver about 85 L/sec. Over the past 30 years, about 13500 public
tubewells have been installed nationally through various SCARP projects. An important, initially secondary,
objective of this program was surface water supplementation by public wells, usually discharging directly
into the existing watercourse network, where groundwater was classified as suitable for agriculture3. The
resulting conjunctive use of canal water and groundwater did not change the basic approach to irrigation
through a time-based roster of turns, the warabandi. Rather than providing greater flexibility in access to
water, the primary effect of the public tubewell was to augment the discharge in the watercourse.
Public tubewells, notably those pumping water defined as fit for irrigation use in SCARP schemes, are
supposed to operate according to schedules developed by the Irrigation Department that meet broad
guidelines concerning the target percentage of annual capacity and the time of day of operation. For
various reasons both guidelines and operating schedules have ceased to have much relevance to actual
public tubewell operations (5). Over time, problems of poor maintenance, inefficient installation and
management began to emerge. The pumping capacity of SCARP tubewells declined on average 4% to 6%
annually, with 20% to 45% of the tubewells not operating at any one time. SCARP tubewells account for
only about 10% of total irrigation water supplies, yet require 55% of the total O&M expenditure in the
irrigation sector. In some distributary command areas public tubewells still provide over 40% of all irrigation
water available to farmers in rabi and nearly 30% of irrigation supplies in kharif (21).
Private tubewells
The inadequacies of the SCARP tubewells, along with the demonstrated benefits of tubewell investment,
provided incentives for private sector investment. From the 1960s, the Pakistan government while continuing
SCARP investment, also encouraged private investment through increased credit availability, fuel subsidies,
and extending the electric grid. Between 1964 and 1976, private tubewell use grew by around 38% annually.
The performance of private tubewells has been far superior to SCARP tubewells. About 90 percent of
the private tubewells are operating at any one time, with a smaller down time because of the growth in small
repair shops and availability of parts.
Undoubtedly, the increased availability of irrigation water from private tubewells has helped farmers
either increase irrigated cropping intensities or sustain already high intensities of less drought-tolerant crops.
Groundwater from public and private sources now can constitute 70% or more of the total irrigation water

3

Over 11,000 SCARP tubewells are classified as pumping fresh groundwater.
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used by farmers in many distributary watercourse commands. This confirms a greater reliance upon
groundwater as a source of overall irrigation supplies in many canal command areas in Punjab than was
previously suspected.
Where farmers have access to water from a canal, a public tubewell and also from a private tubewell,
they can apply irrigation water more or less at any time they want; they can more easily trade water, either
through buying and selling or on some other basis; and they can move water across previously impermeable
watercourse command boundaries. In short, the entire irrigation system has become a complex conjunctive
management environment.
A critical aspect of conjunctive use which must be thoroughly understood is that groundwater and
surface water are not necessarily equally exchangeable. Only when water quality is not a limiting factor is
it possible to conclude that surface and groundwater could be of similar agricultural value, where the only
differences between them are related to the relative reliability of the two sources and the relative cost of
using each.
In one typical conjunctive use scenario, such as that examined in IIMI's program in Indonesia,
groundwater is used to supplement shortfalls in surface water supplies. Tail end farmers may, albeit at
additional cost, attain cropping intensities at or close to those of head end farmers who have more than
sufficient surface water. Pumping will occur during periods of peak demand to ensure crops do not suffer
drought, but the entire groundwater irrigation system in this situation is supplemental to the sun'ace system.
By contrast, in Pakistan groundwater use commonly is not supplemental. Here groundwater often
constitutes a high percentage of total water used conjunctively in irrigated agriculture in many canal
commands. In this context, there seem to be two key areas in a farmer's irrigation decision-making matrix
where information and a capacity to use it effectively are critical: water quality differences between available
surface water and groundwater, and total water availability in the period of peak demand in each season.
Water quality
In water quality terms, it is readily apparent that surface water and groundwater supplies are not simply
exchangeable. The choice of crops to be grown depends on whether the bulk of available irrigation water
will be fresh or saline. Some crops are particularly sensitive to salinity, and thus cannot be productively
cultivated if only poor quality irrigation water is available. Therefore, in a conjunctive use environment where
canal water is of good quality and groundwater is of poorer quality but relatively more abundant, most
farmers are likely to seek to mix groundwater with as much sun'ace water as possible to maximize their
irrigated area. This in turn implies that the availability of greater quantities of surface water also favors a
greater use of groundwater, an additive rather than a simple substitution relationship of one for the other.
It has been reported (11) that farmers with access to a higher percentage share of canal water also pump
more groundwater than farmers who have less canal water. Although the percentage use of groundwater
increases from head to tail of each canal examined, there is a net decline in both surface water use and total
water use along canals. There is, therefore, no evidence of farmers substituting groundwater for declining
canal supplies: groundwater is used as additive to canal water rather than a substitute source of water.
Reliability of canal supplies
The second key determinant of farmers' decisions with respect to irrigation is water availability, which is
probably directly related with reliability. Canal water supplies, particularly in the head reaches of canals, are
highly reliable in the sense that water almost always comes. However, there are differences in volume
delivered on a day to day basis, and these can be quite large.
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Reliability means something else in case of tubewells: when a tubewell is operating the discharge is
nearly uniform. Uncertainty tends to come in the time of operation. Mechanical breakdowns, especially of
public tubewells, take long to repair, and it is not uncommon for farmers to immediately abandon part of
their crop when the electric motor of a public tubewell burns out. For shallow, private tubewells repairs are
usually faster. The second source of unreliability of groundwater supplies arises from the power supply.
Virtually all public tubewells and approximately 15-20% of private tubewells are electrically powered. Power
cuts are common for the rural feeder lines that supply tubewells especially during the period of greatest
irrigation demand. Analysis of cropping patterns shows that in the context of such uncertainties, farmer
cropping decisions are more fundamentally influenced by access to surface water of good quality and
relative high dependability than by access to larger volumes, but poorer quality groundwater obtained
through equipment or power sources of dubious reliability (11). An example of the type of relation between
potential evapotranspiration and water supply for March to December is given in Figure 3 where canal
water and tubewell water use are plotted for tail watercourses of Lagar distributary. Tubewell water use is
found to decrease with a decrease in water demand, indicating that farmers are not pumping more water
than they need. Cropping decisions are also affected by a deterioration in ground-water quality downstream
within canal and watercourse commands, a spatial distribution of water quality that has been observed in
some distributary command areas.
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Figure 3. Canal water and tubewell water use in tail watercourses.
(Lagar 1989)

Farmers' practices
Flexibility in timing and amount of irrigation supplies is particularly important in the management of salt
affected soils. For many farmers irrigation supplies are now more flexible as a result of the availability of
tubewell water for irrigation. A comparison between users of tubewell water and non-users showed that on
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average the users irrigated 1.5 times more often than the non-users, and the total depth of water applied
by the users was some 20% higher (9). The importance of supplying more water more frequently under
saline conditions has been pointed out (17); it was shown that irrigation management affects permissible
levels of salinity in soils and irrigation waters.
Field data collected in a detailed study on farmers' irrigation practices in the Fordwah/Eastern Sadiqia
command area in the southeast of Pakistan's Punjab support the notion that farmers with access to tubewell
water succeed in preventing soil salinity levels from increasing by mixing canal and tubewell water (9). The
electrical conductivity of the soil extract (ECe) did not increase in most of the research fields during two
years, one of which included a monsoon season of more than average rainfall. Relative water supplies (ratio
of irrigation plus rainfall over crop water requirement) during rabi (when wheat is grown) were close to 1,
during kharif the values ranged from about 1 where cotton was the dominant crop to between 2 and 3 where
rice was grown4.

Discussion
It is obviously desirable to deliver less canal water to canal head-end watercourses and redirect flows to
tail-end outlets to restore equity in distribution or even to reverse inequity to provide tail-end farmers with
a better mix of irrigation water to leach the accumulated salts from their fields. However, the expected
response from head-end farmers is that they would refuse to accept a lower percentage share of good
quality surface water. In case, head-end farmers did accept to receive less canal water, one likely result is
that cropping patterns in the downstream watercourse command areas change to become more like those
in distributary head reach areas. The processes of salt accumulation in the root zone and deterioration of
groundwater quality would continue at a slower rate downstream, but increase in upstream locations (11).
It appears, then, that every area that benefits from obtaining more surface water can only do so at the
explicit expense of areas which henceforth have less canal water. There are obviously no simple solutions.
The central issue is the ratio of surface water and groundwater used conjunctively in irrigated agriculture.
A groundwater contribution of some 70% in the mixture of canal water and groundwater for irrigation is not
sustainable in the long run5.
Increasing the volume of canal water would require additional storage in the Indus Basin. Recent efforts
to construct Kalabagh Dam have met with constant deadlock between conflicting interests, and it has been
suggested that the time for dam building is past because of the perceived high environmental and social
costs. The alternative, and one that in reality is already occurring, is to reduce the irrigated area. The
current trend is to a loss of tail end land by abandonment. From a technical and agronomic perspective
it is probably rational to allow this to happen, and concentrate higher quality water into smaller irrigated

The importance of rain for the prevention of soil salinization was demonstrated by modeling of water and salt
balances, using Hanks' simulation models (4). A 10% reduction in relative water supply (from 1.04 to 0.93, which
could easily occur due to seasonal variation in rainfall) increased the equilibrium soil salinity level, obtained after
about 6 years, from an EC e value of 3 to more than 8. Average EC e values in fields with non-uniform irrigation
applications, ie. low leaching efficiencies, far exceeded those in level fields. It was found that actual leaching
fractions for wheat were often - depending on seasonal rainfall - sufficient to reduce profile salinity (7). An
important observation is that leaching is far more effective for wheat during the cooler rabi season than for crops
grown during the hot kharif season, even though monsoon rainfall exceeds that from winter rains.
Based on Willardson's (24) algorithm, which calculates the proportion of saline groundwater that can be mixed
with canal water for irrigation depending on the salinity threshold of the crops to be grown, for the conditions
found in the research area the maximum percentage is 35% for crops that are medium sensitive to salt, such as
vegetables and probably rice at the seedling stage.
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areas, which could then prosper through adoption of better quality practices. However, it should not just
'happen'. It needs to be well planned by choosing the best agricultural land, irrigation supplies, cropping
patterns, and farming practices. Abandoned tail ends could still be utilized for the production of salt tolerant
fodder crops and trees for fuel and paper production. There is now a need to review both the objectives
and the operational rules of the system, and to re-establish a set of objectives that are likely to be
sustainable in the long term. This process should include the development of a dialogue with the farmers
on such matters as maximum well density, minimum leaching fraction, and maximum crop intensity in the
different seasons, with the general purpose of establishing sustainable levels of productive activity.
A number of the research findings reported here have important management implications. Why is it
then that irrigation and drainage management practice is slow in making use of these, and possibly other,
research findings? Management interventions can be of a variety of types, but are characterized by an
impact on one or more of the following: the type, amount, timing, and/or quality of the performance
information that is provided to those responsible for irrigation system management; and the matching of
operational responsibility with operational capability and/or authority (6). The interventions may be with
respect to policies, organizational structure, management procedures, and/or management capacity. In
carrying out their responsibilities regarding water distribution and delivery, maintenance and collection of
water fees, the irrigation departments are operating in the context of relatively rigid physical systems,
organizational structures and administrative rules. In large parts of the Indian subcontinent, the systems and
operating rules were formulated over 100 years ago, and only modestly updated in spite of significant
changes in water availability through additional reservoirs and canal systems and the exploration of
groundwater, and much higher than designed cropping intensities. This combination of relative rigidities of
the physical system and relatively rapid changes in needs suggests the existence of rather large
discrepancies between managerial actions and needs.
Four factors affect the willingness of the irrigation departments to make management changes: their
perception of the need, their confidence in the utility of the change, their evaluation of the costs, and their
ability to implement the change (6). Most management interventions will require some change in institutional
arrangements, occasional changes in organizational structure will be required, and sometimes there will be
a need for changes in system hardware. Generally, large irrigation departments suffer from a lack of
accountability, and changes in institutional arrangements that provide for greater individual and technical
accountability are desirable. It needs to be said that system operators are influenced by other factors than
efficiency and equity of distribution, such as accommodation to powerful farmers, and 'rent-seeking'.
Institutional arrangements depend on the particular types of problems to be solved and incentives generally
are the result of the rules used to reward and constrain the benefits and costs of diverse activities. The
importance of insufficient information, opportunistic behavior and uncertainty has been pointed out in
management literature as well as the way in which these factors affect the performance of diverse
organizational forms (eg. 14).
The sustainability of the bulk of the rural infrastructure, including irrigation systems, in the developing
world is influenced greatly by public sector decision-making. Maintaining rural infrastructure, however, is
not the one and only objective to be sought when considering the impact of alternative institutional
arrangements for providing and producing these facilities. Some facilities are simply inappropriate for the
situations for which they were built—or the situation has changed to such an extent that they have become
inappropriate over time—and they should not be maintained any longer. If substantial environmental damage
is done, for example, the benefits produced by the irrigation system may not exceed the total construction
and environmental costs, and the system would be unsustainable even before the costs of operation and
maintenance are calculated. Ostrom et al (14) state that it is necessary to consider a variety of objectives
for institutional arrangements that can lead to sustainable development. They have presented five, which
then become criteria for institutional performance assessment, ie., economic efficiency, equity through fiscal
equivalence, redistributional equity, accountability and adaptability. It turns out that generally no one
institutional arrangement scores higher than all others on all performance criteria. In addition, no single
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institutional arrangement can solve the problems of unsustainable infrastructure without incurring substantial
costs. Appropriate institutions to encourage long term sustainability are thus as important as good
engineering design.
Without proper techniques for monitoring the physical performance of irrigation systems, it is impossible
to evaluate the potential benefits that might accrue from further investments to improve them. Identifying
and evaluating indicators for irrigation performance is the has started only recently (eg. 3,16). Bos et al (3)
presented a framework that irrigation managers can use in assessing performance of irrigation. The authors
recommend a specific set of indicators that they believe are practical, useful, and generally applicable, such
as equity of water distribution, timeliness of delivery and reliability.
Thus, indicators have been identified that can be used by irrigation agencies to evaluate the potential
for further investments to improve the performance of an irrigation system, as well as reward the line agency
staff for good performance and to sanction poor performance. Performance accountability is rare, but it
seems unlikely that without some incentive to improve performance, irrigation staff will make the necessary
management changes discussed earlier in the paper. A first step, then, in improving irrigation performance
lies in convincing irrigation departments of the benefits of using performance indicators. Not a simple task,
as performance assessment is complex, but a necessary one in order to have research findings lead to
changes in irrigation practice.

Conclusions
Where does 'it leave us with respect to the question on the sustainability of the rice-wheat farming system
in the Pakistan environment? Notwithstanding the fact that results of field studies indicate that both rice and
wheat yields are reduced by the application of marginal quality tubewell water, I am of the view that there
is no evidence to suggest that the farming system itself is not sustainable. Possible reasons for stagnating
yields are many, including socioeconomic and political or sector level measures. There is some evidence,
for example, that farmers are not really interested in growing wheat because of the low support price they
receive from the government. Although they are not allowed to do so, some farmers have been observed
to cut the immature wheat and feed it to their buffaloes. The support price for rice has also been dropping
in a number of countries and farm labor for transplanting is increasingly scarce. Moreover, for many of the
problems observed in this paper, ranging from inequity of water distribution to salinization of top soil due
to insufficient leaching, technical solutions have been known for years. Although the rice-wheat farming
system in Pakistan's Punjab may not be unsustainable, present conditions are such that the level of
productivity is bound to remain low. Understanding human behavior then becomes the key to improving
institutional arrangements which are more conducive to increasing the level of production. Alternative
institutional arrangements that are worth considering should be participatory: joint management of irrigation
systems by a public organization and a group of farmers have shown considerable promise elsewhere.
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The Role of Vetiver Grass in Sustaining Agricultural Productivity
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Abstract
The paper summarizes research results and field observations of the use of vetiver grass, Vetiveria
zizanioides, and indicates its use as an important and effective vegetative hedge that when grown on the
contour significantly reduces the flow of sediment from eroding sites and reduces runoff, both
simultaneously, and at a low cost, compared to more traditional engineered practices. Vetiver grass has
unique characteristics. The paper also sets out evidence that vetiver grass grows over a wide range of site
conditions; is non competitive with adjacent crops; is not a weed; is resistant to pests and diseases; is used
as a fodder for livestock; is used for stabilizing earth embankments, drainage lines, roads etc.; is fire
resistant and is known to repel rodents; and needs minimum maintenance. The main impediment to
extending its use and application is because of poor technology transfer systems, and the lack of training
of farmers and technicians.

Introduction
This paper summarizes the findings of research and the observations of the writer in the resurgence of the
use of vetiver grass as an important technology for sustaining agricultural productivity in the tropics and
semi-tropics. As a result of an early initiative by the World Bank [1] vetiver grass was re-introduced to
development projects in India as a low cost vegetative system for soil and water conservation. Its use and
potential was further amplified in a number of papers [2, 3, 4, 5, and 6]. This paper is dedicated to
summarizing the findings of a growing number of independent scientists and users of vetiver grass who,
in recent years, have demonstrated the uniqueness of the grass and its use as a formidable technology
for enhancing soil moisture and conserving soil.
Soil fertility maintenance and soil moisture availability are the two most important elements critical to
sustainable agricultural production. The priority given to these two activities over the past 4000 years has
allowed the Chinese nation to survive and feed its large population [7], both past and present, whereas
other societies have crumbled because of the failure to maintain these key activities. At a time when a
great deal of attention is being paid to simple low cost technology for sustainable agriculture, vetiver grass
provides one very good, widely and easily applicable technology that is practical, proven, effective, and
profitable.
The Vetiver Grass Technology (VGT), in its most common form, is simply the establishment of a narrow
(less than 1 meter wide) live stiff grass barrier, in the form of a hedge, across the slope of the land. When
applied correctly the technology is effective on slopes from less than 1 to over 100%. A well established
vetiver grass hedge will slow down rainfall runoff, spreading it out evenly, and will trap runoff sediments
to create natural terraces. All this is possible with out the use of complex hydrological data and design,
and without the aid of high cost consultants and surveyors. It is truly a farmers' technology, created by
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farmers; one that went unobserved by most developers and scientists.
characteristics of the plant.

Its uniqueness is in the

Methods and Materials
The hypothesis underlying the use of VGT was set out in a small hand book for farmers, now in its third
edition, "Vetiver Grass (Vetiveria zizanioides). A Method of Soil and Moisture Conservation" [8 and 9], The
claims that were made for VGT under this first edition and subsequent editions [10] were at times disputed
by scientists, and as a result, have and continue to be intensively investigated by many scientists and
farmers. This paper draws on these works, and is supported by the authors own observations in countries
in Asia , Africa, Central America and the Caribbean. It describes the results of the tests and experiments,
and cites the authors. In some instances the paper reports on observations that are not backed by
research, but are conclusive for their very existence under the conditions described.

Results and Discussion
Claim # 1
A vetiver grass hedge-row is an effective measure for soil and moisture conservation. Research
at ICRISAT, India [11] compared VGT with stone barriers, lemon grass, and bare ground (control) under
natural (total rainfall 689 mm.) and artificial rainfall conditions. In all cases VGT was the most effective
technology for reducing soil and water losses. VGT reduced rainfall run off by 57%, and soil loss by over
80%. Their results clearly showed from the experimental hydrographs the enhanced delay in release of
run off from the vetiver plots, an interesting feature that could be applied as an upper catchment flood
control measure. The same research team [12], confirmed that in the next year vetiver performed even
better. Vetiver shows a distinct improvement in efficiency as the hedges become older and more dense.
At CIAT, Colombia [13], vetiver was compared to other vegetative systems grown in conjunction with
cassava. At 11 months (rainfall 1240 mm.) vetiver hedges reduced soil loss from 1421 ha"1 for bare fallow
to 1.31 ha' for cropped cassava between vetiver hedges Rainfall run off was reduced from 11.6% to 3.6%.
Other researchers have reported similar results. Evidence [14] shows strong positive correlation between
soil loss and water runoff reduction when VGT is applied on black vertisols in western India, and that VGT
is significantly superior to other hedge type barriers. In Louisiana [15], demonstrations conclusively show
the impact of vetiver hedges on sediment retention. In Malaysia [16] large scale experiments have
demonstrated substantial sediment deposits behind vetiver hedges, in one case of about 1 meter in 1 year.
Farmers have in nearly every case reported favorably on the use of VGT. A farmer [17] has used
vetiver on the family sugar cane farm in Natal, South Africa, for over 70 years as a means of stabilizing
road sides. Since 1989 he has protected 186 ha of his farm with vetiver hedges. Erosion losses have
been reduced substantially and rainfall runoff was reduced to the extent that in a very serious drought in
1992 not one of his young lychee trees was lost. Vetiver grass users in Central America, amongst them
those from Honduras [18], confirm that vetiver hedges are the most cost effective method of soil
conservation, as do users, [19] in Ethiopia, and other African countries. The feedback from 17 farmers in
Layete, Philippines [20], gives clear indication of the impact of VGT and its superiority over other systems.
It should be noted that vetiver grass can regenerate from stem nodes. This means that as the sediment
builds up behind and within the vetiver hedge to form a terrace, the grass will grow up with the rising
terrace—in Fiji terraces with risers as high as 3 meters have been formed naturally [1] under such
conditions.
There is no evidence to show that vetiver grass hedges are inferior to other types of hedge. To the
contrary, evidence suggests that vetiver hedges are the most effective of all vegetative barriers.

88

Claim # 2
Vetiver grass will grow over a wide range of site conditions. Experiments [21] with vetiver under saline
and sodic conditions in Australia demonstrated that vetiver will tolerate high levels of salinity up to ECS. of
15 mScm' without appreciable reduction in dry matter yields. Investigations [22] into the tolerance of
vetiver to a range of soil pH have been carried out, and demonstrate the tolerance of vetiver to pH levels
as low as 3.8 with soil Al toxicity levels of 68%—indications are that vetiver may be one of the most tolerant
crop (and pasture?) species to Al toxicity. It was also demonstrated that vetiver could be established on
soils of pH 9.9, and that it survived well when adequate levels of P and N were supplied. Vetiver grass
has been demonstrated to grow under a wide variety of soil types, depths, and structure. The growth of
vetiver on five different soil types in Malaysia [23] was compared; and although growth of vetiver differed
from one soil type to another, in all cases vetiver grew reasonably well. It was also demonstrated that
vetiver can be established on ex-tin mining land, leading to the rehabilitation of such degraded land. In
India, vetiver grows as strongly on the black vertisols as it does on the Alfasols. Vetiver grows well on
upland as well as wetland conditions, demonstrating its xerophytic and hydrophytic characteristics [23].
Vetiver's cold tolerance limit is around -9.5'C [24], although some plants have survived short spells at -15"C
[25].
The greatest constraint to the growth of vetiver is rainfall. It grows in low rainfall areas of 300-400 mm,
but requires greater management attention. Under these conditions it is more difficult to establish vetiver;
and due to seasonal extremes, caused by overgrazing and periodic droughts etc. vetiver, like all other
plants, suffers. As a rule of thumb vetiver will grow under most site conditions throughout the tropics and
semi-tropics. It does best on well drained soils. It will not grow in areas that have extreme cold during
winter months, and where there are perma-frost conditions. Except for the effect of temperature vetiver
will grow at most altitudes. In Honduras [18] vetiver grows quite well at 2800 meters. Vetiver hedges have
been established [26] in western Ethiopia at 2000 m. Vetiver has survived snow conditions at 3000 meters
in Lesotho [27]. Vetiver has high potential for growth in saline areas [28] in Australia, and was successfully
used for the rehabilitation of the derelict sodic Ussar lands of north west India [6].
Overall evidence points to vetiver tolerating a very wide range of site conditions, including those that
may be considered extremely hostile to plant growth. Vetiver will be even better adaptable to different sites
as accessions are identified that are more specific to site conditions.
Claim # 3
Vetiver grass Is non competitive with adjacent crops. Most evidence indicates that vetiver does not
reduce significantly yield of adjacent row crops. Experiments [13] in Colombia indicate no yield loss
reduction of cassava when grown with vetiver hedgerows, whereas there was a 33% reduction in yield with
elephant grass (Pennisetum purpureum) hedges. Similar experimental results are demonstrated in
Maharashtra, India [30] and Malaysia [16] and confirmed by farmers from South India to Fiji. Sugar farmers
in Natal, South Africa [17] and Fiji [8] report production gains.
Experiments [31] over the period 1989 to 1991 at Akola, Maharashtra, India, on Lithic Ustorthent soils
under an average rainfall of 840 mm. showed that crops grown in association with vetiver hedges had
superior levels of production. Average total production was 17.1% and 32.3% higher for crops grown in
vetiver protected plots compared to crops grown in fields with graded bunds and across the slope
cultivation respectively. The highest monetary return was recorded for vetiver associated crops - Rps
6833—compared to Rps 5969 and Rps 5065 for graded bunds and across the slope cultivation. Moisture
Use Efficiency was the highest for vetiver plots, as was the level of residual nutrients. These researchers
also compared the effectiveness of vetiver grass with other vegetative barriers. In all there were four
comparisons—Vetiveria zizanioides (Vetiver Grass), Leuceana leucocephala (Subabul), Cymbopogon
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flexuosus (Lemon Grass), and Chrysopogon martini (Tikhada). Yield of seed cotton was 25.5% higher
with vetiver than the untreated control, and compared to 24%, 15%, and 1 1 % for leuceana, lemon grass,
and Chrysopogon respectively. In all cases the highest mean soil moisture percentage, profile and
available moisture storage were recorded for vetiver. Farmers in the Philippines indicated that corn and
rice planted near a Mura (vetiver) hedge row performed better [20]. A one year only experiment [12] on
the red soils at ICRISAT, Hyderabad, India showed contrary evidence that maize when grown in association
with vetiver hedges had a reduced grain yield, although the total biomass was not effected. Further
observations on these plots may resolve these contradictions, and it may be appropriate to use crops, such
as sorghum and millet, that are more common to the area than maize.
Although in some instances there is evidence of competition with the crop row immediately adjacent
to the vetiver barrier, most experimental results, and overwhelming farmer reports indicate that there are
no negative yield changes, and that to the contrary, most crops show positive responses to vetiver barriers.
It should be noted that vetiver hedge-rows use up less land than other barrier systems, and thus (all other
conditions remaining equal) the overall yield per unit area can be expected to be higher.
Claim # 4
Vetiver grass Is not a weed, It Is not Invasive. There is no evidence of vetiver being invasive under
upland rainfed conditions [6]. There is some evidence of natural spreading under swamp conditions [32
and 33]. Nowhere is it seen as a threatening weed (note this is not the case for other hedge species such
as Leuceana sp. that can become a major weed if not managed properly). Its roots are not stoloniferous,
some of the accessions originating from south India rarely flower, and if they do the seeds are mostly
sterile. Vetiver, probably originating from Guatemala, now grown in Louisiana has at one site not flowered
for 25 years [34]. Vetiver is propagated vegetatively. In Zambia vetiver hedges at Msamfu Research
Station have remained intact for more than 60 years [8]. One of the main objectives of the National
Research Council's review [6] of Vetiver was to verify whether vetiver might be a threat as a potential weed.
The review found that in the majority of instances vetiver was not invasive, but it strongly recommended
that only the non seeding accessions be used. Evidence suggests that accessions from south India are
less prone to seeding than those from north India. There are reports that accessions introduced from India
to ARS stations in Mississippi were very fertile and germinated strongly. This seems not the case of the
Le Blanc accessions near Baton Rouge, Louisiana, nor those of Boucard [35] at Leakey, Texas. More
research is required into the flowering habits of vetiver in relation to cultivar, climate, rainfall, and day
length. Molecular diagnostics [36] linked with rigorous biometric analysis were used to identify relationships
between different vetiver successions. DNA was extracted from young leaf tissue. It was found that the
Boucard accession, and what is known as the Huffman accession (believed to originate in Guatemala) were
essentially the same genotype, and they were very different from the three accessions received from India.
There are believed to be over 20 accessions of vetiver grass introduced to the United States. Molecular
diagnostics offers a means to identify different accessions and to correlate positive biological features
relevant to the accession. This should result in a more scientific and controlled use of vetiver with
potentially better results.
In Thailand [37] over 30 different accessions of Vetiver have been identified. These accessions often
differ markedly in character and include six accessions of an upland species of vetiver identified as
Vetiveria nemoralis. These accessions include some that flower, but produce sterile seed, and others that
have seed that germinate more freely.
A rather broad conclusion is that at most sites vetiver has rarely been recorded as invasive, and if
germinated seedlings are present, they can be easily removed by cultivation (the probable reason that
farmers never see it as a problem). There are clear differences in accessions and these differences need
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better identification so that in the longer term the most suitable accessions can be identified and matched
to site and need.
Claim # 5
Vetiver grass Is extremely resistant to pests and diseases. Vetiver is extremely resistant to insect
pests and diseases [23 and 24]. There is evidence from India [38] that when dead vetiver plant material
is effected by termites there may be an allelopathic reaction that prevents regrowth of vetiver from the
center of the plant, and under severe drought conditions, new young shoots on the periphery of the plant
are grazed out and the plant is killed. Alternatively, and most probably, the termite cast is too tough for
the new young shoots to penetrate. Management by burning may eradicate this problem. Reports from
Brazil [39] suggest that vetiver is resistant to Meloidogyne javanica and M. incognita race 1 (root knot
nematodes), both serious root nematodes in tobacco. In China there have been reports that vetiver has
been effected by rice stem borer [24], and although this has not effected the growth of the vetiver, the latter
might act as a host plant. However in Fujian (southeast China), where vetiver has been grown in close
association with rice for many years, this does not seem to be a problem. In most cases pests and
diseases in vetiver can be best controlled through burning, and as will be noted later in this paper burning
may have an important place in the general management of vetiver hedges.
Evidence to date indicates that overall, vetiver is resistant to pest and diseases, and is not seen as a
serious host plant.
Claim # 6
Vetiver grass Is not eaten by livestock. Where there are other more palatable grasses vetiver grass is
normally ignored by livestock, this an important feature if the grass hedge is to remain intact for many
years. There has been very little research carried out on the management and feed value of vetiver as
a fodder. It has been observed on many occasions, under farm conditions, that if the hedge is managed
correctly, regular harvesting of young leaves is possible, and that these young leaves provide a
maintenance ration. In Malaysia sheep will not eat vetiver in the field when there is an abundance of other
more palatable species, but cut tops when fed to penned sheep were readily consumed. In China and
Malaysia vetiver has been successfully fed to grass carp. In eastern Indonesia, under very dry conditions,
vetiver was eaten by cows and horses. Under good management young vetiver leaves have a nutritive
value similar to napier grass with Crude Protein levels of about 7.0%. Under good conditions high volumes
of green leaf are available. In Texas [35] under irrigated conditions, production of dry matter at more than
100 tons per ha per annum, equivalent to about 350 tons of fresh leaf, has been achieved. Reports [40]
from China indicated mulch production from vetiver of 11.4, 14.7, and 17.8 tons of green weight per 100
sq. meters of hedge row over three consecutive years. Note 100 sq. meters in this case was equivalent
to 230 linear meters of hedge. There is little doubt that with some improved management vetiver would
make an adequate dry season fodder, particularly if combined with a high protein forage. Farmers at
Gundalpet, India, have been using vetiver for centuries as a field boundary, and for fodder, where during
the peak growing season it is cut once every three weeks. Reports for its use as a fodder come from many
other countries including China, Guatemala, Honduras, Niger, and Mali. Some accessions are known to
be more palatable—i.e., the so called "farmer" cultivar from Karnataka, which had been selected by
farmers over decades as a softer and more palatable cultivar.
In areas where there are more palatable species of forage grass or where livestock are absent, users
who require an inert grass that can be developed with minimum management should look to vetiver. There
are excellent examples of this application demonstrated in Costa Rica [41] for the protection of mango
orchards on steep slopes.
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Whether vetiver will be used as a fodder will be determined by the management objectives of the user.
One thing required is the identification and screening of accessions that are more palatable and
manageable as a dual purpose conservation and forage plant.
Claim # 7
Vetiver grass can be used for structural strengthening of earth embankments, drainage lines, roads,
gully control etc. There is world wide evidence to support the use of vetiver for embankment stabilization
[9, 10,17, 27, 42]. Vetiver has been used successfully in Malaysia, India, South Africa, West Indies, and
Brazil for stabilization of road sides. Vetiver has been used in conjunction with geotechnic applications for
embankment stabilization in Nepal. It has been tested successfully [27] to stabilize gold mine slag heaps
in South Africa. It has been used [10, 33] to stabilize flood embankments, river and canal embankments
in Bangladesh. Because its great strength and capacity to absorb shock vetiver has potential in the
stabilization of canal banks against the force and shock of boat wash—hence the Panama Canal
Commission is showing interest in the application of vetiver to the Canal. The Vetiver Network has
received positive reports of vetiver being used to reduce erosion in small dam spillways in Zimbabwe [39],
gullies in Fiji [8], and drainage ways in Guatemala, South Africa, Malaysia, and Nepal [16, 17, 41, 42].
More recently reports have been received of vetiver being used for the protection of building sites when
located on sloping land [27].
VGT can be used effectively for the stabilization of irrigation channels [43]. Experiments using irrigation
channels with vertical side slopes compared vetiver on unlined slopes and vetiver on polyethylene lined
slopes. The side slopes planted with vetiver in the polyethylene lined channels remained vertical, and
nearly so in the unlined slopes. The results indicated the high ability of vetiver to bind the soil (a sandy
loam), and the potential for designing channels with much steeper slopes with the resultant saving in land
area.
VGT has been used in many countries as a very effective means for gully control. Because of its
strength vetiver can withstand high velocity water flows that are normally associated with gullies, and can
grow up and through deep deposits of sediment that are formed behind vetiver hedges established in
gullies. As a result natural steps are formed in the gullies. Where gabbions are used to stabilize gullies
and waterways, vetiver, if planted in association with the structures will help stabilize them. At sites where
high water velocities can be expected vetiver may best be planted from polybagged planting material to
assure quick establishment, and may in the first year require protection by sand bags as well as pegging
with bamboo stakes.
It is likely that vetiver will be more widely used for embankment stabilization as engineers become
aware of its potential. It has a very important potential in non arable areas for gully control.
Claim # 8
Vetiver grass Is fire resistant and repels rodents and other animals. Vetiver is well known for its
resistance against fire. This resistance has resulted in its survival in sugar cane fields that are burnt prior
to harvesting. In South Africa vetiver is used to protect forestry firebreaks from erosion [27], and that this
method is accepted by the forest insurance companies. Young burnt vetiver (burnt as a result of a mass
of cut and dried leaf) under Malaysian conditions recovered fully in four weeks [16]. Historically nomadic
herdsmen in grazing the flood plains of the Niger River in Mali, West Africa, have burnt vetiver in order to
get a quick flush of grass for grazing. Vetiver's resistance and quick recovery from burning is primarily due
to its protected crown and from its deep root system and associated nutrient storage that enables quick
recovery. It is these same characteristics that allows fire to be used as a maintenance system for vetiver
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in drier areas where large amounts of dry leaf material accumulates in vetiver hedges, burning "clears"
out the hedge and reduces the incidence of termite infestation.
There is conflicting evidence on vetivefs effectiveness to deter rodents and other animals. Farmers
are continually reporting that rats appear to be repelled by vetiver and do not burrow into the root system.
In fact on Nepal's irrigation schemes many farmers have planted vetiver on their inter-field bunds in order
to reduce rat infestation [42]. Recently a forester in Papua New Guinea [44] reported that thus far (3
years), the notorious bush pigs have not up rooted vetiver grass hedges.
Claim # 9
Vetiver grass needs no maintenance or management. Initially in the dissemination of VGT the claim
for minimum or no management was based on its use in higher rainfall areas such as Fiji and the West
Indies. In these areas experience showed that on cultivated lands vetiver maintained itself well, the only
maintenance being an annual cutting. Following its introduction to less favorable climatic conditions such
as in the semi arid areas of central India (rainfall 500-600 mm.) it has been found that selection of quality
planting material, planting at the correct time (under such climatic conditions the planting window is quite
small), gap filling in the first year or so, planting via the use of polybags (container plants) under extremely
difficult conditions, the use of fire as a management tool to eradicate excess dead plant material etc., and
using different planting techniques to match different site conditions are all important management aspects
that require good practical judgement. Management experiments [15, 16, 23, and 30] have shown that
management plays an important role in the level of success of vetiver hedges as an erosion control
system. There is conclusive evidence that just "sticking the grass in the soil and forgetting about it" does
not often lead to success, for that matter most technologies fail when this approach is taken.
Studies in Andhra Pradesh [45] and in the Philippines [20] show where farmers have understood the
technology and apply and manage it properly the system is effective. When government undertakes the
work for the farmer.we find the farmer less committed to VGT; maintenance is not carried out and the
hedge system degenerated. On the other hand VGT applied in Costa Rica [41] in a citrus orchard (free
of livestock) showed no signs of deterioration with no maintenance after five years. Another study [46]
shows that on very small farms (less than 0.5 ha) farmers are loath to put any barrier across their land as
they take up potential food crop production areas. In such cases we need to be more aware of farmer
practices and encourage farmers to use VGT as a boundary demarcation as has been practiced for
centuries by farmers in Gundalpet in south India, and by thousands of farmers outside the city of Kano in
northern Nigeria.
Claim # 10
Vetiver grass Is a low cost and economic system of soil and moisture conservation. An economic
analysis [3, 47] compared establishing vetiver grass hedges at less than $30 per ha with more than $500
per ha for conventional engineered systems. Economic rates of return for the latter are around 20%
compared to more than 90% for vetiver. The costs of establishing vetiver hedges varies from site to site.
On gentle sloping lands vetiver hedges may be established 50 meters apart, and thus only 100 meters of
hedge per ha of protected land is required. On steep lands of 60% the distance between hedges may be
4 meters or less, requiring 2500 meters of hedge per ha. The cost of planting material varies depending
on how it is produced. It will cost more if propagated by hand in a commercial nursery, less expensive by
mechanized methods, as done by the Boucard brothers in Texas, and even less if existing farm hedges
are divided for replanting as new hedges. In India a farmer can dig and plant 200 meters in a day—cost
$3 per day. "Commercial" vetiver nursery enterprises in India were paid in 1987 about Rupees 0.01 per
planting slip. At three slips per hole planting material would cost about Rupees 300 (US $ 10 per km. of
planted hedge). In Thailand good quality bare rooted "slip producers" are paid in 1993 US$ 2600 per ha
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which at 1.25 million slips per ha is equivalent to US 0.2 cents per slip or US$ 60 per km. In Thailand
polybag vetiver is produced and planted at US 62 cents per meter. The mechanized cost [35] of planting
of vetiver, including cost of planting material, is estimated at about US $175 per mile. In the USA
protecting 1 ha of land on a 4% slope would, using six lines of hedge-row, cost about US$ 90.
Benefits from using vetiver grass hedges are less easy to determine. In most instances soil loss is
quickly and permanently reduced, reductions of erosion losses from 143 tons to 1.3 tons per ha in one year
are not uncommon [13]. Short term yield gains have been demonstrated in India [31] resulting in estimated
Benefit Cost ratios of more than 2:1. Some farmers in India have reported no crop loss in drought years
when using vetiver, whilst their neighbors have lost their unprotected crops. Other benefits that should be
quantified include the value of vetiver as a mulch (in China US 2 cents per kg), as a fuel (vetiver has an
energy value of about 55% of that of coal), and as a fodder. Indirect benefits include value of otherwise
lost soil and soil nutrients, value of increased ground water recharge, its value in upper catchment flood
protection and reduced maintenance cost of embankments. If one assumes the benefits between
engineered systems and vetiver grass to be the same (which they are not—vetiver's being superior) then
the low cost of vetiver compared to engineered systems (about one fifth) should rank VGT as a priority
technology. Detailed costs of vetiver hedge development [3] show its superiority over other systems,
including engineered structures, in terms of benefit cost ratios.

Conclusions
The foregoing establishes strong evidence that vetiver meets the requirements of a long term, low cost,
vegetative technology for soil and moisture conservation as set out in the first edition [9] of the handbook
"Vetiver Grass (Vetiveria zizanioides) A Method of Vegetative Soil and Moisture Conservation". The proof
not only rests in the above experimental results but by an expanding group of users around the world who
seem to be voting "aye" by including VGT as part of their farm management practices. Nowhere is this
more vividly demonstrated than the mass introduction of VGT in Thailand [37, 48] over the past two years.
Educating farmers in soil conservation is a slow process and needs to be accelerated. Vetiver grass is one
of a number of tools that can be used in conjunction with other methods (contour tillage, no-till, appropriate
nitrogen fixing cover crops etc.) to reduce soil erosion. Vetiver has special merit in its characteristics as
a durable, relatively inert, and highly effective grass that when grown as a hedge halts sediment flows and
reduces rainfall run off.
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Abstract
Successful integration of useful trees and perennials into food crop production system is a key to
developing sustainable agriculture in the humid tropics. Alley cropping or interplanting multipurpose tree
legumes with annual food crops provides an ecologically sound basis for new farming system development.
This paper reviews progress of alley cropping research and development and assesses its place in
sustainable agriculture in the humid tropics.
On high-base status soils (i.e. Alfisols in West Africa and Andisols in Central America and Southeast
Asia), alley cropping systems using tree legumes, such as Leucaena Leucocephala and Gliricidia sepium,
have been shown to sustain crop yields and maintain soil fertility. The established leguminous trees
provide nitrogen-rich green manure, recycle subsoil mineral nutrients, prevent soil erosion on sloping land
and provide fodder to livestock and fuel wood to the farm household. Because subsoil infertility, the
establishment of tree legumes in alley cropping on the strongly leached acidic soils (i.e. Ultisols and
Oxisols in the high rainfall tropics) would require external inputs of phosphorus and prerequisite for effective
recycling of nutrients in alley cropping systems on strongly leached acid soils. Successful dissemination
of alley cropping technologies from research station to the farmer's fields, depends upon the land tenure
system and public awareness of land degradation by the indigenous community.

Introduction
More than a decade ago, an experiment of interplanting Leucaena Leucocephala, a tree legume, with
maize was established at the International Institute of Tropical Agriculture (IITA) in Nigeria with a major
purpose of developing an alternative soil management system that retains certain features of shifting
cultivation while allowing continuous cultivation. The subsequent publication of a technical bulletin on alley
cropping (Kang et al 1984) has led to numerous studies dealing with a wider range of coil, crop and climatic
conditions. As an agroforestry system, alley cropping has received increasing attention by researchers
throughout the tropics. However, few efforts have been made so far to extend this technology to the
farmer's field. This paper reviews the state-of-the-art of alley cropping research and extension and
assesses its place in sustainable agriculture in the humid and subhumid tropics.
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The Alley Cropping System
Alley cropping is an agroforestry or soil management system in which fast-growing and deep-rooted
leguminous or non-leguminous trees are interplanted with annual crops in an arrangement that minimizes
competition for light, nutrients and water while sustaining crop yields and soil productivity. The first alley
cropping experiment was established in 1976 on a sandy, high base-status Entisol (Apomu Series) at IITA
in Nigeria with a major purpose of providing nitrogen from prunings of Leucaena leucocephala to the maize
crop. The typical alley cropping system involves planting Leucaena hedgerows in alleys 2 or 4 meters
apart. The hedgerows are allowed to establish for a period of two years before cropping. The hedgerows
are then pained at the beginning of the rainy season or before the food crop is planted. Leaves and twigs
are returned to the soil as green manure for the food crop; the woody parts may be saved for fuelwood,
or for staking of yams and beans in the home gardens. The hedgerows are further pruned during the
cropping season to minimize shading and to provide additional green manure and mulch (Kang et al 1984).
A schematic diagram of the alley cropping system is presented in Figure 1.

(a) Leucaena alley at end of dry season

4m

Leucaena
Maize
Ich

ES
(b) Pruned Leucaena alley two weeks alter
maize emergence

(c) Alley cropped maize at silking stage

Figure 1. A schematic drawing showing three stages of Leucaena-ma'tze alley cropping.
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Alley cropping systems using Leucaena leucocephala and Gliricidia sepium system were subsequently
evaluated in Nigeria for dry season fodder production on Alfisols (Atta-Krah et al 1985) and for erosion
control on sloping land (Lai 1989; Kang and Ghuman 1991). As a soil management technology, the
system retains the tree component of shifting cultivation while allowing continuous cropping with little or no
external nutrient inputs. Moreover, the Leucaena (or Gliricidia)-maize-cowpea system has been developed
•or cultivation on Alfisols and other high base-status soils in the humid tropical regions where rainfall
distribution allows planting two crops within a year. The three types of alley cropping developed on high
base-satus soils at IITA and elsewhere may be summarized in Table 1. The choice of tree species, alley
spacing and pruning frequency will depend on the goal set by the farm household.
Table 1. Goal and practice of alley cropping on small-holder farms on Alfisols and other
well-drained high based-status soils in humid and subhumid tropics.
Goal

Practice

Crop production

Green manure is supplied annually by 2 to 4 prunings of trees
with high N-fixing capacity, e.g. Leucaena leucocephala.

Crop production & fuelwood

Green manure is supplied by 2 to 4 prunings of trees during
cropping season; one-year cropping followed by 1 or 2 years of
fallow for wood production.

Crop production & fodder

Two woody species may be established in alternate rows in the
same field; e.g. Leucaena to provide green manure and mulch to
the annual crop and Gliricidia to provide fodder to livestock.

Note: On flat land, east-west hedgerows are recommended to minimize shading; on sloping land, hedgerows should be planted along
contours at appropriate spacings to minimize runoff and erosion. Use 4 or 6-meter alley spacing on flat land and narrower spacing
may be needed on sloping land.

A number of fast-growing tropical woody legume and non-legume species have subsequently been
evaluated for their suitability to supply green manure and mulch for a variety of annual crops. The woody
species tested include Acacia auriculiformis, Alchornea cordifolia, Cajanus cajan, Dactyladenia barteri (syn.
Acioa barteri), Calliandra calothyrsus, Senna siamea (syn. Cassia siamea), Senna spectabilis (syn. Cassia
spectabilis), Erythrina poeppigiana, Flemingia macrophylla, Inga edulis, Gliricidia sepium, Gmelina arborea,
Leucaena leucocephala, Paraserianthes falcataria (syn. Albizia falcataria). Common food crops tested
under alley cropping include cereals (maize, upland rice), grain legumes (cowpea, soybean, phaseolus
beans), root crops (cassava, yam, cocoyam), plantain and vegetables.
On high base-status soils, two tree legume species, namely, Leucaena leucocephala and Gliricidia
sepium, have proven to be the most suitable species for alley cropping. Both species can be easily
established by direct seeding, can withstand repeated pruning, can continue to produce large amount of
biomass and nutrients, and are long lived (Kang et al 1981; Kang et al 1991).
On strongly acidic Ultisols and Oxisols in the high rainfall tropics, growth and establishment of
fast-growing tree legumes, such as Leucaena and Gliricidia, are often restricted due to low levels of P and
Ca and high levels of soluble Al in the soil. However, some non-leguminous woody species, such as
Dactyldenia barteri (syn. Acioa barteri), and acid-tolerant woody legumes, such as Flemingia macrophylla
and Calliandra calothyrsus, have been tested for alley cropping with upland rice, maize, cassava and
plantain on acidic, low base-status soils. These woody species can tolerate subsoil acidity and have
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desirable rooting patterns for alley cropping (Wilson and Swennen 1989; Juo and Kang 1989; Kang et al
1989; Evenson 1989; Ruhigwa et al 1992).
Fodder and fuelwood production are secondary goals in alley cropping. In the crop-fodder system,
leaves of palatable tree legumes, such as Gliricidia and Leucaena, are harvested during the dry season
to feed the livestock (cattle, goat and sheep) in the farm compound. It is essential to regulate the
frequency of harvest to allow a rest period for the hedgerow to recover. Excessive fodder harvest during
the dry season may severely reduce the amount of green manure production for the food crop. This may
lead to rapid depletion of soil nutrient pool if manure is not returned to the soil. The use of leguminous
trees to serve multiple purposes in alley cropping may be an attractive idea, but the long-term effects of
nutrient removal by fodder and fuelwood on soil fertility and crop yield are little understood (Atta-Krah et
al 1985; Lulandala and Hall 1989). Thus, as a sustainable soil management technology, the potential of
alley cropping lies in the effective cycling of nutrients within the agroecosystem.
Published results indicate that alley cropping is best suited for food crop production on Alfisols and
other high base status soils in the humid and subhumid tropics. It is not suited for semiarid tropics where
soil moisture becomes a limiting factor for hedgerow establishment, or where the presence of hedgerow
significantly affects soil water availability for the food crop. As a low-input system, it is also not suited for
strongly acidic, low base status soils in the high rainfall tropics. On acidic soils, external inputs of lime,
phosphorus and Rhizobium inculants would be needed for adequate growth and biomass production of the
N-fixing trees.

Sustaining Crop Yield
As an alternative to shifting cultivation in the tropics, a major goal of alley cropping research is to achieve
stability in crop yield while maintaining soil productivity. Four models of yield stability may be
conceptualized (Figure 2). The models compare yield stability of alley cropping with no-till cereal-legume
rotation, and continuous cereals monoculture at two levels of management, namely, chemical fertilizers plus
no-tillage with residue mulch, and chemical fertilizers plus conventional tillage. Initially, yield level per ha
under both monoculture systems would be greater than that of alley cropping. This is understandable
because a significant portion of the field is occupied by the hedgerows. The initial soil fertility level is the
same for all three systems assuming the field is newly cleared from forest fallow. The model further shows
that crop yield under both monoculture systems would decline as a function of time due to certain changes
in physical, chemical or biological properties of the soil resulting in a significant decline in soil productivity.
On the other hand, crop yield is sustained under alley cropping assuming soil productivity is maintained.
These models were supported by the long-term field data obtained on kaolinitic Alfisol and Entisol at
IITA in Nigeria (Juo and Lai 1977; Kang et al 1981; Kang and Juo 1986; Kang and Juo 1989). Maize yields
under no-till monoculture with and without crop residue mulch declined significantly after 6 and 3 years of
continuous cropping, respectively (Figure 3). The IITA experiments also demonstrated that on kaolinitic
Alfisols, maize-cowpea rotation, maize grain yields could be sustained for longer periods of time than maize
monoculture (Figure 4). Under alley cropping, maize yields of 2 to 31 h a ' could be sustained over a period
of 10 years or more without fertilizer N application (Figure 5). However, for higher maize yields of 4 to 5
t ha'1 using improved maize cultivars, a top dressing of 45 to 60 kg ha"' of fertilizer N would be required
(Figure 5). As a nutrient cycling agent in alley cropping, Leucaena hedgerows growing on an Alfisol (pH
6) can produce a total of 71 ha'1 of green manure (dry weight) annually from prunings which contain 250
kg N, 20 kg P, 185 kg K, 100 kg Ca and 15 kg Mg. In the IITA experiment, Leucaena prunings are applied
as surface mulch, the low efficiency of N use may be attributed to the loss of mineralized N through
leaching and volatilization. Hence, to sustain higher level of crop yield in alley cropping, further research
is needed to improve crop N use efficiency and minimize N losses from prunings.
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no-till cereal-legume rotation

alley cropping

conventional till cereal monoculture

Time

Figure 2.

Conceptual models of crop yield as a function of time under three soil
management systems: no-till with fertilizer application and crop residual
mulch, conventional tillage with fertilizer application, and alley cropping.
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Figure 3.

Long-term effect of no-tillage system on grain yield of maize (cv. TZB)
under continuous maize monoculture with and without stover mulch
on a kaolinitic Alfisol (Oxic Paleustalf) manually cleared from
secondary forest at Ibadan, Nigeria.

(Kang and Juo 1986)
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Figure 4.

Maize yield on a kaolinitic Alfisol in rotation with cowpea and sweet
potato with and without fertilizer application at Ibadan, Nigeria.

(Kang and Juo 1986)
5

Alley cropping with fertilizer

Maize monoculture, no fertilizer

Years of Cropping

Figure 5.

Main season maize yield from Leucaena alley cropping and
monoculture on a kaolinitic Alfisol at Ibadan, Nigeria.

(B.T. Kang, Unpublished)
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A number of alley cropping studies have been conducted in recent years to evaluate its yield potential
in comparison with conventional soil management practices including the no-tillage system. Nevertheless,
the results of these studies are varied. On the one hand, there is ample evidence indicating that alley
cropping can sustain crop yields with low or no external nutrient inputs. On the other hand, published
results have also suggested that alley cropping offers no advantage over conventional continuous cropping.
However, a closer examination of the published results suggests that such discrepancies may be attributed
to the following reasons: (i) the longest alley cropping trial was established less than 20 years ago,
therefore, more experimental results are needed to validate the sustainability model as depicted in Figure
2; (ii) some experiments were established on eroded or degraded soils. This led to slow hedgerow
establishment and consequently, low paining yield. It may take several years to regenerate soil fertility to
a level required for optimum crop yield. A good example can be found in comparing the results of the first
six years as published by Lai (1989) and the seventh year results as reported by Kang and Ghuman (1991)
from the same experiment established on a degraded Alfisol in Nigeria. During the first six years maize
yields were lower and runoff and soil loss were higher in the hedgerow treatments than in the tilled control.
But the trend was reversed during the seventh year and thereafter.

Maintenance of Soil Fertility
One measure of sustainability of alley cropping is its long-term effects on soil fertility. A distinct advantage
of the alley system is that the legume hedgerows fix atmospheric N and supply green manure to the
accompanying food crop through prunings during the growing season. It is hypothesized that the
deep-rooted tree legume also serves the function of forest fallow by bringing mineral nutrients such as P,
Ca, K, and Mg from the subsoil to the surface layer. These nutrients are then made available to the crop
and the hedgerow through decomposition and mineralization of prunings. Evidently, such recycling process
is more effective in high base status soils, (e. g. Alfisols) than in low base status soils (e. g. Ultisols and
Oxisols). In many strongly acidic soils, a high degree of exchange Al saturation and low exchangeable Ca
and Mg content in the subsoil may prevent normal root growth and penetration. Furthermore, the low C/N
ratio of the legume green manure favors rapid decomposition and N loss through leaching. Thus, it is less
effective than high C/N materials such as grasses and maize residue for soil organic matter accumulation
and maintenance.
In terms of improving soil fertility through nutrient cycling and organic matter accumulation, the function
of hedgerows in alley cropping also differs considerably from that of the trees and shrubs under forest
fallow. The forest is a closed ecosystem in which fertility status of the surface soil is enriched by the forest
litter with a wider range of C/N ratio which favors soil organic carbon accumulation in the surface soil during
decomposition. Soil organic matter improves the cation exchange capacity and, consequently, increases
exchangeable bases (i.e. Ca, Mg, and K) in the surface soil until a steady-state is reached (Nye and
Greenland 1960). In alley cropping systems, the rapid decomposition of the legume prunings favors rapid
recycling of nitrate and cations through leaching and plant uptake. Hence, the system cannot be
considered as effective as the system of forest fallow in accumulating organic matter and cationic nutrients
in the surface soil. In other words, the maintenance of soil fertility under alley cropping follows a dynamic
model; whereas under the bush fallow system, the change in soil fertility status follows a equilibrium model.
This is evidenced by the experimental results obtained by the researchers at IITA indicating that after
several years of alley cropping on an Alfisol, significant decreases in pH and exchangeable K and Mg
occurred in the surface soils from both fertilized and unfertilized treatments (Kang et al 1981; Yamoah et
al 1986). Considering the low efficiency of N use from prunings, nitrate leaching could be a major factor
contributing to the decline in soil pH and the loss of K and Mg from the surface soil under alley cropping.
Unfortunately, little quantitative information is available at present regarding the processes and mechanisms
of nutrient cycling under alley cropping and their long-term implications for soil fertility maintenance.
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Control of Soil Erosion
In steepland farming systems, such as those practiced in many densely populated, mountainous countries
in Asia and Latin America, a distinct advantage of alley cropping over continuous monoculture is the ability
to better control of soil erosion. Alley cropping has been tested as a soil conservation practice on steepland
farming systems. Research results obtained in Nigeria, Philippines, Peru and Costa Rica showed that runoff
and soil loss were significantly reduced under alley cropping compared to traditional practice in which crops,
such as maize, beans and upland rice, are planted on cleared and tilled slopes without soil conservation
measures (Table 2).
Table 2. Effect of five or more years old alley cropping with various woody species on soil erosion
(Source: Kang and Ghuman 1991; Paningbatan 1990; J.C. Alegre, personal communication; D.L.
Kass, personal communication).
Slope
Soil/Parent material

%

Treatment

Eroded Alfisol from gneiss
(Southwestern Nigeria)

7

Leucaena alley^m 1
Leucaena alley-2 m
Tilled control

Alfisol from sediments
(Philippines)

19

Desmanthus alley-6m
Tilled control

Ultisol from sediments
(Amazonian Peru)

16

Inga alley-4m
Tilled control

Andisol
(Costa Rica)

7

Leucaena alley -4m
Tilled control

Soil loss from one
cropping season
tha"1
0.8
0.2
6.2
3
127
1
54
nil
nil

1. Alley spacing in meters.

The beneficial effects of alley cropping on runoff and soil erosion may be attributed to a combination
of several factors: (i) the presence of prunings as mulch reduces the raindrop impact during heavy
rainstorms, (ii) the contour tree barriers restrict downslope soil movement and reduce runoff, and (iii) the
deep-rooted hedgerows and high soil faunal activity improve water infiltration.
Results in Table 2 also demonstrate the effect soil type and slope on erosion. Soils derived from
quartz-rich and coarse-grained parent materials such as granites, gneisses and sandstones generally are
more susceptible to water erosion than those derived from fine-textured, base-rich parent materials such as
volcanic ash and mafic rocks. Soil derived from the latter group of parent materials usually have low bulk
density and high permeability.

Technology Transfer and Adoption
Historically, few new agrotechnologies were readily adopted by farmers without governmental investment
in infrastructure, extension, regulation and economic incentives. For example, the promotion of
conservation tillage in the United States has been a costly effort involving government legislation and
subsidies in spite of its obvious scientific merits. Farmers in the tropics are, perhaps, more resistant to
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change than their counterparts in the industrial nations, particularly when the basic food need of their own
households is at risk.
In 1986, an international workshop on alley cropping research and extension jointly organized by the
International Institute of Tropical Agriculture (IITA), International Livestock Center for Africa (ILCA),
International Council for Research in Agroforestry (ICRAF), US International Agency for International
Development (USAID) and Canadian International Development and Research Council (IDRC) was held
in Nigeria. Among the many recommendations made by the participants, support for on-farm research and
extension was specially emphasized. Subsequently, an international alley cropping network was
established and funded to coordinate multilocation testing and evaluation in Africa (Kang and Reynolds
1989).
Economic incentive has always played a key role in new technology adoption. For example, in India,
where land pressure is high, fuelwood and fodder are valuable, and fertilizer is subsidized, farmers have
readily adopted alley cropping using Leucaena and other fast-growing woody species interplanted with food
crops such as maize and blackgrams (Mittal and Singh 1989). Because of the high cash returns in
fuelwood and fodder production, farmers are willing to sacrifice the extra yield of food crops from fertilized
monoculture.
In humid and subhumid regions of Africa, the adoption of alley cropping is faced with several major
obstacles: (i) the traditional land tenure system does not encourage tree planting on crop land; (ii) the lack
of economic incentive to change; and (iii) the higher labor inputs needed for alley cropping as compared
to the traditional 'slash and burn' system.
Land tenure can be a major obstacle to overcome in implementing alley cropping. For example, in
forest regions of Africa, few farmers own the land which they farm. Most farmlands are either collectively
owned by the farming community, by the government, or by absentee landlords.
Under such
circumstances, trees planted by the farmer are considered the property of the farmer. It is for this reason
tree planting is often prohibited by the land owner. This is one of the reasons for the slow rate of adoption
of alley cropping by farmers in Nigeria in spite of the many extension activities jointly organized by IITA and
national agricultural institutions. Thus, the adoption of alley cropping in many densely populated areas of
the humid tropics is as much a social issue as a technical problem.
It is also recognized that alley cropping is labor intensive. Initial tree establishment also requires some
labor input for land preparation, planting and subsequent weeding. Farmers derive no economic benefits
from the 2-year establishment phase. In a study on labor requirement during the cropping phase,
Ngambeki (1985) reported that initial cutting and pruning of 4-m Leucaena alleys (approximately 15000
trees ha') require 16 to 31 man-day per ha (assuming 6 hours of actual work per day). Each subsequent
pruning requires about 7 hours per ha. As a food crop production system, the Leucaena alley cropping
with two crops per year (i.e. maize in the main season followed by cowpea in the minor season at Ibadan,
Nigeria), requires about 70 man-day per ha for the entire cropping season. This is about 25 to 37 percent
higher than the total labor requirement for the monoculture control. Hence, without strong land pressure,
government assistance, or an attractive short-term economic incentive (such as cash benefit from sale of
grains, wood and fodder) it would be difficult to convince many subsistence farmers to adopt alley cropping
on the basis of its scientific merits and long-term economic return.
As a soil conserving technology, the adoption of alley cropping to minimize soil erosion on steepland
farming systems has produced promising results. In countries such as the Philippines, Nepal, Haiti and
Honduras, food crop farming has extended to steep slopes as a result of increased land pressure. As there
is little hope in the foreseeable future to return these steeplands to natural forests, national and
international efforts have been made to implement soil conservation measures. Practices combining
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terracing, stone barriers, hedgerows or grass strips to minimize soil loss have been used. Plausible
examples of such efforts are the Land Use Productivity Enhancement project (LUPE) in Honduras, and
several agroforestry and farming systems project in Haiti.
In Honduras, to improve crop yields and to prevent siltation of stream and rivers, combinations of
contour stone barriers, Leucaena/Gliricidia hedgerows and grass strips were established in farmer's fields
on steep slopes (Thompson 1992). Fortunately, this capital intensive conservation program receives
long-term support from national government and, in some cases, from international donor agencies.
Moreover, the improved soil conservation and crop production systems are gaining acceptance and support
by farmers and the local communities. In Haiti, international efforts of extending alley cropping and other
agroforestry practices (Toussaint 1989; Rosseau et al 1993) have unfortunately been interrupted by recent
political events in that country.

Conclusions
In terms of adopting alley cropping as a sustainable soil management practice for food crop production in
the tropics, the following conclusions may be drawn from a review of published results: (i) the system is
superior to traditional 'slash and burn' agriculture as it allows continuous cropping while maintaining soil
productivity; (ii) the system provides green manure and recycle subsoil nutrients with little or no need for
external nutrient inputs; (iii) the system is suited for most upland crops including cereals, grain legumes,
root crops and vegetables; (iv) among the several tree legumes tested on Alfisols, Leucaena is the most
effective tree legume in terms of pruning and N yields; (v) the system is more suited for the high-base
status soils (i.e. Andisols, Alfisols and associated Inceptisols and Entisols) than for the strongly acidic
Ultisols and Oxisols; and (vi) the system is more suited for humid and subhumid tropical regions or at
locations where soil moisture is not a limiting factor for hedgerow establishment and regrowth.
It should be pointed out that the primary purpose of alley cropping is to improve food production on
small-holder farms in the humid tropics. A fundamental principle of agroforestry is to maintain biological
diversity in order to avoid insect and disease outbreaks. Therefore, tendency to develop Leucaena alley
cropping into a large-scale monoculture situation must be avoided. From ecological viewpoint, the
long-term yield stability under alley cropping is influenced by both below and above ground factors including
fertility status of the soil, the dynamics of insects and diseases in the alley system, and the below ground
tree-crop interactions. Until alley cropping is studied as a whole agroecosystem by a multidisciplinary team
of researchers, the question of sustainability will remain only partially answered based on limited information
obtained by agronomists and soil scientists.
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Abstract
Tree-crop interactions in agroforestry systems refer to influences of a biophysical nature of the tree or the
crop component on the performance of the other component(s) and of the system as a whole. These
interactions can be considered depending on their net effects (competitive, complementary, and
supplementary), biological environment (plant-plant and plant-microbe), or physical environment (aboveground and below-ground). The effects could be direct or indirect, and in any system, the extent of
interactions will depend upon the nature of arrangements of the components in time and space.
Irrespective of all such variations, almost all interactions revolve around the major growth factors such as
nutrients (and other soil-related factors), light, and water.
Since agroforestry systems are numerous and location-specific and interaction effects are complex,
it is not feasible to review all systems. In this review, three major agroforestry systems are considered:
improved fallow (representing time-dominant or sequential type of systems), alley cropping (space dominant
or simultaneous), and shaded perennial-crop systems (time- and space-dominant or simultaneous +
sequential). While soil conditions are influenced greatly by tree-crop interaction in all systems, light and
water are not influenced in sequential systems. Available results illustrate the importance of tree-crop
interactions in agroforestry systems and identifies management opportunities for exploiting them. The
results also indicate that interaction studies in agroforestry have almost exclusively been on interaction
effects—often expressed in terms of productivity gains—rather than on the mechanisms and processes
involved. Such results are also confounded with site-specific factors, so that they are not widely applicable.
More mechanistic studies are needed. Root interactions is an area that needs special research.
From a design and management perspective, special attention is needed on resource constraints
under different situations and strategies for mitigating them. Selection of appropriate species and
manipulating their planting densities and arrangements in time and space are probably the most powerful
method for capitalizing on beneficial tree-crop interactions.
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Introduction
The cultivation of trees and crops in intimate associations is an age-old land-use practice. However, it is
only during the past nearly two decades that this practice has received some scientific attention. The
realization about the inappropriateness of the high-input agricultural and forestry production systems to the
small farmers in developing countries, and the search for ways to reduce the alarming rates of tropical
deforestation were the main reasons for recognition of the merits of such age-old integrated systems.
Today, the term agroforestry is used to denote such land-use systems where trees and shrubs, collectively
called woody perennials, are grown on the same unit of land as agricultural crops or animals, either in a
spatial mixture and/or temporal sequence.
It has repeatedly been emphasized in agroforestry literature (e.g., Nair 1993) that the success of
agroforestry relies heavily on exploiting component interactions profitably. The word interaction refers in
this context to the influence of one species or component of the system on the performance of the other
component(s), and thus of the overall system. Interaction studies in agroforestry have followed mostly the
path of agronomic intercropping studies (which have followed the extensive ecological studies on this
subject), and have been limited to studying the net effects—that are always site-specific—on productivity,
especially of the herbaceous component(s). The mechanisms involved have not been a major thrust of
such studies, perhaps because of the assumption that these are similar to those of intercropping and other
ecological studies. Several reviewers of the subject have, however, emphasized that process-oriented
studies are crucial to the understanding of mechanisms of component interactions in complex agroforestry
systems (Tilman 1990; Anderson and Sinclair 1993; Nair and Muschler 1993).
Although most references to interactions in agroforestry are, thus, on ecological aspects of tree-crop
relations, there are also other perceptions to the nature of agroforestry interactions. For example, in
systems involving animal components, there can be significant tree-animal interactions. Furthermore,
economic and social interactions are equally important as biological (ecological) interactions. Nevertheless,
the focus of this paper is on tree-crop interactions involving biophysical factors.
Several of these interaction effects contribute substantially to the sustainability of agroforestry systems.
Sustainability of land-use systems is a much-discussed subject in recent years, and the sustainability
attributes of agroforestry systems have also been examined by several authors (for example, Nair et al
1993). Therefore this paper does not discuss the issue of sustainability; however, it is implied that all casestudy examples included in the paper are sustainable systems.

Biophysical Interactions in Agroforestry Systems
Even within the realm of biophysical considerations, there are several forms of interactions. Agroforestry
researchers use the terms "below-ground" and "above-ground" as adjectives to describe interactions
(mostly competitive) between components for growth factors absorbed through roots (nutrients and water),
and those absorbed/intercepted through leaves (mainly radiant energy) (Singh et al 1989; Monteith et al
1991; Ong et al 1991). Partitioning the interactions into above- and below-ground groups provides a
sound basis for studying the processes involved as well as suggesting improved management options for
components and systems. However, the processes are interdependent and their net effects (which are of
practical significance) cannot be separated into above- and below-ground effects. Therefore, in practical
situations, it will be appropriate to consider them, based on their net results, as positive (beneficial or
production-enhancing) and negative (harmful or production-decreasing) (Nair and Muschler 1993). These
effects can be direct or indirect. For example, for herbaceous components of agroforestry systems, direct
effects may result from the microclimate amelioration or changes in nutrient relations caused by the
physical presence of the woody component in the system, and indirect effects may result from
management practices connected with or necessitated by the presence of woody components. Yet another
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way of examining the nature of interactions is based on the arrangement of components in time and space.
For example, the nature of interactions could be different in agroforestry systems where the component
associations are time-dominant or sequential (e.g., tree fallows), space-dominant or simultaneous (e.g.,
alley cropping, boundary planting), and space- and time-dominant or a combination of simultaneous and
sequential (e.g., shaded perennial-crop systems, taungya). These different perceptions of the nature of
interactions are listed in Table 1.
Table 1. Major types of interactions In agroforestry systems.
Basis

Nature

Growth factors

Ecological

Amensalistic
Commensalistic
Predatory/parasitic

Any or all
Any or all
Any or all

Net effect on
component/system

Complementary
Supplementary
Competitive

Nutrients
Nutrients, Water
Nutrients, Water, Light, Energy

Site/Physical
environment

Above-ground
Below-ground

Radiant energy, light
Nutrients, Allelochemicals,
water, soil conditions

Biological
environment

Tree-crop
Tree-animal
Plant-insect-microbe

Any or all
Light, nutrients
Microbial processes,
pest/diseases

Major Growth Factors Involved in Interactions
Tree-crop interactions in agroforestry systems, irrespective of their nature, revolve around the major growth
factors or resources such as light, water, and nutrients (and other chemicals), the availability and sharing
of which may be modified either directly or indirectly through interaction effects. Indirect effects occur as
a consequence of activities and processes that are mediated through biotic factors (e.g., N2-fixers,
mycorrhizae, and other microbes). There are also some direct influences of biotic factors such as
pathogens and parasites whose activities may be exacerbated by component interactions. Thus, the
factors involved in interactions can be grouped into three levels (Table 2). It is often not possible to
consider the modus operandi and effects of one set of factors in isolation from those of others. In
consideration of these complexities, we will examine the nature of component interactions pertaining to the
major growth factors either alone or in combination, irrespective of whether they are direct or indirect
interactions. It also needs to be emphasized that although interactions are often referred to as
"competition," there may be other forms of resource sharing between neighboring plants.
Soil fertility
The soil-improving potential of trees and shrubs, for which there are substantial experimental and
circumstantial evidence (Young 1989; Nair 1983; Nair et al 1993), forms one of the main scientific
foundations of agroforestry. Exploitation of these potentials is a major management objectives of all
agroforestry systems. The benefits relate to a number of soil factors such as nutrients and organic matter,
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Table 2. Major growth factors and conditions Influenced by tree-crop Interactions In agroforestry systems.
Direct effects

Indirect effects

Direct/Indirect effects

Soil productivity
Competition for nutrients
Nutrient cycling and sharing
Org. matter relations
Physical conditions
Erosion control (water and
wind erosion)

Soil productivity
Mediated thru' biotic factors
(e.g., N 2 fixers, mycorrhizae)

Soil conditions
Nutrient cycling
Synchrony
Nutrient transformations
Soil acidity/alkalinity changes

Water
Competition
Conservation
Sharing/complementary use
Light/Microclimate
Shading
Radiant energy changes
Others
Allelochemicals
Weeds, pests, diseases

Water
Residual soil moisture (after
crop season)
Long-term changes in
hydrological cycles
Light

Water
Complementary/competitive
Moisture conservation
Others

Effects on weeds
Others
Pests, diseases, weeds
Effects of microclimate and
soil changes
Microclimate modification

Pest/parasite/weed activities
Allelochemicals

microbes, and chemical and physical conditions. Since these are all interrelated, it is convenient to
consider them as soil fertility and productivity factors. These interactions are important in both
simultaneous and sequential types of systems.
The main avenues through which agroforestry can contribute to the enhancement of soil productivity
include nitrogen fixation, nutrient cycling, nutrient-use efficiency, maintenance of organic matter, erosion
control, improvement of soil physical and chemical properties, and microclimatic amelioration (Young 1989;
Nair 1993). The extent of influence of these mechanisms on the system depends more on the trees and
shrubs in the system than on their interaction with the herbaceous components. Moreover, as in other
interaction effects, the specific effects of trees perse are confounded with those of tree-crop interactions,
and it is not easy—nor is it important in practical terms—to distinguish between them.
Light
The most conspicuous form of interaction involving light in agroforestry systems is shading. As can be
expected, shading has direct consequence only in simultaneous systems, and its impact is greatest, if not
exclusively, on herbaceous species in perennial + annual intercropping systems, and in the lower-story
species in systems with vertical stratification of component canopies as in shaded-perennial and
homegarden systems. Generally, the shade tolerance of crop plants depends on their photosynthetic
pathway (Cannell 1983) and the product to be harvested. In comparison to leaf-yielding plants, fruit- and
seed-yielding crops tend to be relatively shade-intolerant and should therefore be grown in open spaces
where possible. High-value cash crops such as coffee (Coffea spp.), cacao {Theobroma cacao), vanilla
(Vanilla planifolia), and black pepper (Piper nigrum) provide interesting situations where shade-nutrient
interactions are important.
Water
As in the case of light, tree-crop interactions involving water occur mostly in systems where the components
exist simultaneously. However, unlike in tree-crop interactions for light which may be competitive or
complementary producing positive and/or negative effects on one or more components, interactions
involving water are usually competitive. And, with the exception of areas with well-distributed rainfall, or
azonal sites with a continuous supply of below-ground water, water competition is likely to occur in most
agroforestry systems at some period of time; this period may be as short as a dry spell of one or two
weeks. The effect of these events depends on the severity of drought and the drought tolerance of the
plants. It also depends on the degree of competition for other resources, especially nutrients.
There can be interaction effects for water in sequential systems also. For example, in improved fallow
systems, the fallow species may cause improvement of soil physical properties that could favorably
influence moisture storage in the soil, and thus moisture availability to subsequent crops. Thus, the
sequential systems could have a favorable or positive net effect, as opposed to the usual negative effect
in simultaneous systems, with regard to water.
Other factors
There are several other plant-growth factors that are influenced by tree-crop interactions. The effect of light
(and shading), for example, will influence factors such as temperature, and the overall microclimate of the
system. Microclimate amelioration involving soil moisture u nd 30il temperature relations results primarily
from the use of trees for shade, or as live supports, live fences, or windbreaks and shelterbefts.
Another potentially positive interaction in agroforestry systems is related to weeds. The effect of shade
is more severe for light-demanding plants than for shade-tolerant plants; this could be an avenue to
suppress some light-demanding weeds. A reduction of weeds due to the presence of trees has been
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reported from many ecological zones. The effect of plant associations on pest and disease incidence is
a potentially important but rather unexplored area.
Allelopathy, which refers to the inhibition of growth of one plant by chemical compounds that are
released into the soil from neighboring plants, is another form of interaction between plants. A large
number of studies have been undertaken in recent years on the subject and allelopathic properties have
been reported for many species, especially trees, as discussed later.

Interaction Effects in Major Agroforestry Systems
Agroforestry systems are extremely site specific. They are more numerous and diverse in the developing
countries where biophysical and socioeconomic conditions favor and necessitate such integrated land-use
systems than in the industrialized nations. Many of these systems have been studied and described (Nair
1989; Zhaohua et al 1991; Montagnini et al 1992). Each system is a specific local example of component
association, characterized by environment, plant species and their arrangement, management, and
socioeconomic functioning. The major practices that entail distinct spatial and temporal arrangement of
components and are common to most of these systems are few in number; the important ones are listed
in Table 3.
Considering the multiplicity of agroforestry systems, we will limit the discussions to three major types
of systems; these are improved fallow, alley cropping, and shaded perennial-crop systems. They represent
not only the most widely studied systems, but also the sequential (improved fallow), simultaneous (alley
cropping), and sequential + simultaneous (shaded perennial-tree systems) forms of agroforestry. The
information derived form the review of these systems would be relevant to other systems as well.
Improved fallow
Farmers in the tropics have traditionally used certain plant species to restore fertility and suppress weeds
in swidden agriculture (Budowski 1987; Beer 1988; Unruh 1990) and have encouraged their presence in
the fallow phase (Raintree and Warner 1986; Padoch and de Jong 1987; Unruh 1990). Following the
recognition of the scientific merit of this practice, improved fallows were proposed as a management
alternative to shifting cultivation (Nye and Stephens 1962). A common feature of improved fallows is that
certain valuable trees and shrubs are left standing when the forest is cleared, and/or are planted with
desirable species during the cropping phase to enrich the subsequent fallow. The term improved fallow can,
in practice, mean "alternatives" to the fallow phase of shifting cultivation, leading ultimately to permanent
cultivation of some sort.
Being a sequential agroforestry system, the major interaction effects in improved fallow system are
related to soil fertility changes. Based on a review of six traditional fallow systems in the American tropics,
Kass et al (1993) concluded that evidence for biological enrichment of soil caused by the fallow was
inconclusive. The fallow systems studied included both biologically and economically enriched fallows;
while some were quite site-specific with limited distribution, others were widespread with potential for even
wider adoption. The question of whether these fallows contribute to soil fertility generally, or only do on
specific sites, will have considerable effect on their suitability for other areas. Except for the studies of
Szott et al (1991a) and Staver (1989), which focused on nontraditional fallows, there was little evidence
for restoration of soil fertility in any of the fallows discussed by Kass et al (1993). However, the babassu
(Orbignya phalerata) fallow of northern Brazil seems to recycle considerable quantities of biomass
(Anderson et al 1991) and the frijolillo (Senna guatemalensis) fallow of Honduras seems to accumulate
potassium (Foletti 1991). From these evaluations, Kass et al (1993) concluded that farmers use the fallows
for their economic rather than biological values. Positive effects of fallows on crop yields could be due to
rest period of the land, i.e., through nutrients conserved during the rest period. The actual contribution of
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the fallow vegetation to the nutrient pools of the soil needs to be separated from the effects of the rest
period per se.
Table 3. Major agroforestry practices in the tropics.

Alley Cropping (Hedgerow Intercropping): Fast-growing, preferably leguminous woody species grown
in crop production fields; the woody species are periodically pruned at low height (< 1.0 m) to reduce
shading of crops; the prunings are applied as mulch into the alleys as a source of organic matter and
nutrients, or removed from the field to be used for other purposes such as animal fodder.
Homegardens: Intimate, multistory combinations of a large number of various trees and crops in
homesteads; livestock may or may not be present.
Improved fallow: Fast-growing, preferably leguminous woody species planted and left to grow during the
fallow phase of shifting cultivation; the woody species cause site improvement and may yield economic
products.
Multilayer tree-gardens: Multispecies, multilayer combinations of different woody species of varying forms
and growth habits.
Multipurpose trees (MPTs) on farms and rangelands: Fruit trees and other MPTs scattered
haphazardly or according to some systematic planting arrangements in crop or animal production fields;
trees provide fruits, fuelwood, fodder, timber, etc.
Pasture under plantations: Cattle grazing on pasture under widely-spaced rows of plantation species.
Plantation-crop combinations (Shaded perennial-crop systems): Integrated multistory mixtures of tree
crops such as coconut, cacao, coffee and rubber with other tree crops, shade trees, and/or herbaceous
crops.
Protein banks:
production.

Production of protein-rich tree fodder on farms/rangelands for cut-and-carry fodder

Shelterbelts and windbreaks: Use of trees to protect fields from wind damage, sea encroachment,
floods, etc.
Taungya: Growing agricultural crops during the early stages of establishment of forestry (timber)
plantations.
Trees in soil conservation and reclamation: Trees on bunds, terraces, raisers, etc. with or without grass
strips; use of trees for reclamation of saline, acidic or otherwise degraded (e.g. eroded) soils.
Source: Nair (1993).

Another important question is whether the benefits of these systems could be increased through
improved management. As mentioned earlier, the term "improved fallow" implies the use of desirable tree
and shrub species during the fallow phase. This could also involve various types of improved fallowmanagement techniques and improved plant arrangements. Depending on local conditions, the degree
of "intensification" can progress from a simple two-component mixture as in taungya, to space-and-time-
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interpolated multispecies associations as in homegardens. Thus, alley cropping is, in a sense, an improved
(permanent) fallow system.
Alley cropping
Alley Cropping is a technology about which quite a lot has been written, high expectations have been
raised, and considerable research has been and is being done (Kang et al 1990; Kang 1993). In alley
cropping, arable crops are grown between hedgerows of planted shrubs and trees, preferably leguminous
species, which are periodically pruned to prevent shading to companion crop(s). Prunings from the trees
and shrubs are a source of mulch and green manure. Leguminous woody species also add fixed
nitrogen to the system. Being a simultaneous agroforestry system, tree-crop interactions in alley cropping
will influence all the three major growth factors that are discussed here.
Soil Fertility. Much of the research on alley cropping during the past decade has addressed the ability
of the practice to replace or reduce the use of chemical fertilizer, and to maintain soil and crop productivity.
Most results show that alley cropping with fast-growing, repeatedly-pruned shrub and tree species is a
biologically sustainable technology in the humid and subhumid tropics (Kang et al 1990; Szott and Kass
1993). On the other hand the results from the semiarid tropics have not been encouraging (Rao et al 1990;
Ong et al 1991; Jama 1993); the experiences from the nutrient-deficient, acid, lowland humid tropics in the
Amazon basin have also been not promising (Szott et al 1991a; Fernandes et al 1993a). Results of two
fairly long-term studies from a moderately fertile Alfisol, one from subhumid Nigeria (Kang 1993) and the
other from semiarid Kenya (ICRAF 1993) are clear indications of these contrasting situations. The data from
subhumid Nigeria (Figure 1) show that, in the long run, alley cropping with Leucaena leucocephala (a
leguminous, nitrogen-fixing species, commonly called leucaena) was better than the control (no alley
cropping) or alley cropping with Dactyladenia barteri (syn. Acioa barteri) (a nonleguminous, non-nitrogenfixing species). On the other hand, the data from semiarid Kenya (Table 4) indicate that leucaena was not
a good species for alley cropping under those conditions: serious reduction in maize grain yield started
12 months after the establishment of leucaena, with the greatest reduction in the treatment where leucaena
was unpruned (45%), as opposed to 20% in the pruned-leucaena treatment. However, in this study, the
rainfall declined from 415 to 240 mm during the five successive seasons; therefore, the effects of rainfall
and age of trees were confounded. It is interesting, however, to note from another study in the same site
(Machakos, Kenya) that even in the semiarid conditions, alley cropping with Senna siamea (syn. Cassia
siamea) was better than no alley cropping in terms of crop productivity and several soil productivity
parameters, especially soil moisture relations (Jama 1993). These results also underscore the importance
of selection of appropriate hedgerow species for alley cropping in semiarid conditions.
A synthesis of some recent research results on alley cropping conducted by ICRAF in Eastern,
Southern, and West Africa locations (Table 5) shows that although maize responded well to inorganic
nitrogen application, the response of alley-cropped maize to N applied as hedgerow prunings was not
impressive (Akyeampong et al (in press)). Obviously, the magnitude of nutrient influence cannot be judged
in isolation from the effects of other tree-crop interaction factors such as interspecific competition,
microclimate modification, and changes in soil's physical properties and conservation parameters.
Results of a long-term alley-cropping trial with leucaena hedgerows on a degraded Alfisol in Nigeria
showed that despite general decline in soil fertility status of the soil with continuous cropping, the plots that
were alley-cropped following five years of intensive cropping showed higher nutrient status than the control
(no tree) plot (Table 6). Addition of prunings tended to lower soil Ph more than in control plot.
Similar observations were also reported in other studies (van der Meersch 1992). Other research
results from IITA also provide evidence on the role of woody hedgerows in nutrient recycling in alley
cropping system. Based on measurement of nutrient levels in the soil solution in an alley-cropped plot,
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Figure 1.

Effect of alley cropping with Dactyladenia barterl and Leucaena leucocephala on
grain yield of maize grown on degraded Oxic paleustalf compared to no-alleycropping control for a period of ten years in the humid zone of southwestern
Nigeria. Fertilizers were applied to all treatments at the following rates (kg ha'1
yr 1 ):
Years 1-3 : 90 N, 40 P, 40 K;
Years 4-10 : 45 N, 12 P, 25 K

Source: Kang (1993)
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Table 4. Grain yield of five successive maize crops with pruned and unpruned leucaena and the effect of root barrier at Machakos, Kenya,
1990-1992.
Yield as % of sole maize2
Year

Season

1990
1990
1991
1991
1992

long rains
short rains
long rains
short rains
long rains

Mean

Rainfall1
(mm)

Sole maize
(Mg/ha)

415
363
212
380
240

2.19
3.42
1.74
2.29
3.18

84
55
44
54
35

78
80
78
77
80

89
69
50
53
33

87
80
75
86
71

322

2.56

57

79

59

80

Unpruned

Pruned

1. Rainfall in long rains is for 20 March-31 June and in short rains is for 20 October-31 January
2. Based on average yield of 10 rows of maize, 10 m long, on both sides of leucaena (i.e. 157.5 m2)
Source: ICRAF (1993).

Unpruned +
barrier

Pruned +
barrier

SEE

10
4
9
15
2

Table 5. Responses of maize to Inorganic fertilizers and tree prunlngs at different AFRENA sites In Africa.
Response to 1N
(kg')
Site

Year

1.

Maseno,
Kenya

1990/L
1990/S

2.

Chalimbana,
Zambia

3.

Chipata,
Zambia

4.

5.

Rainfall
(mm)

Inorganic N

Mulch

Fertilizer N
equivalent
to mulch
(kg ha'1)

Control maize
grain yield
(t ha'1)

3.23,1.96
3.87*, 1.49

884
396

35
37

7.6-17.9
3.3-7.1

5-42
3-39

1989
1990
1991

1200
735
677

37
10
14

0.6-20
1.7-19.5
15.6-31.0

2-38
11-134
22-94

1.85
1.16
1.06

1989
1990
1991

1108
912
727

34
26
40

negative
negative
0.5-5.0

0-17

2.80
2.42
1.88

Yaounde,
Cameroon

1990
1991

1080

13
33

5.0-11.4
3.7-8.4

38-90
16-48

1.40
2.74

Machakos
Kenya

1990/L
1991/S
1991/L

447
333
214

20
15
12

negative
negative
negative

2.58
1.90
1.40

1991

444

negative

1.51

6. Gitega,
Burundi

On a separate trial, L • Long rains (March-July), S i Short rains (Oct-Feb) in Kenya and Burundi, Dec-April in Zambia and represented by year for January to April.
Source: Akyeampong et al (1993).

Table 6. Chemical properties of surface soil (0-15 cm) of an Alfisol in southwestern Nigeria after five
years of alley cropping with Leucaena leucocephala.
Alley cropped
Chemical
parameter

Hedgerow

Alley

Control
(no hedgerows)

Organic C (%)

1.23

0.94

0.59

Exchangeable cations (cmol kg"')
Ca
Mg
K
pH (H 2 0)

2.94
0.92
0.39
5.3

2.47
0.74
0.58
5.1

2.73
0.89
0.52
5.3

Source: Nair et al (1993) adapted from Hauser and Kang (1993)

Hauser and Kang (1993) reported that (1) under hedgerows, the nutrient level in the surface soil was higher
than at lower soil depths, and (2) in the alleys between the hedgerows with food cropping, the soil surface
showed lower nutrient levels than in the subsoil due to nutrient uptake by the shallow rooting food crops.
This was an indication that the presence of deep rooting woody species helped in absorbing plant nutrients
that were beyond the rooting zone of the food crops. This process can reduce nutrient leaching losses
from the production system, as illustrated by results of nutrient balance studies carried out on an Alfisol
derived from sandy parent material in southern parts of Benin Republic. In this study, the presence of
Cajanus and leucaena hedgerows and mixed cropping greatly reduced N0 3 -N leaching from the system
than in the control (no tree) treatments (Hauser and Kang 1993).
In humid tropical environments, with severe soil nutrient deficiencies (particularly phosphorus) and high
aluminum saturation of the exchange complex, competition for nutrients may dominate tree-crop
interactions, although short-term water stress may still occur. Concerns have been raised about the viability
of hedgerow intercropping on strongly acid soils (Szott et al 1991a; Garrity et al 1991; Fernandes et al
1993a). High exchangeable aluminum tends to inhibit the deep rooting of trees, promoting more intense
root competition for P and other nutrients. The organic matter inputs do not supply adequate quantities
of P to meet annual crop requirements. Further, the prunings are composed of P that the trees may have
captured predominantly from the crop root zone (Evensen 1989; Fernandes et al 1993b).
One of the potential benefits of improved nutrient relations in agroforestry systems, especially alley
cropping, is the so-called "synchrony" in nutrient release. It suggests that timings of mulch applications and
crop uptake of nutrients released from the decomposing mulch could be coordinated in such a way that
periods of maximum crop uptake coincide with periods of maximum nutrient release from the mulch. While
Haggar et al (1993), working in Costa Rica, found some evidence that such manipulation of timing of
agricultural activities would lead to increased crop uptake, Jama and Nair (in press) did not find any
synchrony benefit under conditions of normal agricultural operations in an Alfisol in semiarid Kenya.
In spite of the apparently high rates of nutrient cycling under alley cropping, only small proportions of
such recycled nutrients (especially nitrogen) become available to the annual crop component. Using ,5 N,
Mulongoy and Sanginga (1990) found in an Alfisol in Nigeria that only about 15% of the N applied in
leucaena prunings was recovered in the maize crop; considerable amounts of the remainder of N were
found to be either not released (31%), leached or taken up by the trees (39%), or incorporated into the soil
organic matter (23%). In another experiment in IITA, Nigeria, Kang and Mulongoy (1992) found that most
of the N2 fixed by Gliricidia sepium was stored in its roots (40%) and stems (48%). Haggar et al (1993)
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found similar results from Costa Rica when they monitored the 16N content of maize and a sequential bean
crop as well as associated weeds over a period of 265 days following applications of enriched Gliricidia
sepium and Erythrina poeppigiana mulch or crop residues. The low recovery of labeled N in the bean crop
and associated weeds shows that N in the tree prunings applied as mulch is either lost from the system
or incorporated into one of the unavailable pools.
Another aspect that is often overlooked in discussions on nutrient relations in alley cropping systems
is that the nutrient-cycling ability of the shrubs used in alley cropping depends on the inherent nutrient
status of the soil (Nair et al 1993). In most situations, especially in extremely infertile and acid soils,
hedgerow prunings alone cannot sustain the productivity of continuous alley cropping (Lai 1989; Palm and
Sanchez 1991; Szott et al 1991a, 1991b; Fernandes et al 1993b). Thus, although there are potential
benefits from nutrient cycling in alley cropping, the magnitude of benefits varies considerably under different
situations; generalizations can be quite misleading.
As regards the effect of alley cropping on weed population, Yamoah et al (1986) found in Nigeria that
weed yield was positively correlated with available radiation. Senna (Cassia) siamea was reported to
control weeds better than Gliricidia sepium or Flemingia macrophylla. This was attributed to the greater
shade under Cassia. Similarly, Jama et al (1991) attributed weed reduction under closely spaced leucaena
alleys in Kenya to shading. In an alley-cropping trial in Costa Rica, Rippin (1991) reported a reduction of
weed biomass of over 50% in alleys of Erythrina poeppigiana and Gliricidia sepium as compared with
nonalley-cropped plots, although the mechanism involved was not clearly established. Szott et al (1991a)
reported that weed suppression by prunings in alley cropping was related to mulch quality: slowly
decomposing mulches such as Inga suppressed weeds more effectively than mulches that decomposed
more rapidly.
Water. In alley-cropping trials of leucaena with cowpea, castor, and sorghum under semiarid conditions in
India, competition for water appeared more important than shading effects (Singh et al 1989). Corlett et
al (1989), again in a study from semiarid India, reported similar results for an alley cropping mixture of
leucaena and millet. Establishment of a root barrier (0.5 m depth) next to the leucaena hedges practically
eliminated the yield reduction of the adjacent millet. However, the effectiveness of the root barrier lasted
only one season, after which the leucaena roots arched backwards up the root barrier. A similar study with
leucaena and maize in semiarid Machakos, Kenya, also showed that the effect of root barrier lasted only
one season (ICRAF 1993). These and similar studies elsewhere have highlighted competition for moisture
as the most serious constraint to the success of agroforestry systems where water is the critical limiting
factor.
The extent to which moisture stress resulting from interactions affects each component of a system
depends mainly on the species. In an investigation on alley cropping with leucaena and Flemingia
macrophyylla in semiarid area of Zambia, Chirwa et al (in press) found that moisture content under the
hedgerows was more than in the cropped areas in the alleys; similar results have also been noted by Jama
(1993) under hedgerows of leucaena and Senna (Cassia) siamea in semiarid Kenya.
Perennial crop/shade tree systems
Perennial crop/shade-tree systems, especially of cacao (Theobroma cacao) and coffee (Coffea spp.) under
the shade of such species as Erythrina spp., and Inga spp., and homegarden systems in different
ecological regions, are often cited as good examples of sustainable agroforestry (Nair 1990; Fassbender
et al 1991; Szott and Kass 1993). Because these systems consist of simultaneous + sequential association
of components, interactions involving all the major growth factors occur in them.
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Soil Fertility. One of the major biophysical factors that contributes to sustainability of these systems is the
nutrient cycling through the leaf litter from overstory trees, either through natural leaf fall or periodical leaf
pruning. Indeed, the best evidence for nutrient cycling in agroforestry systems comes from a shaded cacao
and coffee systems in Costa Rica (Beer et al 1990, Fassbender et al 1991; Fassbender 1993). Table 7
gives the amount of fine-root biomass, above-ground biomass, and recycling index of N,P, and K in four
different shaded systems. Other advantages in these systems arise from the relatively low amounts of
plant nutrients removed during the harvest of these high-value crops, higher soil organic matter from
litterfall, and the reduction of soil erosion made possible by the presence of continuous plant cover (Nair
et al 1993).
The shaded perennial-crop systems also provide the best examples for the so-called "nutrient-pumping"
phenomenon. Because the shade trees and associated crops occupy complementary zones in the soil,
the trees supposedly absorb nutrients from deeper soil depths that are not reached by the associated
crops. These subsoil nutrients are brought to the surface consequent to litter fall, through fall, or pruning
of trees. The extent to which this complementarity of nutrient-uptake zones occurs in each system would
depend upon several factors: the species involved, soil characters that affect deep rooting, and climate.
Also, different nutrient elements may be taken up from different depths by trees. Best evidence for this
complementarity is from older systems on fertile soils where there are no barriers to root penetration and
trees are well established. On less fertile soils, there is considerably more tree root biomass at shallow
depths where they compete with crops for nutrients.
Table 7. Biomass production, turnover and recycling index for four shaded perennial-crop systems
in Costa Rica.
Shaded produc tion system

Component
Fine root biomass (Mg ha'1)
Standing biomass (Mg ha'1)
Turnover (Mg ha'1)
Recycling (%)
N in standing biomass (kg ha"1)
N turnover (kg ha'1)
N Recycling (%)
P in standing biomass (kg ha'1)
P turnover (kg ha'1)
P recycling (%)
K in standing biomass (kg ha1)
K turnover (kg ha'1)
K recycling (%)

Erythrina
+ coffee

Cordia +
coffee

Erythrina
+ cacao

Cordia +
cacao

2.6
35.4
20.0

4.5
37.1
5.7

3.8
44.5
22.9

7.0
63.7
11.4

56.4
522
461

15.3
286
114

51.4
357
447

17.9
400
169

88.3
46.0
35.0

40.0
34.0
7.0

125.0
38.0
40.0

42.3
50.0
24.0

76.1
338
260
77.0

21.5
229
54.0
23.5

105
428
177
41.3

48.0
346
73.0
21.1

Source: Nair et al (1993), adapted from Fassbender et al (1991) and Fassbender (1993).

Imbach et al (1989) found much greater leaching losses of Ca, Mg, and K under a Theobroma
cacao + Erythrina poeppigiana association than under a J.cacao + Cordia alliodora association. A previous
study on the Costa Rican site had found much higher fine-root biomass in the Cordia system than in the
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Erylhrina system (Alpizar et al 1986). The studies carried out on this system and on Coffea arabica +
E.poeppigiana and C.arabica + C.alliodora systems by Fassbender and co-workers show that systems will
differ in the amounts of different nutrients cycled according to their components (Alpizar et al 1986;
Heuveldop et al 1988; Beer et al 1990). Cycling indices were higher in the Eryihrina systems (Beer et al
1990) despite greater nutrient losses.
Light. Traditionally these crops are grown under partial shade. However, their tolerance to shade is
conditioned by availability of nutrients and water. Best yields are often obtained under conditions of low
shade and high levels of soil fertility and water. But, plants under nutrient stress yield more under shade
than in the open (Alvim 1977); hence the importance of shade trees and shade regulation in the production
of these crops. Similarly the relative importance of light will decrease in semiarid conditions as well as on
sites with low fertility soils.
Systematically collected data derived from experiments to monitor interaction effects and translate them
into yield responses are scarce in shaded perennial-crop systems. This, however, does not belittle the
significance of the well conducted, long-term experiments involving coffee, cacao, and coconut (Akenorah
et al 1974; Alvim 1977; Nair 1979). Shade management is a normal management strategy in coffee and
cacao production systems; benefits and disadvantages of shade trees in these systems have been
reviewed by several authors (Willey 1975; Budowski et al 1984; Wood and Lass 1985). Studies of nutrient
cycling in crop/shade-tree systems suggest that fertilization and/or periodic pruning of leguminous shade
trees leads to increased production of the understory cash crop, greater quantities of nutrients recycled,
and a greater proportional export of nutrients with respect to the amount circulated, compared to unfertilized
and/or unpruned systems (Herrera et al 1987; Fassbender et al 1988; Beer et al 1990, Szott and Kass
1993). Beer (1988) suggests that the partial replacement of leguminous trees by non-leguminous timber
species may reduce the amount of nutrients recycled, warranting supplemental mineral fertilization.
In general, shading causes a reduction of actual temperature and temperature fluctuations as well as
the vapor pressure deficit (VPD) under tropical conditions. For example, comparing shaded versus opengrown coffee plantations in Mexico, Barradas and Fanjul (1986) found that, in a coffee plantation under the
shade of Inga jinicuil (205 trees/ha; average tree height: 14 m), the average maximum temperature was
5.4°C lower and the minimum temperature 1.5°C higher, and that both VPD and Piché evaporation were
substantially reduced as compared to open-grown coffee. The smaller temperature fluctuations under
shade were attributed to reduced radiation load on the coffee plants during the day and to reduced heat
loss during the night. The lower VPD was probably caused by a higher water input through the trees'
transpiration stream in combination with the lower temperatures. Similar results, indicating a buffering effect
of the trees on the microclimate beneath them, were also reported for a combination of coconut and cacao
in India (Nair and Balakrishnan 1977). A reduction of VPD will cause a corresponding reduction in
transpiration and, hence, less likelihood of water stress for the shaded crop (Willey 1975; Rosenberg et al
1983). This could be especially beneficial during short periods of drought and may result in production
increases, as in the case of increased tea yields under shade in Tanzania during the dry season (Willey
1975). Similarly, Neumann and Pietrowicz (1989) reported that bean plants associated with Grevillea
robusta trees in Rwanda showed no signs of wilting in hot afternoons, whereas those grown on a field
without trees did.
Water. The presence of trees may have both positive and negative overall effects on the water budget of
the soil and the crops growing in between or beneath them. Examining the water content of the top 0.1
m of soil on a farm in Turrialba, Costa Rica, Bronstein (1984) found a higher moisture content under
Erythrina poeppigiana than in open fields or under Cordia alliodora during the dry season. The light
transmission through the canopy of the Erythrina was only 40%, while Cordia was leafless at that time.
Therefore, the higher soil moisture under Erythrina may have been partly due to lower evaporative water
losses as a function of lower soil temperatures. Properties of different litter layers may also have affected
evaporation. Generally, a mulch or litter layer under shade trees may be seen as a one-way barrier to
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moisture flow, since it increases the infiltration of rain water while simultaneously reducing evaporation from
soil (Wilken 1972; Müller-Sümann 1986). However, in some situations, especially in semiarid regions, the
transpiration of the shade trees may actually increase water stress to the associated crops. Soil
temperature will generally be affected in the same manner as air temperature, i.e., shading tends to exert
a buffering effect on temperature fluctuations and extremes.
Other systems and effects
Some other types of interaction studies reported in agroforestry literature refer to intercropping systems,
allelopathy, and effect on weeds. Verinumbe and Okali (1985) showed that competition for light was a
more critical factor than root competition for intercropped maize between teak trees (Tectona grandis) in
Nigeria. Neumann and Pietrowicz (1989), who studied competition in an agroforestry combination of
Grevillea robusta, maize, and beans in Rwanda, reported that the shade cast by Grevillea appeared more
important than other effects of the trees. Examining soil moisture effects of 3.5 year-old Eucalyptus
tereticornis on mustard and wheat yields next to the tree line in semiarid India, Malik and Sharma (1990)
reported reductions of over 30% for the crops growing at a distance of less than 10 m from the tree line.
Thus, despite the use of drought-adapted, plants, water competition is likely to play a major role in the
productivity of agroforestry systems, especially in dry areas.
Several tree species used in agroforestry systems have been reported to have allelopathic properties
(Table 8). Although allelochemicals are reported to be present in practically all plant tissues, including
leaves, flowers, fruits, stems, roots, rhizomes, and seeds, information on the nature of active chemicals and
their mode of action is lacking. The effects of these chemicals on other plants are known to be dependent
principally upon the concentration as well as the combination in which one or more of these substances
is released into the environment (Putnam and Tang 1986). There are several difficulties associated with
rigorous research on allelopathy (Williamson 1990). Nevertheless, more studies are needed on these
aspects in agroforestry. Given the present stage of agroforestry research, the priority should be to screen
the commonly used plants in agroforestry systems for their allelopathic interactions, because it may be
infeasible to explore the details of the mechanisms involved in each case.
Table 8. Selected tree species, reported to have allelopathic effects, found commonly In
agroforestry systems.
Tree species

Effect on

Reference

Alnus nepalensis
Casuarina equisetifolia
Eucalyptus tereticornis
Glincida sepium

Glycine max
Cowpea, sorghum, sunflower
Cowpea, sorghum, sunflower
Potato
Maize/rice seedlings
Tropical grasses

Bhatt and Todaria (1990)
Suresh and Rai (1987)
Suresh and Rai (1987)
Basu et al (1987)
Akobundu (1986)
Alan and Barrantes (1988)

Grevillea robusta
Leucaena leucocephala

Grevillea seedlings
Maize/rice seedlings
Cowpea, sorghum, sunflower

Webb et al (1967)
Akobundu (1986)
Suresh and Rai (1987)

Source: R.G. Muschler in Nair (1993).

The effect of plant interaction on pest and diseases is another area that needs careful examination.
For example, the incidence of Phytophthora palmivora on cacao increases greatly under conditions of
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heavy shading (Alvim 1977). The main reasons for this are probably greater relative humidity and
decreased wind, both of which tend to favor fungal growth. This situation is likely to apply to other crop
plants susceptible to Phytophthora. However, reduced temperature and humidity fluctuations under shade
can also have a suppressing effect on pests and diseases. For example, these conditions tend to reduce
the spread of witches' broom disease (Crinipellis pemiciosa) on cacao (Lass 1985). It seems, then, that
the balance between positive and negative effects will have to be assessed for each particular situation.

Tree-crop Interactions and Management Considerations
The agroforestry tree component tends to exert a competitive advantage vis-a-vis an annual crop both
above- and below-ground, in the former case due to its dominant stature, in the latter due to a root system
that tends to be deeper and more proliferating, and usually already in place prior to the establishment of
the crop. Accumulating experimental evidence for acid soils shows that the chemical constraints to root
growth in the subsoil result in greater root competition for the low levels of nutrients in the top soil between
the tree and crop components. If productivity of the system has to be sustainable, the resultant decline
in crop yield at the tree-crop interface has to be compensated for by increased crop yields away from the
tree and/or by increased value of the tree product.
Competition for nutrients between trees and associated vegetation may be avoided if the phenology
and temporal patterns of nutrient uptake are different among trees and crop or pasture species.
Considering the nutrient requirements during the life of an individual tree, demand for nutrients (except for
Ca whose demand is relatively constant because it is immobilized in woody tissue) is highest during the
period of growth in foliage and fine roots. This usually occurs within the first ten to twenty years of tree
growth, although root accumulation may continue to occur for longer periods of time. Since internal
retranslocation is limited in young trees, high demand is placed on soil stocks (Miller 1984). Tree-crop
competition for nutrients and water is likely to be most severe during the early stages of tree growth and
will continue to decrease as the trees get older due to increasing importance of internal retranslocation and
the expansion of the tree roots into previously unexplored soil. If tree products are being harvested,
however, the nutrient exports in the harvested fraction will reduce internal retranslocation and increase
competition between trees and associated vegetation as the trees seek to compensate for the exported
nutrients.
Management of Roots
Although the deep-rooting characteristics of most trees are often cited as being desirable for agroforestry
systems, data are needed to substantiate this. Early studies on root systems of tree crops such as coffee
(Huxley et al 1974) and cacao (Ahenkora 1975) have shown that most of the fine, feeder roots of these
trees are found within the 20 cm-deep topsoil, and this situation is perhaps true for most other trees as well
(Commerford et al 1984). Recent studies on root distribution (in acid soils) of some common MPTs used
in agroforestry systems, such as Alchornea cordifolia, Dactyladenia barteri, Gmelina arborea, and Senna
(Cassia) siamea, showed considerable differences among the species (Ruhigwa et al 1992). While A.
cordifolia, G. arborea, and S. siamea had most of their fine roots (< 2 mm diameter) in the 0-20 cm layer,
D. barteri had fewer fine roots in the surface soil and its roots penetrated deeper soil horizons much more
than those of the other species studied.
Jonsson et al (1988) found that under semiarid conditions in Morogoro, Tanzania, the distribution of
fine root biomass declined similarly with depth among maize and several agroforestry tree species
(including Cassia siamea, Prosopis chilensis, L leucocephala). The predominant zone of root biomass for
both annual crop and the trees was the upper 40 cm, with the total fine root biomass of the trees generally
about 2-2.5 times higher than for the crop. Thus, root competition between crop and tree species can be
expected when they are intercropped.
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Comparison of the fine-root biomass of agroforestry and forestry systems (Szott et al 1991b) indicates
that while some agroforestry systems may have twice the fine root biomass of annual cropping systems,
they generally have an order of magnitude fewer fine roots than forestry systems. Many of the most
popular multipurpose tree species (Leucaena, Cassia syn. Senna), and Prosopsis), even when grown in
pure stands, have less than 1/10 of the fine-root biomass of a corresponding natural forest in semiarid
areas. There is considerable evidence that under certain soil and climatic conditions and management
systems the tree roots outcompete the crop roots for nutrients derived from the tree prunings (Fernandes
1990; Haggar 1990; Haggar et al 1993), so that whatever benefit that may be derived from nutrient cycling
may will rarely be to the benefit of the non-tree component.
The sharing of below-ground resources between trees and associated vegetation could be
accomplished via the selection of appropriate genotypes, ideotypes, plant spacing, time of planting, the use
of above- or below-ground pruning, shade, and liming. Perhaps the most cost-effective technique would
be to use species and provenances that have complementary patterns of nutrient uptake. While data on
rooting patterns of the more recently domesticated trees are very scarce, genetically-based differences in
rooting patterns exist even among provenances (Vandenbeldt 1992). In a study of 15 provenances of
Gliricidia sepium on an Ultisol in the peruvian Amazon, there were significantly different patterns of vertical
root distribution among provenances 20 months after growth in the field (Fernandes 1990). Such
differences offer the potential of selecting adapted germplasm for optimizing the beneficial aspects of trees
on soils.
Another method of regulating below-ground interactions between "soil-improving" trees and associated
crops is by altering plant spacing. The competition for soil nutrients and water due to similar rooting and
nutrient uptake patterns of "soil-improving" trees and associated crop or pasture species, could potentially
be reduced by reducing the interface between the components. At a given plant density, the interface is
dramatically increased as the spatial arrangements changes from blocks to strips to line plantings to
individual trees. Trees may have a more significant influence on soil improvement and reduced
intercomponent competition for soil nutrients and water, when planted in mono-specific blocks rather than
in mixed associations (Cannell 1983; Ong et al 1991). Rotational management of trees followed by other
crop or pasture vegetation as in shifting cultivation and managed fallows offers a means of reducing the
negative effects of trees on associated crops and/or pasture vegetation.
As discussed earlier, the use of below-ground (root) pruning has been investigated as a means of
regulating below-ground competition under semiarid conditions; but the apparent benefits lasted only for
one cropping season (Singh et al 1989; ICRAF 1993). Similar investigations under acid soils in lowland
humid conditions (Fernandes 1990) have also not given any conclusive results. Therefore, at present, root
pruning is not even recommended, let alone practiced, as a management strategy.
Significance of trees as nutrient exporters
In addition to the competition for nutrients and moisture between trees and associated crops or pasture
species, trees may have adverse effects on site quality through biomass and nutrient export via tree
harvests. Comparing an abaca-based (Manila hemp, Musa sp.) system, a coconut-based system {Cocos
nucifera), and Paraserianthes (syn. Albizia) falcataria pulpwood production system in the Philippines,
Tabora (1991) found that the abaca system caused the least nutrient exportation, with only 4 kg of
macronutrients (sum of elemental N, P, and K) removed per year in the fiber harvest, the coconut based
system removed double this quantity of nutrients, and the Albizia wood production system registered an
order of magnitude higher macronutrient exportation. He estimated that, to prevent a nutrient shortfall, the
wood-based system would incur a much greater recurring fertilizer investment (6-13 times higher) than for
the abaca and coconut systems. The superior nutrient-conserving features of "fruit-based" agroforestry
systems, represented by the coconut systems highlighted a significant agroecological advantage in lowinput situations.
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Another case study is provided from the experience with Acacia mangium that is widely planted in
Sarawak, Malaysia forthe recuperation of abandoned shifting cultivation sites. In a 6.8 year-old plantation,
Halenda (1989a) measured total biomass accumulation at 123 Mg ha'1 and the accumulation (kg ha1) in
aboveground biomass of 616 N, 33.2 P, 297.7 K, 404 Ca, and 48 Mg. In contrast, a 6.6 year-old
Leucaena leucocephala plantation on the same site accumulated 8.4 Mg ha' of biomass, and 57 N, 2.6
P, 29 K, 34 Ca, and 7.5 Mg, all in kg h a ' (Halenda 1989b). Harvesting of A. mangium stems only would
have resulted in the export from the site of 284 kg N, 15 kg P, 225 kg Ca and 24 kg Mg per hectare
respectively. Clearly, although the trees accumulated considerable biomass and nutrients, tree harvesting
for 2 and 3 rotations would result in a nutrient depleted site.
Studies on perennial shade tree systems in Costa Rica (Alpizar et al 1986; Fassbender et al 1988)
have shown that nutrient accumulation in the standing biomass was much higher for the timber trees than
for cacao. This may have induced serious competition for nutrients, were it not for the relatively limited
nutrient offtake demands of the system, in comparison to the abundant nutrient cycling occurring within it.
Annual nutrient extraction from the system through the harvest of cacao pods and husks was relatively low
(compared to annual crop systems) at 19-25 kg N, 4.0-4.3 kg P, and 28-27 kg K per ha. There was also
a low proportion of nutrient exportation compared with the total nutrient content in the standing biomass
(5% N, 8% P, and 8% K). The recycling of nutrients through residues returning back to the soil system
exceeded off-take by 5.9-6.8 times in the case of nitrogen, 3.8-4.8 times for P, and was about double for
K. Nevertheless, P accumulation was much greater in the timber trees than in cacao (2.4-2.7 times),
placing relatively greater nutrient stress upon the system. Also, only one of the overstory trees was a
nitrogen-fixing species (£. poeppigiana). The cacao/E. poeppigiana combination registered a total increase
of 80 kg N ha'1 in the soil-plant system over a five-year period, indicating an annual contribution due to
fixation equivalent of 18 kg N h a ' , a modest but significant benefit.
Direct nutrient exportation in alley cropping or hedgerow intercropping systems may occur in several
ways. The major routes are the use of leaves and green stem prunings as animal fodder, or the harvest
of poles, fuelwood, or fruits. Indirect export occurs through the harvest of annual crops obtaining nutrients
from hedgerow litter fall and prunings. The harvest of economic products results in direct nutrient exports
but contributed to the productivity and profitability of the system. Mercado et al (1991) found that the
economic value of hedgerow prunings when used as animal fodder exceeded their value as green manure,
which is a frequent conclusion of farmers practicing alley cropping (Kang et al 1990). This practice may,
however, also result in severe accelerated soil fertility decline.
Agroforestry and soil-erosion control
There is a widely-held assumption that agroforestry systems can reduce rainfall erosivity. However, it may
not be true in all agroforestry situations. The kinetic energy of falling rain drops can be enhanced by the
presence of a high, broad-leaved canopy. Rain drops coalesce into larger drops, which, while falling from
a high (ca. 30 m) canopy, can attain a high velocity and cause substantial splash erosion by the impact
of the raindrops. It is likely that low and dense canopy would reduce erosivity; but field measurements from
such agroforestry systems have been very few.
As regards soil erodibility, the major influence of agroforestry practices is through the effect on soil
physical properties, mediated by soil organic matter. It has been widely observed that soil structure is
better under forest than under cultivation; this includes higher structural stability, lower soil detachability,
and higher water infiltration capacity. Since the effect of various agroforestry practices on soil organic
matter is variable, the effect of agroforestry practices on soil erodibility is also variable.
Reduction of runoff, which is another major aspect of erosion control, is based on the barrier approach,
in which runoff and soil loss are checked by means of barriers Where trees are planted on soilconservation works, including grass strips, bunds, and terraces, runoff and erosion are reduced; no specific
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additional effect, however, can be attributed to the presence of trees. Barrier hedges such as in alley
cropping are effective in limiting runoff, which is one of the main objectives of alley cropping in many
places.
Soil surface cover formed by living and dead mulches including herbaceous plants and perennial cover
crops, crop residues, and tree litter and primings can effectively check raindrop impact and runoff, and the
potential of this "cover approach" for reducing erosion is greater than that of the "barrier approach". In
addition to providing living or dead plant materials on the surface, the presence of multiple layers of
canopy, as in shaded perennial-crop systems, can considerably reduce the velocity of falling rain drops and
thus reduce the severity of their impact. Retaining tree pruning on the soil surface is another effective
means of providing surface cover and thereby soil protection for some time (until the mulch is decomposed)
as reported by Omoro and Nair (1993).
Results of research or other field measurements on soil losses under agroforestry systems are
relatively few. Most of the available results come from alley cropping studies in IITA, Nigeria (Lai 1989;
Kang and Ghuman 1991). From an alley-cropping study on a Typic Tropudalf with 14 to 19% slope in the
Philippines, Paningbatan (1990) reported significant reduction in runoff and soil erosion with alley cropping.
Observations during a 3-month period showed that: (1) runoff and soil erosion with farmers' practice
(control) was 127 Mg ha"1 and 347 mm, (2) presence of Desmanthus varigatus hedgerows reduced erosion
and runoff to 41 Mg ha'' and 183 mm, (3) addition of hedgerow prunings as mulch further reduced soil loss
and runoff to 3 Mg ha' and 75 mm, and (4) combined with zero tillage soil loss was only 0.2 Mg h a ' and
runoff 32 mm. Ghosh et al (1989) reported from a study conducted in a 1700 mm year' rainfall zone in
southern India that, a year after initiating intercropping of cassava with leucaena, soil loss from no-crop
(fallow) plot was 11.94 Mg ha'1 year' as against 5.15 and 2.89 Mg ha'' year' respectively from leucaena
alone and leucaena + cassava plots. In all these studies, with systems that have high erosion potential
but are managed differently, the range of values is large, indicating the importance of management
practices in controlling erosion. One point to emphasize here is that presence of trees do not necessarily
lead to control of erosion. What matters is the way in which agroforestry systems are conceived and
managed; when designing tree fallow and agroforestry systems for erosion control, the primary aim should
be to establish and maintain a ground cover of plant litter. Usually, it will not be possible to achieve erosion
control by protection offered by tree-canopy, unless possibly under systems having a low and dense cover.
Windbreaks and shelterbelts are important agroforestry practices for soil-erosion control in areas where
wind is a major cause of erosion. There is a long tradition of using windbreaks in semiarid temperate
regions of North America, Europe, and Asia for crop- and soil-protection from wind and wind erosion (van
Emiren et al 1964), as well as in the semiarid tropics (Vandenbeldt 1990). When properly designed and
maintained, a windbreak reduces the velocity of the wind, and thus its ability to carry and deposit soil and
sand. It can improve the microclimate in a given protected area by decreasing evaporation from the soil
and plants. In many cases, windbreaks have been shown to affect the productivity of the crops they protect.
In some cases grain yields have increased significantly; in other cases the competition for water and light,
the land area "lost" to the planted trees, or the changed microclimate have been detrimental. The effect
on yield is clearly dependent, in large part, on the design of the windbreak, and the particular crop and
environment involved. Additionally, windbreaks can provide a wide range of useful products, from poles
and fuelwood, to fruit, fodder, fiber, and mulch (Nair 1993). Because of these factors, multiple tree products
and long-term soil conservation should be considered to be the primary benefits.
Often erosion per se is not the main objective of practicing even the many agroforestry practices that
have erosion-control potential. Best results can be obtained if agroforestry technologies are combined with
other relevant land-use technologies, even for a single farm or land-management unit, in accordance with
the biophysical conditions of the farm, and the fanner's production objectives. Agroforestry or soil-erosion
control cannot be considered in isolation from other land-use approaches and needs.
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Component management
The magnitude of interactive effects between trees and other components of agroforestry systems depends
on the characteristics of the species, their planting density, and spatial arrangement and management of
the trees. Manipulating densities and arrangements is probably the most powerful method for capitalizing
on beneficial effects of trees while reducing negative ones. However, in some cases, for example, when
trees are used as supports for crop plants, the planting density of the trees is determined by the planting
density of the crops. In these cases, choosing a wider plant spacing for trees with larger crowns may not
be a valid option; knowledge of the light transmission characteristics of the tree crowns and of the options
for tree management will become important under these conditions.
Several characteristics could be identified as desirable attributes for trees in agroforestry systems; but
often it is not possible to choose trees with all these characteristics, either because other plants are already
established, or because production or protection goals favor the choice of other species. Whenever a tree
species with all the desired characteristics is not available (which is most likely to be the case), tree crowns
and roots can be manipulated through management operations, mainly by pruning and tninning (Muschler
et al (in press)). Other common management operations such as fertilization, application of mulch and
manure, cut-and-carry fodder systems, and confinement or rotation of the animals can also be employed.
From a design and management perspective, special attention is needed on resource constraints, and
strategies to mitigate them. For example, on acid, infertile soils (Oxisols, Urtisols, Dystropepts, Psamments,
and Spodosols), the potential of agroforestry systems and particularly tree-crop interactions, to increase
nutrient inputs or reduce losses is limited by chemical constraints to root expansion; special efforts are
needed in these situations to minimize the negative effects of high aluminum saturation in the subsoil, and
a lack of weatherable minerals on tree and crop productivity. Furthermore, since nitrogen-fixing trees are
common and desired components in most agroforestry systems, optimizing the soil conditions for nitrogen
fixation is an important management consideration. An important aspect is inoculation with appropriate
strains of Rhizobium if the soils do not contain adequate rhizobial populations; if this is not done, not only
will the potential benefits of nitrogen fixation by leguminous trees be lost, but the trees will also be
exploiting soil N like other plants. Addition of moderate amounts of P fertilizers to the trees and enhancing
the activity of vesicular-arbuscular (VA) mycorrhizae are particularly relevant.

Conclusions
Recent research results from field experiments in different agroecological locations amply support the
widely-held assumptions on the importance of tree-crop interactions in agroforestry systems, and indicate
the significant potential that exists for exploiting them. However, these results are often confounded with
site-specific factors, and are inadequate to explain the mechanisms involved. Mechanistic studies are
essential to understand the processes and produce results that are widely applicable.
Several factors are involved in tree-crop interactions; but all of them are not equally important in terms
of their effects. Some factors are of secondary or tertiary nature. Interaction studies should initially be
focused on key primary factors such as light, nutrients, and water.
Most results indicate that agroforestry systems have a greater potential than agronomic intercropping
or monocultural systems for improving soil productivity in terms of fertility, physical and chemical properties,
and erosion control. But these potential benefits have not so far been translated into productivity gains.
The main obstacle seems to be competition between trees and crops. Selecting tree species with growth
habits and requirements that are compatible with those of herbaceous components, and designing
appropriate system- management regimes seem to be practical approaches to reducing such competition.
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Root systems play an important part in tree-crop interactions. It is generally believed that deep rooting
is a desirable character of aN trees in agroforestry. It may not be so. The relative importance of root-system
characteristics such as spatial (vertical as well as horizontal) distribution, total volume of living roots, and
rate of regeneration of roots especially in response to above-ground management and seasonal variations
need to be understood for all the commonly-used multipurpose trees in agroforestry systems.
Agroforestry technologies have great potential for controlling soil and water erosion. However,
experimental evidence and on-going research efforts are somewhat scanty. Nevertheless, several countries
have started soil-conservation programs employing agroforestry approaches, most of which are based on
experiences and observations rather than research findings. As a result, repetition of same or similar ideas
with little or no innovations is characteristic of most of such programs. The vast opportunities in improving
this aspect of great production as well as conservation benefit remain greatly underutilized.
Finally, the inseparable mix between biophysical and socioeconomic factors is a special feature of
agroforestry. Even if a technology is biophysically attractive, its adoption by the farming community will not
occur if it is not socioeconomically viable. Often times, the potential benefits of tree crop interactions are
of a long-term nature, so that they may not result in short-term economic gains.
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FOREWORD

Adequacy of the resource base for sustainable agriculture in the future is an important
concern of agro-technologists. The need to conserve energy, yet increase production, calls
for a careful examination of all aspects of efficiency in farm operations.

The papers contained in this volume cover topics which are of interest not only to soil
scientists, agronomists and farmers but also to environmentalists, planners and social action
groups. It is hoped that deliberations of these symposia will serve to foster a rational
approach to the issue of environmental impact of high production systems and will lead to
an evolution of more and more eco-friendly agrotechniques and crop production systems.

The UNEP and the FAO have played a significant role in arousing public consciousness of
the issues involved and supporting studies and programmes that impinge upon them. The
cooperation of contributors, the society officers and the production team in bringing out
thes publication is deeply appreciated.

G.S. Sekhon
•

Chairman
Commission VI. ISSS
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TILLAGE PRACTICES VIS-A-VIS CROP PRODUCTION
SYSTEMS IN THE SUB-TROPICS
S.S. Prihar and P.R.Gajri. Pepsi Foods Limited, 136-D, Kitchlu Nagar, Ludhiana
and Department of Soils, Punjab Agricultural University, Ludhiana, India
Abstract
Defined as the physical manipulation of soil with a view to killing weeds and preparing seed bed
and root bed for the crop, tillage is an important component of crop production system. It is also
used to disrupt impervious layers and root restricting hard pans in the subsurface. Loosening by
tillage decreases bulk density of soil and mechanical resistance and increases its porosity,
infiltrability and storage of water. Carefully chosen tillage practices have been shown to facilitate
seedling emergence, enhance root development and hence water and nutrient uptake and yield. In
coarse textured soils of subtropics, tillage strongly interacted with irrigation and applied fertility
to increase crop yields and input use efficiencies. Intensive tillage has, however, been criticised
to increase erosion risk and accelerate organic matter decomposition which destroy soil structure.
Conservation tillage system which requires at least 30 per cent soil covered with residue has been
advocated to conserve soil and water. Soil is disturbed to the minimum extent and weeds are killed
through herbicides. But the performance of such a practice depends upon the soil and climatic
conditions.
In the past answers to tillage problems of a production system were sought through treatment and
response type of field experiments, results from which are site specific. To tackle the large diversity
in soil, crop and climatic characteristics, the three components of production system and the
complexities of their interaction, use of simulated deterministic models is being recommended.
But, for lack of understanding of relationships involved in the tillage tool-soil-crop system it is not
possible to deploy such models. It is suggested that till such models are developed, simpler models
which consider water as the central link between soil tillage and crop may be used. Also, future
field experiments should, alongwith quick answers, produce data which could be used to define
basic relations needed for deterministic models to predict soil and crop responses to specific tillage
practices on a given soil under given climate.

Introduction. Tillage is defined as physical manipulation of soil for express purpose of promoting
crop production by alleviating soil related ecological constraints for growth and development of
crops. Tillage processes are used for several specific purposes such as to sever weeds, to alter soil
physical environment (hydrothermal-aeration regime, mechanical impedance) in the seedbed and
the root-bed and mixing soil to incorporate fertilizers, amendments, pesticides and crop residues.
Apart from these short-term objectives, tillage must conserve soil and water resources for
sustainable crop production. The extent to which each of the above aspects is changed depends on
the type and method of application of the tillage implements and on soil properties/conditions.
Important aspects of tillage and effects of tillage on soil physical parameters and crop growth are
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'discussed in this paper.
I. Soil Response to Tillage
Tillage disrupts and compacts soils and alters volume-mass relations in the disturbed zone, thereby
causing significant changes in soil physical environment (Fig.1).
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Fig. 1 Flow diagram showing the effect of bulk density changes on soil physical environment
1. Soil Bulk Density and Porosity. One soil physical parameter that is nearly always altered
by tillage is bulk density (19). The magnitude and direction of change depends upon the
antecedent soil properties, type and intensity of tillage operations and the time after tillage the
effect is determined. Gajri et al. (33) reported that 35 cm deep chiselling, 40-45 cm apart
significantly reduced seeding-time bulk density in the tilled layer of soil compared to the
conventional 10 cm deep tillage (Table 1). The bulk density in chiselled plots increased with
Table 1. Soil bulk density (Mg m 3 ) distribution in 0-30 cm soil layer as affected by deep and
conventional tillage (10 cm deep) of a sand soil at seeding and harvest of wheat
Depth
(cm)

At harvest
Conv-till
Deep-till

At seeding
Conv-till
Deep-till
- Mg m 3

0-5
1.51
1.50
5-10
1.51
10-15
15-20
1.53
1.54
20-25
1.58
25-30
LSD (0.05)
Tillage for same depth

1.40
1.39
1.44
1.51
1.52
1.51

1.52
1.50
1.56
1.54
1.55
1.61

0.02

1.51
1.52
1.52
1.53
1.55
1.58
NS
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time as soil settled with rain/irrigation and differences caused by tillage vanished by harvest time.
Bulk density also exhibits wide spatial variation because of undisturbed zones within the soil (77).
Maximum changes in bulk density in loamy sand and sandy loam soils occurred in the chisel furrow
(Table 2) and there were no marked differences at 0.08 m and 0.16 m away from the mark (58).
Table 2. Distribution of bulk density as affected by 35 cm deep chiselling 40 cm apart and 10 cm
deep soil disruption (conventional till) in loamy sand and sandy loam soils at seeding
Depth
(cm)

Loamy sand
Deep-till
Distance from chisel
furrow
Ö 0.08 0.16 m

Mg m 3

-0-10
10-20
20-30
30-35

1.51
1.55
1.46
1.45

1.53
1.61
1.53
1.52

Sandy loam
Deep-till
Conv. till
Distance from chisel
furrow
Ö
OÖ8 0.16 m

Conv. till

1.53
1.66
1.60
1.53

1.52
1.63
1.56
1.53

1.47
1.55
1.52
1.46

1.52
1.62
1.63
1.61

1.54
1.65
1.65
1.62

1.54
1.63
1.63
1.62

A change in bulk density is always associated with change in total porosity and pore size
distribution. In compacted soils, the total porosity decreases largely at the expense of large pores
while loosening has the reverse effect. Burwcll and Larson (16) reported that disc harrow and
ploughing increased the porosity of 0-15 cm soil from 53 per cent to 60 per cent and 66 percent,
respectively. The number and geometrical properties of water conducting pores are the key to
tillage and traffic effect on soil infiltrability. The latter is enhanced by greater number of larger size
and vertical orientating pores (12). Derpsch et al. (22) studied the influence of conventional (disk
plough + two diskings), minimum (chisel plough + two disking), no tillage and permanent crop
cover on porosity and pore size distribution of a ty pic Haplorthox turning the soil annually by disk
plough promoted lowest bulk density and highest porosity; chisel ploughing loosened the soil
annually, but had not created a large volume of macropores after a period of 4 years. No-till resulted
in higher volume of macro- and micro-pores and higher plant-available-watcr during the growing
season of wheat.
2. Water Balance. Water status ui »oil is the central link in the interaction between relevant
environmental factors and crop response to tillage (12). When water is in short supply a tillage
system should aim at maximizing the amount of plant-available water (64); and when it is in excess,
there is a need to minimize the risk of insufficient aeration (13). Optimal soil water regime for crop
growth can be achieved by reducing runoff and soil erosion, preventing soil degradation, improving
infiltration, and decreasing evaporation losses (2). For water conservation and erosion control,
tillage should disrupt impervious soil layers in the profile, provide a rough soil surface, increase
infiltration time and retard flow of water across the surface, (77). Water balance related aspects
of tillage-induced changes include water surface detention, soil water retention, infiltration and
redistribution, evaporation and crop use of water.

142

a. Surface water detention. Rough soil surface and depressions caused by tillage determine the
amount of water that can be held on sloping lands before runoff occurs. Burwell et al. (15) studied
the effect of tillage treatments on infiltration of simulated rainfall into Barnes loam. For mould
board, cumulative infiltration approached a value equal to the sum of pore space and surface
roughness retention before run-off began and exceeded their sum before 25 mm of run-off had
occurred. (Table 3) For the other treatments, the potential storage volume was not filled, even when
50 mm run-off had occurred. The nature and extent of surface roughness is likely to differ with soil
type, implement used, number of passes and the moisture conditions. The effectiveness of rough
surface also depends upon other factors viz. the intensity and amount of precipitation and stability
of surface aggregates (78). Adverse effects of roughness include rapid loss of small showers from
cloddy surface through faster evaporation. There is also considerable risk if accumulated rain water
at the surface exceeds the capacity of the system except on levelled and diked fields.
Table 3. Effect of tillage-induced plough-layer porosity and surface roughness on the cumulative
infiltration of simulated (127 mm h l ) rainfall on Barnes loam
Tillage
Treatment

Tillage
Depth

Surface condition
Pore space* Roughness

Cumulative infiltration
Initial
25 mm
50 mm
runoff
runoff
runoff

mm
1. Untilled
2. M.B.Plough
3. 2+D.harrow
4. Cultivated
5. Rotovated

0
150
150
75
150

9
171
53
57
24

81
137
124
97
117

21
217
73
83
38

24
230
84
91
41

* Measured to a depth of 150 mm.
b. Soil water retention. Pore size distribution resulting from soil loosening affects retention of
water by soil against applied suction as well as its water transmission characteristics. Decrease in
bulk density increases total porosity and .thus, the amount of water held at high soil water potentials
and decreases the amount held at lower potentials (81). Change in pore size distribution by tillage
traffic also alters the hydraulic conductivity of soil. Loosening the soil increases saturated hydraulic
conductivity while compaction decreases it relative to its value before tillage/traffic. Unsaturated
hydraulic conductivity increases with compaction as long as volumetric water content increases by
reduction of considered volume (47).
I

c. Infiltration. Water infiltration is influenced by both surface and sub-surface conditions. Apart
from prolonged detention in depressions, tillage disturbs dense soil layers or horizons, decreases
bulk density, increases porosity and infiltration rates. The tillage must penetrate the limiting layer
completely; otherwise only detention storage is increased as infiltration may be limited by compact
soil horizon below the tilled zone (41).
Lindstrom et al. (52) concluded that higher water content in the lower part of the chiselled compared
to the no-till profile resulted from water movement to lower layers and hence, less loss by
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evaporation. Depending on a host of factors, the gain in plant available water by increased
infiltration will vary. When amount of plant-available water is small, this gain becomes very
important. The increase in infiltration also enhances crop yields by avoiding surface ponding.
"Although the hydraulic characteristics of the plough layer and deeper soil horizons are often used
as basis for calculating infiltration, surface characteristics usually govern the entry of water into
the soil during high rainfall rates'' (27). Tillage that provides water stable aggregates at the surface
and soil pores open to the surface is effective in achieving favourable infiltration. Structurally
unstable soil surface layer that slaked repeatedly under wetting and drying becomes relatively
impervious and limits infiltration. Under such situations tillage increased infiltration for at least the
first subsequent wetting. Meyer and Mannering (56) reported that post-planting shallow cultivation
in corn increased infiltration of simulated rain (6 cm in one hour) by 50 per cent. Under field
conditions, the amount of surface residue may greatly influence both instantaneous infiltration rate
and cumulative infiltration. In a Nigerian soil with one per cent slope runoff after 44.2 mm rain
was 18.8 mm from bare, 8.3 mm from ploughed, and 1.2 mm from no-till plots(65).
d. Evaporation. Depending upon the soil and climatic conditions, tillage may have broad range
of effects on soil evaporation; ranging from marked decrease to increase in evaporative loss. Tillage
that exposes moist soil to the atmosphere will increase the evaporation rate and, thus, cumulative
evaporation from the tilled layer. However, a layer of loose, finely-aggregated soil created by tillage
reduces unsaturated water flow to the surface (45) because of decrease in hydraulic conductivity
of soil and thereby decreases loss of deeply stored soil water (57).
Controlled studies with semi-infinite soil columns (e.g 35) and field observations (57) have shown
that the effect of shallow tillage on evaporation reduction is governed by soil type, initial soil
wetness, evaporativity (Eo), time and type of tillage (43). Benefits of soil mulch for moisture
conservation are greater on finer textured soils under low Eo and for short periods. Over long
periods, the cumulative evaporation from tilled and unfilled soil tends to equalize. More important
than increased profile storage is the effect of tillage on advance of wetting front of specified water
content into the soil. Gill and Prihar (35) showed that 0.15 and 0.18 cm3cnv3 moisture content fronts
advanced linearly with time in untilled soil, but in the tilled soil the front moved rapidly in the
loosened layer and very slowly in the consolidated soil below. Thirty days after tillage, moisture
content in the undisturbed soil just below the tilled layer, where seeds are placed, was much higher
than that of corresponding layer in the untilled soil.
Both the instantaneous evaporation rate and cumulative evaporation are also reduced by no-tillage
where surface residues are present. However, evaporation is lower from residue covered than from
bare soil initially. And as the surface dries, the evaporation rate from bare soil lags behind that
from residue covered soil (44). In the longer run cumulative evaporation losses in the two systems
may be similar (77).
3. Soil Temperature. Changes in soil surface configuration and plant residue cover affected by
tillage influence soil temperature by modifying the reflection of radiant energy and turbulent
exchange at the surface. Aggregation porosity and moisture content all have an influence on soil
thermal properties such as thermal conductivity and heat capacity (79). Field evidence to quantify
the contribution of random roughness to soil temperature change is confounded by the positive
correlation of random roughness with total porosity and diameter of pores in the tilled layer. Model
projections showed that a random roughness change from 0.2 to 2.5 cm may produce a 3°C increase
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in temperature at 5 cm depth (21).
Change in bulk density changes the heat capacity of soil mainly by changing the amount of mineral
matter and water per unit volume of soil. Also the reduced particle contact and reduction in volume
water content of soil accompanying decreased bulk density lowers the thermal conductivity of soil
(80). Tillage systems that left the most residue on the soil surface resulted in the lowest soil
temperature. In relatively cool climates surface residue may reduce temperature below a critical
limit to affect germination (40). Owing to reflected solar radiation, shoots above a mulch layer were
generally warmer during the day time, and owing to re-radiation cooler during the nights (75). In
the tropics and sub-tropics reduction of super-optimal soil temperatures during summers by residue
mulch benefits crop growth. In Nigeria no-till reduced the maximum soil temperature at 5 cm depth
by as much as 11°C for corn and 9°C for soybeans, 2 weeks after planting (48). Similarly in semiarid North India straw mulch substantially reduced soil temperature at 10 cm depth in growing corn
(62).
4. Soil Aeration. In wet and compact soil, the number and volume of the sites which are not
adequately supplied with oxygen are more than in loose and dry soil (31). Loosening by tillage
increases the relative proportion of larger pores in the disturbed layer which drain out rapidly and
restore adequate water-free porosity soon after saturation by rain and / or irrigation. Heavy
compaction strongly influences the time during which the soil oxygen remains limiting. In fact,
effect of tillage on aeration of soil is directly linked with its effect on infiltration rate; the faster the
rate the shorter is the time that surface remains sealed. In a dense Charity clay, 50 cm deep chiselling
in fall decreased oxygen deficiency period, after a 7 cm rain, to 2 days against 5 days with fall
ploughing and 6 to 8 days for compact treatment (30). Slaking or puddling of soil surface clearly
reduces the gaseous diffusion (10). But, the soil below the puddled surface remains unsaturated
during infiltration (70). Aeration may become limiting for root growth in soils of low permeability
or those with relatively hard or impervious layer at shallow depths. Since aeration effects are
transient, Erickson (30) recommended that measurements for soil aeration must be performed
during periods of stress e.g. after heavy rain or irrigation.
At the same air content, the diffusion coefficient in a soil unfilled for several years can be slightly
higher than that of one tilled regularly (11). However, the gas-filled porosity at field capacity or
at higher soil matric water potentials, is much smaller in unfilled soil and, therefore, gas diffusion
is 2-6 times less than in tilled soil. Sometime tillage may prolong wet conditions in the soil by i)
breaking pore continuity by smearing action and, by creating a firm layer below the loosened layer.
Quantitative data on effects of tillage on aeration are generally lacking (68). On Wooster silt loam,
the ODR at 10 cm depth differed among treatments only on the first day following rain. It was
highest where runoff was allowed probably because of low water content due to less infiltration than
where runoff was prevented. After the soil had time to drain or be dried by evapotranspiration, ODR
became similar for all the tillage treatments (63). Aeration is not a serious problem in seed-zone
because in addition to drainage, air porosity is also restored through drying. However, under low
Eo (temperate climate) emerging seedlings of winter cereals may be killed when they are
waterlogged for more than 3-4 days (18).
5. Soil strength. Measured as mechanical impedance with (conical) penetrometers soil strength
is expressed as cone index (CI) having units of pressure. It is known to change with water content
and bulk density of soil (71) but the relationship varies with soil (17). Tillage depth and equipment
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used, soil type, pre-tillage soil conditions and soil wetness at the time of measurement must be
considered for logical interpretation of CI data. Data available on the short term and long term
effects of tillage on mechanical impedance are rather meagre (19).
In a sandy loam soil, under rice-wheat system for more than 10 years, cone index at field capacity
wetness in the top 15 cm averaged 1.45 MPa in direct drilling (after rice harvest,no residue) 1.14
MPa in 10 cm deep conventional-till and 0.58 MPa in deep-till, (40-45 cm deep chiselling 35-40
cm apart). In 15-20 cm soil layer, CI averaged 2.73, 2.75 and 1.59 MPa in the respective
treatments(32). Similar reductions in CI have also been reported by others (3, 6, 20,). Maximum
decrease in soil strength occurred in the chisel furrow and its effect decreased with distance away
from the furrow (20).
After 28 years of tillage treatments on two silt soils, the strength in the no-till plots was higher for
traffic zone than row zone. Compared with no-tillage, penetration resistance with chisel ploughing
was 41 per cent less in the traffic zone and 71 per cent in the row zone; for mouldboard ploughing,
it was 37 per cent less in the traffic and 61 per cent in the row zone (54). In a study with coarse
textured, low organic matter soil one per cent change in soil wetness changed the CI by 0.21 MPa
(34).
II. Crop Response to Tillage
1. Seed Germination and Seedling Establishment. Seed germination and seedling emergence are
impaired by lack of seed-soil contact, lack of water supply to the seed and/ or moderate to high soil
strength. Tillage practices play an important role in controlling surface crust and affecting seedling
emergence. Coarse tilth may reduce total seedling stand and increase stand variability (38). A
stratified seedbed with finer aggregates in seedzone covered by coarse aggregates near the surface
are successful in reducing both the drying rate and adverse effects of soil crust (9). Minimum or
no-tillage systems benefit soil structure and reduce crusting substantially because of higher
microbial and earth worm activity in the surface soil (24). Reduced soil temperatures in the
temperate region may delay germination and emergence. In the tropics and sub-tropics reduction
of supra-optimal temperature with residue mulch brings them closer to optimum and enhances
seedling emergence (60).
2. Root Growth. Root follows the path of least resistance. If a pore is larger than the root tip the
root can enter even a rigid matrix (8). If a material is easily deformable, roots enter into it and grow
even if it is unporous until some factor other than mechanical impedance becomes limiting (72).
In general, root elongation rates are inversely correlated with mechanical impedance (74). Pore
diameters between 16 and 157 \i did not affect the relationship between root elongation and applied
pressure (66). Penetrometer resistance limiting root growth has been reported to be more than 3 MPa
(73) and more than 5 MPa (28) depending upon soil and root type. Mechanical impedance and
oxygen deficiency have additive effect on root growth (36). Also, mechanical impedance interacts
with soil water content and soil temperature for its effect on root growth.
A deeper and well developed root system would not only reduce chances of water stress, but also
would promote better utilization of nutrients by crops. Potential water supply is directly related to
the size of the root system. In tropical regions crop yields are often restricted by excessive soil
compaction (76). Loosening by tillage can be exploited to enhance root growth and yield.
Tillage effects on root growth are governed by soil type.water regime, mulching and FYM
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application etc. (5,6,32,34). Arora et al (6) showed that the magnitude of deep tillage effect on depth
and density of corn root system was the largest in sand, followed by loamy sand and sandy loam
soils (Fig 2).
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Fig.2 Deep tillage effects on root length density profiles of corn on two soils
This may be attributed to higher pore rigidity of sand compared to other two soils (21). Mechanical
impedance encountered by roots elongating axially causes thickening of root tips (66) and may
result in decreased root length to mass ratio (39). Gajri and associates (unpublished) observed an
increase in length to mass ratio in corn roots with chiselling of sand soil (Table 4). Roots are
deflected at the interface of layers with high and low rootability and, therefore, accumulate just
above the interface (12).
Table 4. Length to mass ratio of corn roots as affected by tillage of sand soil
Crop age
(days)

Soil depth
(cm)

Root length/root mass (cm g 1 )
10 cm deep 40 cm deep
conv. till
chiselling

35

0-30
below 30
0-30
below 30

3.4
5.2
3.1
4.2

65
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4.2
5.0
5.1
7.9

Deep tillage and irrigation at 30 days after seeding influenced the number of nodal roots in 76 days
old wheat (34). Chiselling resulted in higher number of nodal roots, more so on loamy sand than
on sandy loam (Table 5). Comparable increases from tillage and irrigation seem to suggest that
irrigation probably increased nodal roots by reducing soil strength rather than increasing water
availability per se.
Table.5. Nodal root development in wheat as affected by tillage and early irrigation on loamy sand
and sandy loam soils
Treatment

100 x(developed/total nodal roots)

Tillage

50 mm irrig.

Loamy sand

Sandy loam

10cm deep

No
Yes
No
Yes

42
63
68
68

86
87
91
84

40 cm deep
chiseling

Both irrigation and deep chiselling also increased the rate of root extension down the profile. At
60 days after seeding, wheat roots extended into soil 35 per cent faster with deep than with
conventional-tillage in the absence of irrigation and there was no effect of deep tillage when crop
received early irrigation on loamy sand. Generally, roots are more abundant in the surface layers
in direct drilled crops than those planted after tillage (23)
3.Shoot Growth. Tillage effects on seedling establishment and root growth are also reflected in
other plant growth parameters. Compared to conventional tillage, deep tillage of coarse textured
soils resulted in higher dry matter accumulation in corn, pearl millet and wheat (33). Deep tillage
effects on dry matter accumulation appeared as early as 16 days after seeding. Seedling weight of
corn and pearl millet at this stage in deep tilled plots was 50 per cent more than that in the
conventionally tilled. On a sandy loam soil, leaf area of wheat increased faster with deep and
conventional tillage than with direct seeding (32,34). Sixty days after seeding, leaf area index in
no-till, conventional-till and deep-till was 1.6, 2.0 and 2.6 respectively. Leaf area index in these
three tillage systems remained greater than 2.5 for 32, 46 and 56 days, respectively. It may be
recalled that deep tillage increased root growth in these experiments (34). Obviously, these
responses to tillage are mediated through its effects on root development in time and space.
4. Water Uptake. In arid and semiarid areas, searches continue for practices that enhance water
infiltration and storage in the soil and for crops, systems, and management that make best use of
the stored water (26). Tillage effects on water and nutrient uptake are related to volume of soil
explored by the roots. Gajri et.al. (33) reported that residual water storage at harvest of different
crops was much lower in the chiselled (40 cm deep, 40 cm apart) than in conventially tilled plots
(Fig. 3). All crops except wheat were irrigated. Tillage was also observed to modify the effect
of nitrogen (N) and irrigation on water use by crops (5). For example, in the absence of N,
application of 50 mm water 30 days after seeding increased the water use of mustard by 33 mm with

148

.0!

Percent volume water content
4 6 8 10 12 K 0 2 4 6 8 10 12 K
- Conv. tillage
Deep tillage
-1.5 M Pa

Fig. 3 Deep tillage effects on harvest
time soil water profiles in different
crops in two soils

ISO-

Corn! winter)
Pearl millet
SAND

Percent volume water content
0 6 8 10 12 H
0 2 4 6 8 10 0 2' 4

ion
au

Corn(summer)

Wheat (unirrg.

68

Mustard

LOAMY SAND

conventional tillage and 73 mm with deep tillage. With 80 kg N ha1, 50 mm irrigation increased
the crop water use by 101 mm in conventional and 121 mm in deep tillage. Tillage also increased
the transpiration component of total water use by the crop.
5. Nutrient Uptake. Tillage and traffic affect chemical crop growth factors, directly by changing
the spatial distribution of nutrients and indirectly by affecting root development. Whereas,
compaction might be expected to increase movement of ions to roots by diffusion (46), restricted
growth of roots generally results in smaller amounts of nutrients being absorbed from compacted
than from uncompacted soil (14).
Prasad et.al. (58) compared the effect of deep and convential tillage on residual N03-N in the top
90 cm profile at harvest of corn on a loamy sand soil. The residual N03-N in different soil layers
was lower in the deep tilled plots and was inversely related to rooting density (Fig.4).
Tillage showed strong interaction with irrigation for N-uptake. The increase in N uptake of wheat
with deep tillage over conventional tillage of a sand soil increased with the frequency of irrigation;
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total water remaining the same (33)
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Fig.4 Correspondence of NO -N at harvest and rooting density of corn at 70 days in loamy sand
Residue management also plays a dominant role in the dynamics of nutrient availability. Ellis and
Howse, (29) reported that with no-tillage, the balance between supply and uptake is positive in the
surface layers and negative at greater depths. These effects are less pronounced after shallow tillage.
6. Crop Yields. Tillage and traffic effects on soil environment, root growth and uptake of nutrients
and water, are reflected in growth and yield. In a given situation, tillage, irrigation and fertilization
are the three controlable inputs which affect crop growth. Since these variables interact for their
effects on growth, yield, and water and nutrient use efficiencies, it is necessary to optimise each
factor in relation to the others.
Commonly occuring water and nutrient stresses on coarse textured soils can be alleviated either by
enlarging the rooting volume in the soil or by regulating the supply of water and nutrients. Recent
studies (5,6,33,34,58) with such soils have shown large benefits of deep tillage by chiselling and
strong interactions between tillage, soil type, irrigation, fertilization, mulching and weather. For
instance, 35-40 cm deep chiselling (40 cm apart) of three soils in north India increased grain yield
of irrigated summer and winter corn over convential tillage to various extents (33) (Table. 6)
Table.6 Corn response to deep tillage on three soils
Season

Soil type

Summer

Sand
Loamy sand
Sandy loam
Sand
Loamy sand

Winter

Grain yield (t ha1)
Conv-ti
Deep-till**
0.7
1.8
2.4
1.3
3.7
4.4
2.2
4.0
4.1
4.3

10 cm deep tillage, ** 35-40 cm deep chiselling 40 cm apart
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No. of site-year
5
23
12
3
3

Crop response to deep tillage was also modified by amounts and frequency of irrigation and rain.
On loamy sand the yield of summer corn under conventional tillage was less than 1.0 t ha-1 even
with 4 irrigations; but under deep tillage, the yield was 2.1 t ha'1 with two and 2.7 t ha1 with four
irrigations. On the sandy loam, significant yield response to increasing number of irrigations was
observed with conventional tillage but not with deep tillage (58). On low water retentive sand soil,
however higher yields of winter corn and wheat were obtained only when deep tillage was
combined with frequent and small irrigations (6, 33).
Tillage also exhibited a significant interaction with added N (6). In mustard on a loamy sand the
magnitude of yield increase with increase in N rate beyond 40 kg N ha"1 was more with deep than
with conventional tillage (5). Similarly for wheat following rice on a sandy loam soil, grain yield
with 150 kg N ha'1 in the directly seeded crop, was lower than that with 100 kg N ha"1 under
conventional tillage.
7. Input Use Efficiency. Since tillage influences root development and water and nutrient uptake,
it is likely to influence water and nutrient use efficiencies too. Profile modification (digging and
thorough mixing the profile) to 90 or 150 cm depth of slowly permeable Pullman clay loam
significantly increased water use efficiency (WUE) of alfalfa under low water supply (25).
However, the differences were not significant when irrigation or rain was relatively high. Similarly
deep tillage by chiselling of a loamy sand soil increased WUE of wheat by 3.0 kg ha"1 mm"1 over
conventional tillage when seasonal rain was 47 mm, and by 1.4 kg ha"1 when rain increased to 85
mm (34). In wheat following rice on sandy loam transpiration efficiency of unfertilized wheat
increased from 10.1 kg ha"1 mm 1 in direct drilling to 16.5 kg ha-1 ram'1 with tillage. At 100 kg N
ha1, the WUE was 18.8 kg ha'1 ram'1 without and 22.2 kg ha'1 mm'1 with tillage (32). Tillage
markedly increased nitrogen use efficiency of corn on sand soil (6) mustard on loamy sand (5) and
wheat following rice on a sandy loam soil (32). Gajri et al. (32) showed that energy input of 1750
kWh as tillage, irrigation and N in conventional tillage gave the same yield as 2750 kWh in direct
drilling.

III. Recent Trends
Traditional tillage systems have been primarily devised to control weeds and to prepare
seedbed. Generally these are discredited for increasing erosion risk, and accelerating rapid organic
matter decomposition leading to poor soil structure. Awareness about increasing risk of structural
degradation and erosion, high fuel and labour costs, and availability of wide spectrum weed control
products have encouraged the development of conservation tillage. It involves maintenance of
ground cover for erosion control. A system to be called 'conservation tillage' must have at least
30 per cent ground cover at planting(55). Significant improvement in soil water relations and
reduction in wind/water erosion due to maintenance of surface residue are well documented. Since
1970 there had been marked improvement in crop production technology with this system (4).
Conservation tillage initially depresses yields compared with conventional tillage and has a
transition period of 3-5 years or longer for crop yields to stabilize. Better erosion control and
reduced off site sedimentation are positive traits of conservation tillage, but increased risks of
herbicide and nutrient leaching have raised concerns about its wide spread adoption.
To realize most of the potential benefits of conservation tillage system emphasis must be placed
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on all the technological, economic, social and regional aspects of the production system. Risk
assessment is also required to make this system adaptable on large scale. More specifically, the
problems associated with conservation tillage system should consider development of 1)
appropriate planting and fertilizer placement equipment; 2) alternate system of weed control; 3)
suitable crop rotations to include cover crops; and 4) prevention and alleviation of soil compaction
with no-till equipment (49).
Most research with conservation tillage has been conducted in developed temperate countries where
cost effective means to kill weeds through hebicides are available. But in tropics and sub-tropics
herbicides are either not available or are too costly. Moreover, the mode of response of residue cover
on crop growth differs under the two situations. Most soils in tropics are coarse textured, have high
bulk density and are prone to crusting (51). Also, the crop is subjected to high soil temperatures
at the seedling stage and early growth. Under such situations a combination of seed-bed prepration
by tillage followed by mulching with crop residues has given positive responses especialy in
summer crops (33,60,67). In most cases the positive response was attributed to reduction of superaoptimal soil temperatures and direct evaporation from soil. Mulching in standing summer maize
conserved more moisture in the seed bed of following unirrigated wheat, and increased the yield
and WUE of the later crop (61). Many scientists have also reported drastic reduction in runoff and
erosion from residue-mulched fields (3).
While judiciously used tillage can be a powerful tool to alleviate some soil related constraints and
enhance crop production, an improperly used one can lead to deterioration of soil structure, reduced
infiltration, accelerated runoff and erosion, water pollution, and degradation of soil and environment (50). Sundsbo (69) advocated that soil must be tilled in such a way that sufficient food can
be produced efficiently without reducing the future production potential of soil. Conservation
tillage which helps to maintain crop residue on the surface is required on soils which are prone to
wind or water erosion. On the other hand, intensive tillage is needed for repairing a soil prone to
compaction. In an effort to take advantage of both systems, Aina (1) suggested a rotational system
of no tillage with conventional tillage as a solution.

IV. Concluding Remarks
Crop yields and input use efficiencies do get affected positively by carefully chosen tillage
operations. Need to rationalize tillage for enhancing production and sustainability of production
system is being increasingly felt by scientists and farmers alike. Boone (12) suggested that for best
results each situation must be evaluated for potential growth limiting factors which can be modified
by suitable tillage or traffic. However the practices must consider interactions among soil, crop and
climatic characteristics and the resources available to the operator. Considering the spatial
variability of soils, diversity of crops and spatial and temporal variability in climatic components,
their combinations will run into incomprehensible numbers. Treatment and response type of field
experiments cannot provide answers for all situations.
Tillage researchers are advocating the development and use of deterministic simulation models to
relate tillage-induced changes in soil with crop performance under different climaticconditions and
resource availabilities. But such efforts have serious shortcomings (37), because the link between
tool action, subsequent soil structure and parameters that describe fluxes of water, heat or gas are
not adequately defined for deterministic modelling. Unger and Cassel (77) suggested that future
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tillage experiments should report information on soil classification, texture, organic matter content,
pre-tillage soil moisture content, tillage method, tillage depth, previous crop, state of residue,
previous soil management history, bulk density and mechanical impedance. According to Hadas
et al. (37) our current capabilities for modelling machine-soil-crop interactions are limited to
models predicting segments of the total system but none covers the full system.
Till comprehensive deterministic models become available, the authors suggest the development
and use of simpler semi-quantitative approach for relating tillage response to crop yields. For
situations devoid of special problems like erosion, water congestion etc. these models may be
employed in two steps viz. tillage effects on water balance on the one hand and on water use by crop
on the other. Simple models are available to compute water balance from bare (42) and cropped
soils (7) and to relate water use with crop yields. Need for applied nutrients can be rationalised on
the basis of acheivable yield (59).
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Edaphic and Climatic Limitations in Relation for
Conservation Tillage.
L. Tijerina-Chavez. Hydroscience Center. Colegio de Postgraduados. 56230.
Montecillo, México.
Abstract. Soil degradation as consequence of the excess of traditional tillage practices,
actually is a preocupation issue for soil scientists to assure the soil productivity in the
sustainable agriculture. Conservation tillage system (CTS) in its different modalities, is
an alternative practice for soil management, that have been applied for long time ago in
the agricultural areas all over the world. However, the evaluation of the adventages or
disadventages of the CTS, with respect to the traditional tillage systems (TTS) do not
have been evaluated with sufficient scientific rigour. The bibliography in this respect,
report comparisons between these t w o kind of tillage systems on crop yield basis, and
is very uncommon to find reports about the behavior of the soil physical, chemical and
biological properties during long time observations period. The opinion of several soil
scientists, about how evaluate the soil climate interactions on the CTS, is through the
cuantitative evaluations during long time period of some soil properties such as: bulk
density, mechanical resistance, aggregates distribution, soil temperature patterns,
infiltration rate, hydraulic conductivity, soil storage capacity, soil erosion degree, organic
matter content, nitrogen, phosphorus, and potassium availability, soil acidity, number
and kind of soil microorganisms and root growth.
Climate of each location, first acts as modulation agent on the rates of change of soil
chemical and biological properties and more later on the soil physical properties, mainly
in the soil surface layers.
The results indicates, that in the case of CTS in vertisol soil-order under dry and
temperate-dry climates were obtained greater grain yields than in humid and hot
climates, the same trend was observed in the regosol and cambisol soil orders, however,
in the case of the andosol, the best yields were obtained in humid and hot climates, and
also in temperate and humid climates. Although the results reported here became from
no more than five experiments for each climate and soil-order, we can infer that the
management of soils under CTS in hot and humid climates have a negative effect;
probably the reason of this behavior among other factors, obey to nitrogen losses in
different forms.
Apparently medium and coarse texture soils had better response to the CTS, however,
in the fine texture soils were detected contradictory results as were the cases of the
vertisol and andosol orders.
The evaluation of the CTS on basis of crop, yields, is a insufficient indicator to give a
reasonable opinion about its adventages or disadventages for each climate-soil
interaction; then it is necessary evaluate cuantitatively and during long periods of time,
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some soil physical, chemical, and biological parameters mentioned before.
Introduction. Land degradation as consequence of the excess of tillage practices,
actually is a preocupation issue for soil scientists to assure in the future soil productivity
in the sustainable agriculture. Bruce (1992), indicates that 22 % of the increment of
agricultural products to supply food to the people all over the w o r l d , will proceed from
93 underdeveloping countries from lands that actually are open to the agriculture. In this
sense is necessary that the farmers adopt several appropiated technics, in order to avoid
damage of the environment.
To ameloriate land degradation, farmers of different countries since several years ago
had been adopted supporting practices for soil conservation, and simultaneusly have
been used in each specific case dependig on climate and soil characteristics, different
modalities of conservation tillage systems. Literature is very extensive in this respect,
exist a lot of comparative results between traditional and conservational tillage systems
on basis of crop yields for a given soil and climate; however, is less frequent to find
reports about the behavior of soil physical, chemical and biological properties that could
be a quantitative guide to evaluation of the CTS during long time observation period.
This paper pretend to present a short review of the soil-climate interactions in relation
to CTS, focused to analize what could be the climatic and soil limitations of the
application of different CTS in some specific cases.
Conservation tillage systems.
For better understanding of the influences of the climatic and soil factors on the CTS,
is necessary to remember what are those systems. According to Gill and Vanden Berg
(1967), the objetctive of tillage is "to change a soil from a known initial condition to a
different desired condition by mechanical means". In the sense for crop production, is
to provide a soil environment for improve plant growth and production; this means that
with tillage practices we can improve soil and water conservation, weeds control, insect,
diseases, and rodent control, insecticides fertilizers and plant residues incorporation;
seedbed preparation, soil structure improvement, soil nutrient mineralization, etc.
The Conservation Technology Information Center (CTIC) from Indiana cited by Harris et
al. (1987), defines conservational tillage as: "any tillage and planting system that
maintain at least 30 percent of the soil surface covered by residues after planting, to
reduce soil erosion by water, or, where soil erosion by wind is the primary concern,
maintaining at least 1000 pounds per acre (1121 Kg per hectare) of flat small grain
residue equivalent on the surface during the critical erosion period".
Also the CTIC defines types of conservation tillage as follow:
No-till. "The soil is left undisturbed prior to planting. Planting is completed in a narrow
seedbed aproximately 1-3 inches (2.5-7.5 cm) wide, weed control is accomplished
primarily with herbicides".
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Ridge-till. "The soil is left undisturbed prior to planting. Approximately 1/3 of the soil
surface is tilled at planting with sweeps or row cleaners. Planting is completed on ridges
usually 4-6 inches (10-15 cm), higher than the row middles. Weed control is
accomplished with a combination of herbicides and cultivation".
Mulch-till. "The total soil sufrace is disturbed by tillage prior to planting. Tillage tools
such as chisels, field cultivators, disks sweeps, or blades are used. Weed control is
accomplished with a combination of herbicides and cultivation".
Reduced till. "Any other and planting system not covered above that meets the 30
percent residue requirement".
Unger (1984), considers the conservation tillage systems as sistems for managing crop
residues on the soil surface with reduced or no-tillage (reduction could be due to
frequency and intensity of tillage). In this sense conservation tillage, includes as follow:
1. Stubble mulch tillage (wheel track planting, plough plant, chisel, ecofallow, limited
tillage); 2. Minimum o reduced tillage (fall plough field cultivate, spring plough wheel
track plant, disk and plant, tillage-plant, strip tillage, tillage herbicide combination). 3. No
tillage (slot plant and direct drill). Also the goals of these management systems, are to
maintain plant residues on the soil surface at all time to prevent wind and water
erosion, conserve water, maintain or improve crop yields, and save energy as result of
the diminishing of tillage frequency.
We observe that the main climatic factors that influence the tillage systems are
precipitacion, temperature, radiation and wind, being the amount and distribution of the
precipitation the most important because also affects the other three climatic factors.
In relation to the soil factors that are related with tillage systems are: slope, texture,
depth, dense horizons or layers, alkaly or salt content and drainage. From the joint
analysis of these factors could be possible make decissions about what kind of tillage
systems is more favourable for each specific condition.
As mentioned before the evaluation of différents conservation tillage systems through
the analysis of the rate of change of soil physical, chemical, and biological parameters
such as: pore size distribution, changes of soil temperature patterns, mechanical
resistance, aggregates distribution, infiltration rate, hydraulic conductivity, soil erosion
degree, organic matter content, nitrogen phosphorous and potassium availability, soil
acidity, number and kind of soil micoorganisms and root growth patterns will be briefly
discussed.
Change of soil physical properties due to conservation tillage systems.
Following is presented some experimental field results carried out during long term
observation period in relation with soil phisical properties.
Rousell (1991), in South Africa, studied the effect of various tillage methods on soil and
water losses from maize lands. Runoff plots on which maize was produced were laid out
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in Natal on a well-drained clay loam soil and showed over six years period the benefits
to be gained from adopting conservation tillage practices. The four tillage and crop
utilization practices compared were: no tillage with all crops residues retained, chisel
ploughing after simulated light grazing mouldboard ploghing in spring after simulated light
grazing and mouldboard ploughing in autum after the removal of all plant residues. Mean
anual soil losses and runoff (in parethesis) for the respective tillage practices were 0.4
T (18 mm), 1.1 T (25 mm), 3.0 T (38 mm) and 5.9 T (66 mm).
Conservation tillage effects on soil properties and yield of corn and soybean were studied
in Indiana by Kladivko et al. (1986) long terms studies were conducted throughout
Indiana to determine the effectiveness of tillage systems in producing high crop yields
while reducing soil erosion and improving soil physical properties. Soils includes sandy
loam, a loam, 3 silts loams and 2 siltly clay loams with a range of organic matter
contents and slope and drainage classes. Tillage systems included conventional
mouldboard ploughing, chisel ploughing, disking, ridge tillage planting and no tillage.
Conservation tillage systems resulted in higher soil water contents, lower soil
temperature, more organic matter content and more water stable aggregates near the
surface, and higher bulk densities than conventional tillage system. On sloping, welldrained low organic matter soils, conservation tillage produced corn yields equal or better
than yiels from conventional tillage.
On poorly drained, low organic matter, poorly structured soils, the soil structure under
conservation tillage tended to improve with time as soil organic matter and aggregation
increased and also yields of corn and soja bean increases with time. On poorly drained
soils, high in organic matter that were continuosly cropped with maize conservation
tillage generally yielded less than conventional tillage due to low temperature and excess
of wetness in spring.
Radcliffe et al. (1988), reported that on highly weathered soils of the southeastern of
USA are poorly structured and may present special problems under continuous no tillage
production. Soil physical properties were examined in a long term tillage experiment,
starting in its 10th year to determine if there were differences due to tillage. Fall/spring
tillage treatments consisted of moldboard plow/moldboard plow (CT), moldboard plow/no
tillage (MT), and no tillage/no tillage (NT). Cone index measurements in NT exceeded
4MPa at depth 0.10 to 0.20 m indicating the presence of a compacted zone. Bulk
density was significantly higher than CT at this depth (1.60 vs. 1.40 Mg/m 3 ). Spring
planting traffic compacted the top 0.15 m in all treatments. Infiltration rate measured
with sprinkler infiltrometer, were significantly higher in NT. The straw mulch (5000 kg
ha"1) and layer of fine organic litter at the surface of NT, prevented the formation of an
impermeable surface crust. Removing the mulch and litter layer from NT sharply reduced
the infiltration rate. Adding a mulch to CT increased the infiltration rate. They concluded
that during short term summer rainfall events, infiltration in the conventional tillage soil
is controlled by surface crusting.
Knight and Lewis (1986), compared three tillage practices on a subartic silt loam soil to
reduce soil losses from wind erosion without delaying crop maturity or reducing yield.
Urea and ammonium nitrate were also compared as sources of fertilizer N. Plots were
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cropped to a rape/barley/fallow rotation and in continuous barley. They concluded that
neither source of N was superior in affecting either crop maturity or seed yield. Fertilizer
placement appeared to be less than optimum in zero tillage plots. With proper fertilizer
placement and grassy-weed control conservation tillage appeared to be a viable method
of reducing the potential for wind erosion in the subartic.
Garman et al. (1987), reported that over 10 seasons of a conservation tillage trial on
kaolinitic alfisol (soils in Southern Nigeria) that the paraplow was the best cultivation
system tested with limited moisture, no-tillage produced the best yields.
Moore et al. (1991), measured the runoff volume and nutrient and pesticide movement
associated with conservation and conventional tillage practices on agricultural soils in
the Poluse Region of Washington, USA. Chemical fallow (Blankenship) and chemical
fallow (cross slot) were examined; they found that all the conservations techniques
reduced runoff and erosion compared to normal tillage. Blankenship method reduced
runoff and nitrate loss more efficiently than cross slot method.
Datiri and Lowery (1991), studied the effect of conservation tillage on the hydraulic
conductivity of layered soils. Three conservation tillage treatments (chisel (CH), no tillage
(NT) and till plant (TP)) were compared with conventional tillage (CN) muldboard
ploughing on a Wisconsin silt-loam-soil (Typic Argindoll) formed in loess over glacial till.
They found that mean saturated hydraulic conductivities were not différents; however,
under unsaturated conditions, tillage treatments soil layering affected hydraulic
properties. Insitu hydraulic conductivity ranked CH > CN = NT = TP for the 0.32 0.33 m 3 /m 3 moisture content range at moisture content < 0.31 rrrVm 3 insitu specific
moisture capacity was however significantly less in NT than other treatments.
Sojka et al. (1991), reported that with the development of conservation tillage in the
southeastern in the coastal plain soil, included: reducing cover crop water loss,
improving stand establishment, assessing nutrient and water management requirements,
determining optimal subsoiling strategies. Conservation tillage improve soil strength by
gradually increasing soil organic matter, restricting traffic patterns and maintaining
greater soil water content.
Although conservation tillage can reduce runoff and erosion, the crop residues can
support higher insect populations and pathogen inoculum levels and thus prumpt greater
pesticide user.
Packer et al. (1992), in a long term tillage trial was quantify changes in runoff, soil loss
and some soil physical properties due to conservation tillage practices in a sandy loam
soil and loamy soil in NSW Australia.
The tillage treatments were: direct drilling (DD), reduced tillage (RO) and traditional
tillage (TT) with grazing at both sites and direct drilling ingreased (NT) treatment.
Runoff and soil loss were measured using a rainfall simulator, and sorptivity, saturated
hydraulic conductivity, bulk density a 4 cm and 10 c m , organic carbon (OC) and water
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stable aggregates (WSAj were measured annualy. Runoff decreased significantly in the
minimum soil disturbance treatments NT and DD on the sandy loam). Runoff did not
decrease in the stuble incorporation treatments despite a significant increase in OC and
WSA. Decreases in runoff were due to the development and maintenance of porosity
particularly macropores. These measurements became more consistents after five years
period.
DeBoer and Beck (1991), in a study on a silt loam soil to investigate the effect of
conservation tillage on surface runoff, soil water content and corn grain yield under
reduced pressure sprinkler systems. Plowing, disking and ridge planting were the three
primary tillage practices.
Disking reduces surface runoff by 35 % when compared with runoff from the plow and
ridge-plant practices.
Ridge-planting produced the highest soil water contents and corn grain yields. Concluded
that conservation tillage can be used to reduce surface runoff and increace crop yields
under reduced pressure sprinkler irrigation.
Karlen (1989), reported that the factors affecting seedbed, water content can explain
emergence and stand establishment problems better than soil temperature for
conservation tillage system on sandy coastal plain soil.
Gupta et al. (1988), conclude that when soil water is nonlimiting, the effect of cooler
temperatures on corn emergence under a no-till tillage system (with surfaces residues)
can be compensated for by reducing the planting depth by 25 mm or less from that of
average planting depth under conventional tillage systems.
Change of soil chemical properties due to conservation tillage systems.
In this section is reported some results in relation with some changes in the soil chemical
properties and the distribution of nutrients through the soil profile due to conservation
tillage.
Logan (1987), reports that on the Great Lakes Basin of North America the effect of no
tillage on the poorly drained soils did not significantly affect nitrate or pesticide levels in
the groundwater.
Staley (1988), studied the effects of four consecutive years of tillage methods
(conventional tillage and no-tillage) on carbon, nitrogen and gaseus profile in a humid
temperate region of West Virginia, maize field soil under no tillage. He corroborates
previous results for soil mineral N changes as related to tillage method, but not for
organic C, N and microbial activity as has usually been reported especially for more arid
regions soils.
Gold and Loudon (1986), analized the runoff water quality from conservation and
conventional tillage. Sediment, phosphorus and nitrogen were monitored on overland
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runoff and till drainage from production scale watersheds subjected to conservation
(chisel plough) and conventional (mouldboard plough) tillage on flat heavy soils.
Sediment losses are low but both concentration and total losses are greater for
conventional tillage. Soluble P constituted half of the phosphorus transported from both
treatments.
Robbins and Voss (1991), studied the distribution pattern of phosphorous (P) and
potasium (K) in soils under long term conservation tillage systems. Quantitative
sampling of the upper 25 cm soil layer and subsequent laboratory analysis for available
P and available K were determined. They found a pronounced vertical stratification of
P and K occurred in the ridge till-plant, ridge slot plant, and flat no till systems. Available
P and K values for the upper 5 cm soil layer were on average, 3.5 times greater than
those for the 5 to 15 cm soil layer. In the ridge till-plant and ridge slot-plant systems,
localized and high concentration of P and K were frequently observed in the interrow
zone. No marked row-interow differences in soil P and K were detected in the flat no-till
system. On the basis of the nutrient distribution, the patterns that they observed in this
study yield-limiting problems could be potentially develop in ridge till-plant, ridge-slotplant, and flat no-till systems due to positional unavailability of nutrients.
Unger (1991), evaluated the influence of conservation tillage systems on soil conditions.
The distribution with depth of organic matter (OM) total N-N0 3 , P, K. Ca and pH on
Pullman clay loam. The crop rotation used was dryland winter wheat, sorghum fallow
(WSF) involving stuble mulch tillage (SM) and no-tillage (NT) systems. The SM field and
an adjacent NT field had been used for WSF rotation since 1956. NT started on the
adjacent field in 1981 (NT-81) following the same rotation. On another field the NT-WSF
rotation was started in 1979 (NT-79) on land previously used for irrigated crops. At
middle 1988 sampling at depths 0 to 1 , 1 to 2, 2 to 4 , 4 to 6, 6 to 8, 8 to 10, 10 to 15
and 15 to 20 cm. On the SM field there were differences for pH through the tillage zone
(0-8 cm).
The NT fields tended to have higher mean OM, N, No 3 -N, P and K values at the surface
than SM field, but all differences were no significant. In general more differences with
depth were significant on NT fields than on SM field. Although NT is changing the
distribution of OM and some plant nutrients in the soil, the changes are relatively small
and NT appear to be a viable cropping practice for concerning soil and water maintaining
crop productivity on dryland on the southern Great Plains.
Oyer and Touchton (1990), during four years period using legumes as a source of N for
non-legumenous summer crop in fine sandy loam soils of Alabama, determined the
effects of both cash crop and winter cover-crop legumes in cropping systems on N
fertilizer requirement of corn grown in a conservation tillage system. Soybean was more
effective in providing early season N and clover in providing late-season N.
The system with both soybean and clover resulted in an even more effective contribution
of N to corn grain yield and higher yield level than that of continuous corn regardless of
N fertilizer rate. They concluded that in years of adequate and inadequate rainfall the
reesiding crimson clover systems
in combination with a soybean corn rotation
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consistently produced the highest yields of the systems studied and provide a 68 to 1 59
Kg N Ha' 1 fertilizer equivalent for corn surface crops residues lower soil temperature
delay emergence in this respect.
Changes of soil biological properties as consequence of conservation tillage systems.
Under this subjet will be presented some recent results carried out in different countries
in relation with the changes of soil biological properties as consequence of conservation
tillage system.
Grocholl and Ahrens (1990), studied in Germany the effects of different tillage methods
(plough , cultivators, no-tillage) on microbial activity in soil and soil chemical properties
on loess soil. Conservation and no-tillage treatments showed a marked differentiation
between biological activities in the 0-10 cm, and 15-25 cm soil layers, with much
greater activity in the top layer, values in the upper layer were greater than those in the
same layer of ploughed plot; while those for the deeper layer were smaller. Calculations
showed that the organic N content, total N content, water content, and pH of soils only
had a small influence on these differences, which are thus related to the differences in
incorporation depth of organic matter between treatments.
The same authors reported the effects of four long-term tillage regimes (ploughing with
secondary cultivation, direct sowing, cultivator with rotary harrow , mouldboard
cultivator and rotary harrow in silt loam and loamy sand soils. Soil samples were taken
in spring (1987-1989), and after harvest (1987 and 1988) and separated into upper (010 cm) and lower (15-25 cm) plough layers. They evaluate total C content, microbial
biomass and activities of hydrogenase, beta-glucosidase and alkaline phosphatase.
Ploughing led to less biological activity in both soils than non inversion tillage treatments.
Carbon content were increased in non inversion treatments when compared to ploughing
except for the direct sowing on silty loam soil.
Bohm and Aherens (1990), they studied in Germany the effects of conventional plough
tillage and conservation tillage (chisel plough and no-tillage) on N mineralization on 2-7
years old experimental plots with soils ranging from loamy sand to clay silt loam.
Both N mineralization and protease activity were greater in the 0-10 cm layer than in 1525 cm depth with conservation or no-tillage. In ploughed fields these differences were
not significant and in same cases the reverse was observed particularly with protease
activity. The effects were more marked in spring-early summer than in autum.
Hilfiker and Lowery (1988), they compared the root length density and distribution of
corn (Zea mays L.) under different tillage systems: conventional mouldboard ploughing
(MP) and three conservational tillage treatments: chisel ploughing, ridge tillage, no tillage;
for Griswold and Kewaunes silt loam and plainfield loamy-sand soils. Root length
densities were determined for the row, non wheel, track and wheel track positions for
t w o growing seasons (1982 and 1983). Conservation tillage systems had equal or higher
root densities than MP for all positions and depths at all 3 sites. Maximum root densities
occurred between 10 and 40 cm for all tillage systems at all locations. In most cases.
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reduced root growth was associated with wheel traffic positions. Wheel traffic reduced
root densities in the surface 10 cm by as much as 52 % in MP at the plainfield site.
Zehnder and Linduska (1987), studied the influence of conservation tillage practices on
populations of Colorado potato beetle (Chrysomelidae) in rotated and non rotated tomato
fields, they found that in the treatments where fenvalerate was applied to control L.
decemlineata populations above economical thresholds. Four spray applications were
required in conventional-till plots, compared with t w o applications in no-till plots. Tomato
fruit yield and soil moisture content were greater in no-till plots than in conventional till
plots in the rotated field.
Buckerfield (1992), reported the results of his observations in t w o adjacent fields sown
annually in an alternating cereal legume rotation with minimal cultivation and stuble
mulching. He found more abundance of earthworms population under cereal than under
the alternate legume phase.
Climate and Soil Interactions in Relation with Conservation Tillage System.
Figueroa (1992), compared corn yield under t w o tillage systems: conservation and
conventional tillage systems in different soils and climates, see table 1. Corn yields vary
as function of kind of soil and climate. Considering the corn yields as function of kind
of soils under conservation tillage systems according to the data of table 1, satisfactory
results were obtained for the next soil orders: Andosol, Faeosem, Cambisol, Xerosol,
Fluvisol, Regosoland Vertisol. Conservation tillage is not recomendedfor Solonshackand
Luvisol orders. Corn yield response as function of the soil unit-climate interaction, there
are not specific preference for a given tillage system; however, general observed trends,
most be probed under field conditions. Those trends are: Corn yields from loam texture
soils showed relative yileds less than 100 percentage, where as in sandy soils, relative
yields were greter than 100 percentage. For clay soils relative yields were not
consistents. More than 50 percentage of the assays showed relative corn yields more
than 100 percentage, and apparently there are not specific climate that favour or limit
the conservation tillage systems.
General discussion and conclusions.
Experiments carried out for several years have been showed tha bulk density tends to
increase in the soil layers close to the solil surface. Clay textures soils (Vertisols, Oxisols,
etc.) tends to form surface crusting as consequence of the rain-drops impact,
conservational tillage practices are not sufficient to preserve soil infiltration rate at the
soil surface because defloculation of the soil aggregates and removal of the clay into
deeper layers of the soil profile, in this case, in addition to the soil conservation tillage
practices maintaining crop residues at the soil surface, it is neccessary to add gypsum
in order to maintain the soil porosity at the soil surface to avoid macropores sealing and
promote the crust formation, and erosion. (Dr. Norton, Researcher of the National
Laboratory for Erosion Studies at Indiana. USA, Conference imparted at The Colegio de
Postgraduados, Montecillo, Mex.).
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Tabla 1.

Comparison of corn yields between conservation and
traditional tillage systems in México. Adapted from
Figueroa, (1992).

Soil Order
Cambisol

Vertisol

Andosol

Texture

Climate*

Yield (Kg/ha)
CT«
TT»

Loam
BS„
Loam
(A)C(w0)
Loam
C(wJ
Loam
BS,
Loam
C(w0)
Loam
(A)C(wJ
Loam
(A)C(w2)
Loam
(A)C(wJ
Loam
(A)C(wJ
Loam
Cw2
Sandy loam BS 0
Sandy loam BS 0
Sandy loam BS 0
Clay
Clay
Clay
Clay
Clay
Clay
Clay
Clay
Clay
Clay
Clay
Clay
Silty clay
sand
Sand
Sand
Sand
Sand
Sand
Loam
Sandy
Sandy
Sandy
Sandy

(A)C(wJ

C(wJ
Aw,
(A)C(WJ
BS 0
BS„
BS 0
Cw,
AW 0 (W)
Aw„(W)
Aw0(W)
Cw, (W)
(A)Cx'

BS 0
(A)C(w0)
(A)C(wJ
(A)C(w0)
(A)C(wJ
(A)C(wJ
BS 0
C(w,)
C(W)

Solonchak

Loamy

C(W„)

149
137
122
115
110
107
92
57
46
46
115
106
241

3391
2240
3267
1917
3850
2540
4730
1913
5275
5886
5315
190

2354
2310
3709
3905
4430
1880
3410
2000
5560
6064
5367
602

144
105
88
62
87
135
139
95
95
97
99
31

792

40

2243
4647
2250
1140
5816
4168
1100
1400
1400
800

279
120
105
105
99
96
109
157
107
187

305
5300
3708
4756
4003
3300
1004
2522
2146

218
4500
3241
4481
4942
4300
1590
2284
1360

140
115
114
106
81
77
63
110
158

2155

2400

88

C(wJ

Loam
Sand
Sand
Sand
Sand
Sand
Loam
Loam
Clay

892
4744
3884
3340
2716
6210
4320
3340
5200
3560
3340
2410
396

3472
5590
2370
1200
5836
3997
1200
2200
1500
1500

Aw 2
Aw 2
Aw 2
Aw 2

Faeosem

1335
6507
4743
3840
2986
6630
4000
1900
2400
1640
3840
2560
956

321

(A)C(W0)
(A)C(WJ
C(w2)
C(W2)
(A)C(WJ
clay
clay
clay
clay

CT/TT
%
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Continuación.
Soil Order Texture

Climate*

Yield

CT«
Regosol

Luvisol
:

Fluvisol

Sandy
Sandy
Sandy
Sandy
Sandy
Sandy
Sandy
Sandy clay
Loam
Clay
Loam
Loam
Sandy loam
Sandy loam
Sandy loam
Silt
Clay
Silt
Loam

Caztanosem Loam
Loam
Loam
Loamy sand
Clay
Xerosol

Loam
Loam
Sandy clay
Loam

(Kg/ha)
TT»

CT/TT

%

C(w0)

4625
4670
4300
6900
5500
4000
4500

5112
5425
4000
3000
4000
3500
3000

90
86
107
230
107
114
150

Aw, (W)

3517

4327

81

BS,
C(w0)
Aw 0
Aw 2
Aw 2
Aw 2

3850
980
4100
1700
2600
1700

4430
2200
4200
3200
2300
1600

87
44
98
53
103
106

Aw,
C(w0)
Aw,
C(E0)

2857
1370
5864
4765

2159
1050
5043
5250

132
130
116
91

C(w0)
(A)C(w0)

3071
4041
5770

2972
4314
5660

103
93
102

BS,

3200

3310

97

BS,
BS,

455
430

337
870

135
49

BS,

1534

1208

126

(A)C(w,)
(A)C(w,)
(A)C(Wo)
(A)C(w0)
(A)C(w0)
C(w0)

C(w„)

* = Koppen climatic classification, modified by Garcia (1988).
• = Conservation tillage.
• = Traditional tillage.
Maintaining crop residues at the soil surface erosion decreases but the limiting factor is
to have available crop residues after crop harvest, that could be at end of spring or early
summer or at the end of autum, (Russell, 1 9 9 1 , Bohm et al. 1990). Farmers of the
undeveloping countries uses the stuble to feed cattle.
In climates of the medium latitudes, poorly drained soils under conservation tillage
systems, crop residues could cause lower soil temperatures during sowing time at later
spring; therefore could be delayed plant emergence. This fact is very important in the
selection of crop varieties that fit in the effective crop season period attending to its
temperature and water requirements. Moreover in poorly drained soils conservation
tillage crop yields could be lower because excess of wetness in spring an early summer
period, (Karlen,1989; Gupta et al. 1988).
Nitrogen distribution in the soil profile in soils under conservation tillage is related to
specific tillage method; therefore, selection of conservation tillage method, placement
of the nitrogen fertilizer must be in agreement with the root g r o w t h ; in consequence,
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conservation tillage in layered soils because its different hydrodinamic soil properties
through the soil profile could limitate the selection of the appropriate conservation tillage
practice, (Robbins and Voss, 1 9 9 1 ; Unger, 1991).
Another limitation of the conservation tillage systems is in areas under irrigation. The
selection of the conservation tillage program, could be limited by the existing irrigation
system and in some cases must be changed to implement the conservation tillage
program, (Lyle and Bordovsky, 1987).

Although conservation tillage in its different modalities can reduce runoff, erosion,
improve infiltration rate, aggregate formation, etc., crop residues can support higher
insect populations and pathogen inoculum levels being this facts the main problems for
adopt this system.
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SOIL CONSERVATION TECHNOLOGIES FOR THE
TROPICS
R. Lai, Department of Agronomy, The Ohio State University, Columbus, Ohio,
43210, USA
Abstract. Tropics cover about 40% of the earth's land area, and are characterized by high
population density and high growth rate, resource-based subsistence agriculture, resource-poor
farmers, harsh climate, and fragile soils prone to accelerated erosion by water and or wind.
Principal tropical climates include tropical wet climate, tropical wet-dry climate, and semi-arid
climates. Principal soils of the tropics are those that contain predominantly low-activity clays e.g.,
Oxisols, Ultisols and Alfisols. These are old, highly weathered soils and are low in plant nutrient
reserves. With intensive cultivation or high stocking rate these soils are easily degraded and are
susceptible to accelerated erosion. In addition to landuse and soil characteristics, steep slopes and
subsistence farming practices are also important factors contributing to accelerated soil erosion.
Vegetative techniques of erosion control are erosion preventive measures because they provide a
buffer between soil and the erosive agents. Most commonly used vegetative measures are mulch
farming techniques, conservation tillage, and vegetative hedges. Mulch farming techniques
comprise use of organic material on the soil surface derived from crop residues, specifically grown
cover crops or planted fallows. There is a wide range of grasses and leguminous cover crops that
can be grown to produce biomass for protecting the soil. Soil erosion decreases exponentially with
increase in soil surface covered by crop residue mulch.
Conservation tillage is a generic term and consists of a wide range of tillage methods that leave at
least 30% of the crop residue on the soil surface. Common forms of conservation tillage practices
are no-till and reduced tillage system. No-till systems and mulch farming techniques are more
applicable in the humid and sub-humid tropics than in the semi-arid or arid climates. No-till
systems can be widely applicable on Oxisols, Ultisols, Alfisols and Inceptisols. A most
commonly used reduced tillage system is the ridge-tillage. Contour ridges or tied-ridges are
extremely effective measures for water conservation in semi-arid climates.
Vegetative hedges involve growing one to two rows or narrow strips of woody perennials or
grasses on the contour to intercept overland flow. The agroforestry system; a special form of
vegetative hedge, involves growing woody perennials in association with annuals or livestock.
Established with appropriate tree species or woody perennials and properly managed, narrowly
spaced perennial hedges can be very effective in reducing runoff and soil erosion. However, yield
of food crop annuals can be suppressed in case of severe competition for light, water or nutrients.
Vegetative hedges or narrow strips can also be established with bunch-type grasses e.g., Vetiver
grass.
Choice of an appropriate vegetative measure for soil and water conservation depends on soil type,
climate, terrain, farming system and socio-economic and cultural factors. Land tenure system also
plays an important role in adoption of the agroforestry systems.
Introduction. Tropics cover about 40% of land area of the earth. The relative distribution of
different tropical climates as per Koppen (1936) classification system include 11.9% for tropical
wet cliamte (Ar), 16.3% for tropical wet-dry or seasonally dry tropics (Aw), 10.5% for semi-arid
climates (Bsh) and 14% for arid climates (BWh) (Table 1). Most of these climatic regions have
high population density and high growth rate of population (5-FAO, 1991). In comparison with
demographic pressure, soil resources of the tropics are limited in geographical extent, unevenly
distributed, and fragile to intensive cultivation in harsh climate. Principal soils of the tropics are
old, highly weathered and low in plant-available nutrient reserves. Oxisols and Ultisols, highly
leached and acid soils with pH of about 5, cover about one-third of the tropics (Table 2).
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Table 1

Principal climates of the tropics (calculated from the map by 28-Trewartha (1976)

Climate Type
Ar
Aw
BSh
BWR
Cf
Others

Description
Tropical wet
Tropical wet-dry
Tropical sub-tropical semi-arid
Tropical sub-tropical arid
Sub-tropical humid
Temperate, Boreal, Highlands, Polar

World Total

106 ha

Land Area
% of the World Land Area

1593.6
2182.8
1406.1
1928.4
763.3
5517.4

11.9
16.3
10.5
14.4
5.7
41.2

13391.6

100.0

Help received from Roshan Bajracharya in calculations is greatly appreciated
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Table 2

Land area of the principal soil types in the tropics and their sensitivity to soil erosion

Soil order
Oxisols
Aridisols
Alfisols
Ultisols
Entisols
Inceptisols
Vertisols
Andisols
Mollisols
Histosols
Spodosols

10 6 ha

Area*
% of tropics
22.5
18.4
16.2
10.6
10.2
5.0
4.0
1.1
1.0
0.6
0.1

1100
900
800
520
490
243
200
57
50
31
6

Sensitivity to
Erosion
H-2
W-3, H-2
H-3, Wl
H-2
H-3, Wl
H-2
H-3
H-0
H-0
H-0
H-l

* From 30-Van Wambeke (1991)
H = water erosion

W = wind erosion

0 = none or slight

1 = moderate 2 = severe

3 - very severe

Degree of soil erosion hazard is estimated following land development and intensive use for
agriculture
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An additional one-fifth is covered by Aridisols, soils of the arid regions. Productive soils,
characterized with high fertility and favorable soil physical properties, are limited. Such soils
include Inceptisols (5.0%), Andisols (1.1%), Mollisols (1.0%), and Histosols (0.6%). Tropical
Alfisols, which occupy 16.2% of the tropics, have relatively favorable nutritional properties but
have weak soil structure and are highly prone to crusting, compaction and accelerated soil erosion.
Soil Erosion Hazard in the Tropics. Accelerated soil erosion is a severe problem in the
tropics. When intensively cultivated, Alfisols are extremely sensitive to erosion by water. Oxisols
and Ultisols, generally with favorable structure, are also prone to decline in soil structure and
accelerated erosion.
Relative sensitivities to accelerated erosion by water (H) and wind (W) of soils of the tropics are
shown in Table 2. On a scale from 0 to 3, corresponding with none to very severe erosion hazard,
soils with erosion hazard of 2 and 3 include Oxisols, Aridisols, Alfisols, Ultisols, Entisols,
Vertisols, and Inceptisols. Risks of soil erosion by water are especially high on tropical
steeplands. Steeplands, with slopes of >8%, occupy 42 million ha of the land area in Africa, 55
million ha in Southwest Asia, 48 million ha in South America, 65 million ha in Central America,
and 60 million ha in Southeast Asia (Table 3). On the whole, 49% of the tropics are characterized
with steep slopes exceeding 8% of which 16% have slopes exceeding 30%. Wind erosion is a
problem on Aridisols, especially in the West Asia North Africa region and in the Sahara. About
25% of the world's land area characterized by semi-arid and arid climates (Table 1) are prone to
wind erosion. Some of these regions are also prone to water erosion, especially the gully erosion
caused by concentrated flow and flash floods.
Accurate estimates of soil erosion in the tropics are not available. 14-Lal (1993) estimated erosion
rates for different land use systems to be about 15 Mg/ha/yr for arable land and permanent
pastures, 12 Mg/ha/yr for permanent crops, and 10 Mg/ha/yr for forest woodlands. Substituting
these erosion rates on landuse systems shown in Table 4 produces estimates of soil erosion for
different regions in Table 5. Estimates of soil erosion form arable land range form 1.2 billion Mg
in Near East to 5.3 billion Mg in Far East. Total soil erosion in developing countries is estimated
at 10.5 billion Mg from arable land, 0.9 billion Mg from permanent crops, 32.5 billion Mg from
pastures, 21.3 billion Mg from forest and woodlands and 37.8 billion Mg from other lands.
There also exists a close relationship between climatic and soil erosion. 8-Jansson (1988)
observed that soil erosion hazard is the most severe in tropical climates with no distinct dry season.
Landuse and Soil Erosion. The magnitude of soil erosion depends on landuse and
farming/cropping system. Soil erosion is generally severe in arable land use and in pasture land.
The data presented in Table 4 regarding predominant landuses in Africa, Asia and Latin America
show that 700 million ha are devoted to arable landuse and about 2200 million ha to permanent
pastures. Subsistence and resource-based farming in arable landuse and unimproved pastures and
high stocking rate in permanent pastures are responsible for severe erosion hazards in these
landuse systems. The problem of uncontrolled grazing and high stocking rate are especially severe
in sub-Saharan Africa, and some parts of Central America and the Caribbean.
Vegetative Measures for Erosion Control. Erosion preventive measures are the techniques
that enhance soil's resistance against agents of soil erosion e.g., raindrop impact, sheering force of
overland flow and or wind velocity. Vegetative measures are based on the strategy to improve soil
structure, increase infiltration rate, decrease runoff rate and amount, and increase soil's resistance
to detachment and entrainment by overland flow or wind velocity.
Vegetative measures are based on the use of biomass maintained on the soil surface as a protective
barrier (Fig. 1). Technological options listed in Fig. 1 are primarily based on methods to procure
biomass for minimization of soil erosion risk from arable land. These technologies are briefly
described below.
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Table 3

Distribution of sloping lands in the tropics (22-Purnell, 1986)

Region

0-8
—

Africa
Southwest Asia
South America
Central America
Southeast Asia
Total Area
% of the total

8-30
106 ha

>30

58
45
52
35
40

34
31
30
40
31

8
24
18
25
29

3340

2107

1048

51

33

16
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Table 4

Landuse in different world's regions (5-FAO, 1991)

Region
Africa
Latin America
Near East
Far East

Arabic Land Permanent Crops
—
133.9
16.9
131.1
20.8
78.6
6.4
356.3
27.2

Developing countries 700.2

72.0

Pasture Forest Woodland Other Lands
106 ha
—
-695.6
635.1
847.5
588.5
892.8
384.4
321.1
93.9
692.9
561.0
462.0
553.2
2166.9

177

2127.7

2520.4

Table 5

Estimates of soil erosion hazard in relation to landuse patterns

Regit

Africa
Latin America
Near East
Far East

Arabic Land Permanent Crops Pasture Forest Woodland
10° Mg/yr
2008.5
202.8
10434.0
6351.0
1966.5
249.6
8827.5
8928.0
1179.0
76.8
4816.5
939.0
5344.5
326.4
8415.0
4620.0

Developing Countries 10503.0

864.0

32503.5

178

21277.0

Other Lands
12712.5
5766.0
10393.5
8298.0
37806.0

Vegetative Methods
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& trees
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Fig. 1. Principal categories of vegetative methods of soil and water conservation.
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A. Mulch Farming. Crop residue mulch is a conservation-effective measure to minimize or
prevent inter-rill erosion, and reduce runoff velocity and its carrying capacity. Mulch effectiveness
depends on the relative ground cover. There exists an exponential relationship between erosion
and % ground cover as follows:
A = Ke' c
Eq. 1
where A is erosion in Mg/ha, C is % ground cover and K is a constant of proportionality. 31Wischmeier (1973) estimated that each 2.2 Mg/ha of crop residue mulch reduces soil loss by 65%.
CTIC (1993) showed that erosion is reduced by 50% with 20% ground cover, 75% by 40%
ground cover, and 94% by 80% ground cover. 10-Lal (1976) observed that runoff and soil erosion
were related to the rate of mulch application as per Equation 2.
A = Ki M " K 2

Eq. 2

where A is runoff or erosion per unit area, KI and K2 are constants and M is the mulch rate. The
magnitude of iq and K2 differs among soil types, slope gradient and length, and rainfall regime.
Lai observed that the value of K2 ranged from -0.27 to -9.73 for runoff and 0.24 to -0.71 for
erosion for tropical Alfisols in western Nigeria. The magnitude of KI ranged from 0.39 to 5.52
for runoff and from 0.19 to 1.25 for soil erosion. Residue requirements are generally high for
soils of clayey and silt loam textures than those for silt or loamy fine sandy texture. 29-Unger
(1988) reported that crop residue requirements for erosion control also depend on type of residue,
type of erosion (wind vs. water), and on the condition of residue. For wind erosion control,
residue requirements are generally more for flat than standing residue. There are different methods
to procure mulch some of which are outlined below:
1. Brought-In: Mulch grown on a contiguous area, usually a high yielding grass, is cut and
brought in to the area as needed. This is an extremely labor-intensive exercise, and is feasible only
for some high value cash crops. If applied at the rate of 4 to 6 Mg/ha on dry weight basis, the
technique is extremely effective even on steep slopes of up to 20% (10-Lal, 1976). In Ivory
Coast, 23-Roose (1975) observed that soil erosion form a mulched cultivated plot of7% slope was
equivalent to that from a forested land. Similar observations were made in Tanzania by 15Lundgren (1980). Appropriate grasses usually grown for producing mulch are listed in Table 6.
2. In-situ Mulch: Guinea grass (Panicum maximum) and elephant grass (Pennisetum
purpureum) are two commonly grown grasses with capacity to produce large quantities of biomass
in a short time. With shallow and dense root system, grasses improve soil structure and water
acceptance rate. There are two types of in-situ mulch. First type is the one in which the residue
from the previous crop is used as mulch to protect soil during the cultivation phase of the following
crop. Second type is the system in which planted fallows and cover crops are specifically grown
to produce mulch. Specially adapted cover crops are grown to produce crop residue mulch for
protecting extremely vulnerable soils during the cultivation phase. The in-situ mulch may be
lightly grazed prior to growing a food crop as in the "ley Farming" system, crops may be directly
grown through the low-growing cover crop without chemical or mechanical suppression as in the
"Live mulch" system, or crops may be grown following chemical suppression as in the "Sod
Seeding" system.
In-situ mulch is commonly produced by quick-growing legumes. Some commonly grown
legumes are also shown in Table 6. In addition to biomass production, legumes also fix
atmospheric nitrogen and enrich soil fertility.
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Table 6

Some suitable legumes and grasses used for growing cover crops, planted fallows, or
for producing mulch (updated from 12-Lal, 1991; 13-Lal, 1992)

Legumes

Grasses

Arachis prostrata
Cajanus cajan
Calapogonium mucunoides
Centrosema pubescens
Crotolaria spp
Desmodium spp
Lablab purpureus
Macrotyloma uniflorum
Mucuna spp
Phaseolus spp
Psophocarpus palustris
Pueraria phaseoloides
Stylosanthes spp
Styzolobium deeringianum
Vigna caljang

Axonopus spp
Andropogan gayanus
Brachiaria spp
Cenchrus ciliaris
Chloris gayana
Chrysophyllum macrophylla
Cynodon spp
Digitaria decumbens
Eragrosis curvua
Glycine wightii
Lcersia hexandra
Melinis minutiflora
Panicum spp
Paspalum spp
Pennisetum spp
Setaria spp
Thysanolaena maxima
Urochloa masambicensis
Vetiveria zizanioides
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B. Conservation Tillage. It refers to a tillage system that reduces losses of soil and water
relative to conventional or traditional tillage. It is generally a form of non-inversion tillage that
leaves a sizable proportion of crop residue on the soil surface as mulch. Mulch farming is a type of
conservation tillage. Other variants of conservation tillage include the generic term called "reduced
tillage". No-tillage is a special type of reduced tillage system in which pre-planting seedbed
preparation is completely eliminated and weed control is achieved by herbicides or crop residue
mulch.
There are several other variants of reduced tillage system and their name is derived from the type of
equipment used for seedbed preparation e.g., chisel-plant, plow-plant, or disc-plant. Ridge tillage
is a special form of reduced tillage system and is widely used in the tropics. Contour ridges are
extremely effective in reducing runoff and soil losses, and in enhancing productivity (12-Lal,
1991). Conservation effectiveness of contour ridges can be greatly enhanced by making short
cross-ties to create a series of basins to store water. The "tied-ridge" system is extremely effective
in water conservation in the semi-arid regions.
Effectiveness of conservation tillage system in soil and water conservation has been demonstrated
in a wide range of tropical eco-regions e.g., West Africa (10-Lal, 1976), 1-Bonsu and Obeng,
1979); Brazil (4-Derpsch et al., 1986; 25-Sidiris et al., 1987) Australia (6-Freebairn and Wockner,
1984; 7-Freebairn et al., 1986).
Conservation tillage systems, however, are extremely soil, crop and ecoregion specific. It is
difficult to use one tillage system for a broad range of soil and environment.
3. Vegetative Hedges: Vegetative material planted on the contour, either as a single or doublerow hedge or as a narrow strip, can be an effective strategy to retard runoff velocity and decrease
soil erosion losses. Vegetative hedges based on narrow strips are usually more effective than those
based on one or two-row hedges. There are several types of vegetative hedges depending on the
nature of vegetative material grown and its management (Fig. 1). Agroforestry is a commonly
used term to denote practices whereby food crop annuals and/or animals are raised in association
with trees and woody perennials. Closely-spaced contour hedges of woody perennials can
drastically reduce runoff and soil erosion. These observations have been confirmed by research
data from West Africa (11-Lal, 1989), Asia (27-Suikmana et al., 1985), and Central America (9Kass, 1993). However, agroforestry systems are labor-intensive and yield of associated crops
may be suppressed by competition for the limited resources (e.g. light, water and nutrients) or by
allelopathic effects. Commonly used tree species that can be grown in agroforestry systems for
erosion control in different eco-regions are listed in Table 7. While trees are grown in narrowlyspaced hedges for control of water erosion on hill slopes, trees are grown on widely-spaced shelter
belts for wind erosion control. Trees for wind erosion control are those listed under the arid region
category in Table 7.
Rather than woody perennials, vegetative hedges or strips can also be planted to grasses. Some of
the grasses listed in Table 6 are also suitable for this purpose. A widely adopted grass for this
purpose is the Vetiver grass (Vetiveria zizanioides) or khus grass (20-NRC, 1993). Vetiver is a
bunch grass which form an effective barrier against runoff because it has a deep, strong, and a
fibrous root system that holds the soil particles against shearing force of the running water.
Vetiver forms very effective contour hedges on the hill slopes. This grass has a wide adaptability
to different rainfall regimes, altitudes, temperature regimes, and soil types (20-NRC, 1993).
Choice of Vegetative Measures for Erosion Control. It is inconceivable that any single
technique can be used for a wide range of soils and agroecoregions of the tropics. In fact, it may
be a combination of several techniques that have to be used to develop an effective erosion control
strategy even on a single farm. The choice of an appropriate technique depends on a wide range of
interacting factors both biophysical and socio-economic. Two important biophysical factors that
determine the choice of an anti-erosive measure are: (A) soil erosion processes, and (B) soil type.
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Table 7 Some trees suitable for different ecological regions of the tropics (modified 13-Lal, 1992)
Humid and Sub-humid
Acacia spp
Acio barterii
Afzelia bella
Albizia spp
Alchornea cordifolia
Andira inermis
Anthonotha macrophylla
Baphia nitida
Calliandra calothyrsus
Cassia spp
Casurina equisetifolia
Chlorophora excelsa
Commiphora spp
Cordia alliodora
Cordia holstii
Dalbergia spp
Danielüa oliveri
Dialium quineense
Entada abyssinica
Enterolobium cyclocarpum
Erythrina spp
Flemingia congesta
Flemingia mauophyssa
Garcina cola
Gliricidia sepium
Gmelina arborea
Grevillea robusta
Inga spp
Leucaena spp
Maesopsis eminii
Parkinosia spp
Pterocarpus spp
Samanea saman
Schizolobium spp
Sesbania spp
Syzigium malaccense
Tephrosia Candida
Terminalia superba
Trema orientalis

Semi-arid
Acacia albida
Acacia catechu
Acacia mearnsii
Acacia xanthopholes
Adansonia digitata
Albizzia lebbeck
Azadirachta indica
Bombax costatum
Cassia siamea
Casuarina equisetifolia
Cordia africana
Dalbergia sissoo
Grevilea robusta
Hyphaena thebaica
Parkia spp
Pterocarpus marsupium
Sclerocarya birrea
Sesbania spp
Tamarindus indica
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Arid
Acacia spp
Ailanthus excelsa
Azadirachta indica
Balanites aegyptiaca
Boscia angustifolia
Calotropis procera
Combretum aculeatum
Commiphora africana
Euphorbia balsamifera
Herdwickia binata
Maerua crassifolia
Parkinsonia aculeata
Prosopic glanduliso
Prosopis spp
Salvadoria persica
Tamaris aphylla
Ziziphus mauritiana

A. Soil Erosion Processes and Vegetative Measures. Strategies and corresponding
technological options for erosion control in relation to different agents and related processes of
erosion are outlined in Table 8. Inter-rill erosion by raindrop impact and thin overland flow is
most effectively controlled by mulch farming, cover crops, conservation tillage and an appropriate
combination of these practices that provide a continuous ground cover. Rill erosion can also be
controlled by mulch farming, ridge-tillage and vegetative hedges. However, control of gully
erosion caused by concentrated flow requires a combination of engineering structures, grass water
ways and vegetative hedges. The moss movement and land slides caused by gravity are better
controlled by combination of engineering structures to divert runoff and plantation of deep-rooted
trees and woody perennials to extract water from deeper layers and increase soil strength. Tunnel
erosion caused by sub-surface flow can also be controlled by vegetative measures in combination
with use of soil amendments e.g., gypsum. Mulch farming, conservation tillage, rough seedbed,
and agroforestry systems to install shelter belts are effective techniques against wind erosion.
B. Soil Types and Vegetative Measures. The choice of vegetative measure also depend on
soil type. Important soil characteristics to be considered are soil physical properties (e.g.,
structure, bulk density, infiltration rate, rooting depth, available water capacity) soil chemical
properties (e.g., pH, base saturation, concentration of Al and Mn on the exchange complex,
nutrient reserves, etc.) and biological properties (e.g., soil organic carbon and soil biodiversity).
Soil chemical properties (notably pH) are especially important in choice of appropriate species.
Some species (e.g., Leucaena leucocephala) cannot be grown on an acid soil with pH < 5.0.
Possible choice of vegetative measures for different soil types is listed in Table 9. Mulch farming,
conservation tillage, cover crops and agroforestry systems are generally more suited for soils of the
humid and sub-humid regions with abundance of water throughout the year. These practices are
less suited for soils of the arid and semi-arid regions. Rough seedbed, ridge-furrow system and
contour bunds protected by vegetative materials and grass water ways are appropriate measures for
soils of the semi-arid and arid regions. Aridisols and other soils of the dry climates also require
shelter belts and rough seedbed for protecting soils against wind erosion.
Conclusions. Accelerated soil erosion is a severe problem in the tropics because of high climatic
erosivity and structural fragility of the soils of the tropics. Most soils (e.g., Oxisols, Ultisols and
Alfisols) are prone to crusting, compaction and accelerated erosion. Landuses prone to accelerated
soil erosion are arable landuse with intensive cropping and resource-based agriculture, and
pastures with native species and high stocking rate with uncontrolled grazing. Steeplands with
slope gradients exceeding 8% are highly prone to gully erosion and mass movement.
Vegetative techniques are erosion-preventive measures, and consist of use of biomass to provide
buffer against the erosive forces of raindrop impact, overland flow and wind velocity.
Most common vegetative measures include mulch farming techniques, conservation tillage, and
vegetative hedges. These general techniques need to be fine-tuned for local adaptation to specific
soils, climate, and socio-economic conditions. Site-specific research is also needed in developed
cropping/farming systems specifically for adopting these techniques. Consideration of socioeconomic and cultural factors is an relevant as biophysical factors in developing packages of
cultural practices for successful adaptation of vegetative measures.
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Table 8

Technological options for erosion management by different processes

Agent of
Erosion

Process of
Erosion

Raindrop
impact

Interrill erosion

Strategy
(i) minimize raindrop
impact
(ii) Enhance soil
structure

Technological Options

Mulch farming, cover crops.
conservation tillage
Cover crops to enhance soil
biodiversity, mulch farming,
multiple cropping
Thin overland Rill erosion
(i) Increase infiltration
Mulch farming, conservation tillage,
flow
(ii) Decrease runoff
rough seedbed
velocity
Vegetative hedges, ridge-tillage
Concentrated Gully erosion
(i) Prevent run-on
Diversion ditches stabilized with
flow
(ii) Safe disposal of
vegetative materials
Grass waterways stabilized with
runoff
vegetative cover
Gravity
Landslides/Mass (i) Remove overland
Grassed waterways for safe
movement
flow at safe velocity disposal of runoff
(ii) Avoid saturation of
Deep rooted trees and woody
soil profile
perennials, agroforestry
(iii) Increase soil
Vegetation with deep and extensive
strength
root system
Sub-surface
(i) Slaking of
(i) Improve soil structure Vegetative hedges
flow
aggregates
(ii) Diffuse runoff
Mulch farming cover crops, organic
(ii) Flow
(iii) Enhance base
manures
concentration
saturation
Gypsum application
(iii) High sub
(iv) Ground cover
Multiple cropping, agroforestry
soil flow
systems
velocity
Wind erosion (i) Saltation
(i) Reduce wind velocity Shelter belts
(ii) Scouring
(ii) Increase clod size
Rough seedbed, emergency tillage
(iii) Turbulence (iii) Provide ground
Multiple cropping, agroforestry
in wind
cover
velocity
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Table 9 Vegetative measures for soil conservation in different soils and agro-ecoregions of the tropics
Soil Type
A, Humid Tropics
Oxisols, Ultisols, Alfisols

Area*
(106 ha)
920

Inceptisols
Psamments

146
80

B. Semi-arid Tropics
Oxisols, Ultisols, Alfisols

154C

Psamments
Vertisols

272
174

Aridisols

103

Inceptisols and Andisols

314

C. Dry and Arid Tropics
Psamments
Aridisols
Vertisols

482
582
93

Inceptisols and Andisols

98

Vegetative Measures
Cover crops, conservation tillage, mulch tillage,
grass strips agroforestry systems, vegetative
hedges.
Rice terraces
Conservation tillage, mulch farming, agroforestry
systems, cover crops
Cover crops, ridge-furrow system and tied ridges
based on grass waterways and vegetation
protection measures
Conservation tillage, vegetative hedges
Vegetative hedges, ridge-furrow system and grass
waterways, vertical mulching
Agroforestry systems and wind breaks with tree
shelters, mulch tillage
Conservation tillage, mulch farming, vegetative
strips
Shelter belts, vegetative strips
Shelter belts, vegeta Jve hedges
Vertical mulching or slot mulching, waterways
protected with vegetation cover
Conservation tillage

*24-Sanchez(1987)
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Soil Degradation in India - Status and Impact
J.L. Sehgal, and I.P. Abrol. National Bureau of Soil Survey and land Use
Planning, Nagpur and Indian Council of Agricultural Research, New Delhi, India.
Abstract
Soil degradation is
decline in soil quality, and
productive capacity due mainly to human intervention. In India
the problem of soil degradation assumes a great significance
owing to the increasing population (887 millions) and decreasing
per capita land holding. However, there is limited data on the
extent of soil degradation, and its effect on soil quality and
loss of soil productivity. A simplified approach, developed by
the Working Group on GLASOD to assess soil degradation was used
to prepare a human-induced soil degradation assessment map of
India (on 1:4 million scale). The details of the legend are
described and discussed. The mapping units express degradation
status by type, degree, extent and severity of degradation.
The study reveals that out of a total geographical area of
329 m ha, 187 m ha ( 57%) are suffering from different soil
degradation problems. Water erosion is the major problem causing
loss of top soil (132 m ha) and terrain deformation (16.4 m ha) .
Wind erosion is dominant in western region causing loss of top
soil and terrain deformation in 13 m ha. The human-induced
chemical deterioration is observed in 14 m ha, causing
salinization in 10 m ha and loss of nutrient and organic matter
in about 4 m ha. The degree of soil degradation varies from slight
to severe depending on soil-site characteristics.
Over-population, harsh climatic conditions, over exploitation and improper use of soil resources, deforestation, etc. ,
not only induced soil- food-population imbalance, but also
rendered most of the tropical and subtropical ecosystems
extremely vulnerable to soil erosion and erosion-induced land
degradation. The Vertisols in Peninsular India (covering 73 m
ha) are highly erosive because of high runoff, poor cover
conditions of the terrain, erosive slope and permeability. The
Red soils (Alfisols, Ultisols, Oxisoils (covering about 71 m ha)
also suffer largely from water erosion. The lateritic soils
suffer severely from rill erosion losing almost 4 0 tonns ha_1
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yr ' in the absence of adequate soil conservation measures. The
north-eastern states
suffer because of deforestation and
shifting cultivation, resulting in water erosion and loss of
nutrients. In the Indo-Gangetic Plain of Punjab, excessive use
of fertilizers has a potential of nitrate pollution of ground
water.
Very little efforts have been made for assessing and
monitoring soil degradation.
The study suggests need for
periodic monitoring of soil degradation. The GLASOD methodology, simple yet comprehensive, provides good and reliable
results. The first soil degradation map of India is an attempt
to assess soil degradation with sufficient reliability. This can
serve as « base for monitoring regional changes- in soil
degradation. Remote sensing technique greatly enhances our
ability to monitor changes in soil qualities and degradation.

1.

INTRODUCTION

Soil degradation is defined as adverse change in soil
quality. It refers to the decline in productive capacity of land
due to processes induced mainly by human intervention (UNEP,
1992) .
After the green revolution of 1960s and 1970s, the 1980s
became the ' 'Decade of Resource Crunch and Awareness' ' because
of general decline and stagnation in soil productivity, much of
which was due to improper use and poor management and exploitive
farming practices, resulting in land degradation by wind and
water erosion, nutrient depletion and overall decline in soil
productivity (FAO, 1986, Parr et al. , 1990; Dregne, 1992).The
problem is not confined to the developing world. Even the
advanced countries, like U.S.A., face serious problems of
erosion, resulting in loss of nearly 6 billion tonnes of soil
each year (Napier, 1986). In India, a total of more than 5000
million tonnes of top soil is being eroded every year. Of this
about 1600 m tonnes representing 30 per cent of the total eroded
area is permanently getting lost to the sea (Dhruvanarayana and
Rambabu, 1983). The processes leading to land degradation are
generally triggered due to excessive pressure on land to meet
the competing demands of rapidly growing (@ 2.1%) population
(889 m) for food, fodder and fibre.
Various anthropogenic activities, such as the introduction
of large scale irrigation and deforestation lead to accelerated
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soil degradation through
salinization, flooding, drought,
erosion, water logging, etc. These processes, in turn, reduce
agricultural productivity leading to social insecurity and
political instability. The effects of degradation processes,
resulting from emission of green house gases into the
atmosphere, are a matter of serious concern to the global
scientific community.
Archaeological evidence has shown that soil degradation
was responsible for the collapse of the Harappan civilization
in western India and Mesopotamia civilization in Iraq. There is
an urgent need to develop and extend technological measures to
help in conserving and enhancing soil quality and restoring the
degraded lands to their potential users. Such attempts require
a knowledge of the kind, degree, extent and severity of various
degradation problems.
The information on extent of the areas affected is sketchy
and variable (Gautam and Narayana, 1988) . The present
investigation therefore aims:

o

to bring out an up-to-date soil degradation status map

o to understand the impact of land degradation for developing
future strategies, and
o

2.

to help initiate remedial measures for their amelioration

GEOGRAPHICAL CONDITIONS

India lies to the north of equator between the latitudes
of 08°04' and 37°06' N, and longitudes of 68°07' and 97"25' E.
It has a geographical area of 329 m ha.
Climatically, India has three distinct seasons: cool and
mainly dry winter from October to February; hot and mainly dry
season from March to June and monsoon rainy season from midJune/ July to September.
Rainfall, is received during two distinct periods. The
dominant southwest monsoon is active during June to September
and the mild north-east monsoon during December to February.

190

Physiographically, India can be divided into three broad
regions:
1
The plateau of Peninsular India. south
representing Deccan and south of the Vindhyas.

of

23° N,

2
The Great Himalayas and the associated young fold mountains
bordering India known as the Extra Peninsula.
3
The Indo-Ganaetic Plain extending from valley of the Indus
and Sind, now in Pakistan, to that of the Brahamputra in Assam.
Based on the physiography, soils, bioclimate, length of
grwing-period,•etc: ;-• the National Bureau of Soil Survey and Land
Use Planning (Sehgal et al. , 1992) prepared a 20 agro-ecolgical
region map of the cuntry.

3
3.1

METHODOLOGY
LAND DEGRADATION MAPPING

The land degradation status map on 1:4 m scale was prepared
by following the criteria and techniques, given in the
guidelines of Global Assessment of Soil Degradation (GLASOD)
(Oldeman, 1988).
Two categories of soil degradation processes are recognised.
The first deals with degradation by displacement of soil
material, principally, by water and wind. The second deals with
the internal soil deterioration resulting from accumulation of
chemical substances, such as salts, loss of nutrients (chemical
deterioration) or through physical processes, including
prolonged waterlogging, crusting, etc. (physical deterioration) .

For the preparation of soil degradation map, the type,
degree and severity of degradation, were taken into account. The
major soil degradation types are indicated on the degradation
map by different colours, and the severity by different shade
of that colour. The extent of the area affected is assessed by
using different indices supported by field observations.
Using the above methodology and
degradation map was prepared (Fig. 1).
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It may generate enough awareness of the dangers resulting
from the inappropriate use of soils.
Each unit in the map is provided with a symbol which
suggests kind or type, degree and extent of one or a maximum of
two dominant soil degradation problems. The severity of the
problem, is determined from the degree and extent of the problem,
using Fig. 2.
3.2

ASSESSMENT

For the assessment of soil degradation, one may need to
assess the type, degree and relative extent of different soil
degradation problems.
Soil Degradation Types
Of the total twelve types of soil degradation recognized
(Oldeman, et al. , 1990), eight have been identified and mapped
in India.
Degree of Soil Degradation
Four categories to express degree of soil degradation are
recognized to which the soils are degraded in terms of
agricultural suitability, declined productivity and (in some
cases) biotic functions.
Relative Extent of Degradation
Due to scale limitations, it is generally not possible to
separate areas of soil degradation individually on the map.
However, it is, possible to estimate the relative extent of each
type of soil degradation within the mapped unit.
The severity of soil degradation is expressed by the
combination of the degree and the relative extent of the type
of degradation process.
3.3

CAUSATIVE FACTORS

The direct/indirect human intervention has caused soil
degradation due to following factors:
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SOIL DEGRADATION STATUS
» * Exicni of

PERCENTAGE OF MAPPING UNIT
AREA AFFECTED ( 2 n d numeral)

50%

'• 100%

1. SLIGHT ( I )
2.MODERATE ( m )
3.STRONG ( s )
4.EXTREME (e)
EXPLANATIONS
* Degree of Degradation (1st numeral)
1. Slight
: Somewhat reduced agricultural productivity
2. Moderate
: Greatly reduced (but economical) agricultural
productivity
3. Strong
: Unreclaimable at the farm level
4. Extreme
: Unreclaimable and economically not feasible
to restore.
** Extent of Degradation (2nd numeral)
.1
.2
.3
.4
.5

Occasional
Common
Very common
Frequent
Dominant

Upto 5% area affected
5-10% area, affected
10-25% area affected
25-50% area affected
>50% area affected

*** Severity of Degradation
The following classes of severity of degradation were
obtained by the combination of degree of degradation and
the percentage of the area affected:
o

Low

o

Medium

o

High

o

V.High

Fig. 3..

:

Negligible loss (upto 10%) in agricultural
productivity and soils manageable
: Moderate loss (10-25%) in agricultural
productivity; soils can be managed at farm
level
: Significant loss (25-50%) in agricultural
productivity; affected area not economical
to cultivate, could be used for other uses
(like agroforestry)
: Unmanageable and/or uneconomical to use.

Determining soil degradation status and severity
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f : Deforestation and removal of the natural vegetation,
g : Overgrazing
a : Agriculture-related activities (unscientific)
e i Over exploitation of vegetation for domestic use

3.4.

RATE OF SOIL

DEGRADATION IN RECENT PAST

The average rate of human-induced soil degradation has been
estimated based on changes in local population densities (both
human and animal) and/or in relation to mechanization,
agricultural expansion, fertilizer use, etc. during the last
five to 10 years.
Since the recent-past rate is not strictly defined, the
reliability is rather limited. However, if the recent-past rate
is slow, no indication is given on the map; if it is more, it
is shown as under:
Medium •
Rapid
3 .5.

:

l
l
l
l

KEY TO SYMBOLS

Each delineated map unit has been given a symbol which
indicates a maximum of two human-induced soil degradation types
as shown in the example cited below:
Example:
Wt 2.3,
g !
where: W - suggests water erosion; t - loss of top soil; 2 moderate degree of erosion; 3 - shows the extent of problem (11
to 2 5%) of the unit area affected; 2.3 - when 2 and 3 are read
together (according to Fig. 3) , it suggests medium severity of
problem; g - shows overgrazing as the causative factor; | - shows
medium recent-past rate of soil degradation.
For details, one is referred to Sehgal & Abrol (1993).
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4.
4.1

RESULTS AND DISCUSSION
SOIL DEGRADATION STATUS

The soil degradation map (see Fig. 1) and the data in Table
1 show that an area of about 187 m ha, almost 57% of the total
geographical area of the country has been variously degraded,
largely by human-intervention.
If the area under "slight1
severity is excluded from the calculations, the total affected
area works out to 151 m ha, representing 45.9 per cent of the
total geographical area.
Water erosion is the major problem causing loss of top soil
and/or terrain deformation in about 148 m ha (representing 45%)
of the total area.
Wind erosion is dominant in the western regions, covering
13.5 m ha (representing 4.1%) of the total area. It causes loss
of top soil in 1.9%, terrain deformation in 1.2% and overblowing
and shifting of sand dunes in 0.5% of the affected area.
The influence of human-induced chemical deterioration is
observed in 13.6 m ha (4.1% of the total area) causing
salinization in 10.1 m ha and loss of nutrients and/or organic
matter in 3.7 m ha.
Water logging and/or areas affected by submergence or
flooding cover about 11.6 m ha. Such areas result from the
cutting of forests in the catchment areas, followed by erosion
and flooding.

The land not-fit for agriculture (wastelands, senso
GLASOD) , including active dunes, salt flats, rock outcrops, icecaps, etc. covers almost 18.2 m ha. Another area of about 5.0
m ha is under roads, water bodies, buildings, etc. which could
not be separatly reported.
An estimated area of 32.2 m ha (9.8%), supporting dense
forests on geologically stable land, is under stable terrain,
where human-induced degradation is relatively insignificant.
The degree of land degradation, however, varies from slight
to extreme; depending on the slope, vegetation canopy, aspect,
topographic position, wind speed, velocity of rainfall, etc.
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Table 1 Extent of soil degradation (human induced) under different degradation types
Degradation Type

Degree of degradation
Slight

Moderate

Total
area

Strong

Extreme

(Area in m.ha)

148.9

1. WATER EROSION
99.8

(a) Loss of top
27.3
soil (Wt)
(b) Terrain
defor-mation (Wd)

4.6

11.8

2. WIND EROSION
(a) Loss of top
0.3
5.5
soil (Et)
(b) Loss of top
.4.6
soil/terrain
deformation
(Et/Ed)
(c) Terrain
defor-mation/over
blowing
(Ed/Eo)

(a) Loss of
nutrients(Cn)
(b) Salinization 2.8
(Cs)
4. PHYSICAL DETERIORATION
(a) Water logging (w)

32.0

16.4

5.0

16.4

5.0

13.5

4.1

13.2

4.0

1.9

5.9

1.8

il^s.
3.7

3.7

10.1

7.3

11.6

5.2
36.8 137.9

B.5

8.5

1.4

4.6

1.4

0.8

2.7

0.8

VLO

ILJL

4.2
1.1
3.1

11.6
6.4

2.2

3.5

5.2

1.6

57.1

o

SOIL WITH NO DEGRADATION PROBLEM

90.5

27.5

0

STABLE TERRAIN
Under natural condition (Sn)

32.2

9.8
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7.3

1.6

187.8

328.7

1.1

•LI

18.2
(4.1)
(2.2)
(11.2)
(0.7)

Total geographical area

3.7

hi

LAND NOT-FIT FOR AGRICULTURE
(a) Ice caps (I)
(b) Salt flats (Z)
(c) Arid mountiain (M)
(d) Rock outcrops (R)

o

37.0

105.2

2.7

3. CHEMICAL DETERIORATION

121.6

40.3

4.6

2.7

45.3

132.5

6.2

0.1

Percent
Total area
of total without
geogra- slight degree
phi cal
of degradation
area
(%)

5.5
(1.2)
(0.7)
(3.4)
(0.2)

100.0

151.0

45.9

4.2

SOIL DEGRADATION TYPES

4.2.1

Soil Erosion

Agricultural productivity depends largely on the top soil
(+20 cm in thickness) , as it serves many functions (rooting zone
for plants, supplies plant nutrients, stores and releases soil
moisture, etc.). All these functions require good tilth,
fertility and productivity of soils. As such, soils with these
capabilities are considered as ' "healthy soils''. When the top
soil isr emoved or severely eroded, crop yields decline by 20
to 65% (Langdale et al.. 1979; Massee, 1990).
The loss of top soil resulting in reduced productivity is
a most serious degradation problem in the Indian subcontinent.
The erosion due to water and wind occurs over large areas (Table
1) . Overpopulation, harsh climatic conditions, overexploitation
and unwise use of soil resources, deforestation, etc. , resulting
in soil-food-population imbalance, have rendered most of the
tropical and subtropical ecosystems extremely vulnerable to
soil erosion and erosion-induced land degradation.
Water Erosion
Erosion by water is the most extensive and serious
degradation problem in India. The water erosion due to loss of
top soil and terrain deformation affects about 148.9 m. ha,
representing 45.3% of the total geographical area of the
country. The Himalayas are most severely degraded due to large
scale deforestation, developmental activities and cultivation
of fragile areas. Amongst the soil groups undergoing serious
degradation by water erosion are the Red (mostly Alfisols,
Inceptisols and Ultisols), the Black (Vertisols and Vertic
Subgroups) and the mountain (Alfisols, Inceptisols) soils.
The Vertisols and Vertic Subgroups occupying nearly 71 m
ha in the Peninsular India, are highly erosive. The annual
precipitation in these areas, varies from 500 to 1500 mm; the
run off is often 40 to 50% of the total rainfall or more,
depending on the amount and intensity of rainfall, cover
conditions of the terrain, slope of the land and permeability
of the soil. According to Dhruvanarayana and Rambabu (1990),
these soils mainly supporting rainfed agriculture are subject
to severe sheet and rill erosion with an annual soil loss of
2 0 to over 100 t ha'yr 1 . Even the soils under normal cultivation
(for sorghum or cotton) on land slopes of 1 to 3% have been
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observed to erode annually @ 13.6 t ha yr

(NBSS Staff, 1987) .

The Red Soils, covering another 70 m ha, are another major
soil group subject to severe water erosion problem. The rainfall
in these regions ranges from 750 to 2000 mm/annum. Most Red
Soils, being shallow and having low intake capacity due to
crusting problem, suffer from rapid surface run off and erosion.
Major soil losses are due to sheet, gully and hillside erosion.
The sheet erosion is a serious constraint in nearly threefourths of the Red Soils (Alfisols, Inceptisols, Ultisols) . The
soil loss in these areas varies from 4-10 t ha ' yr '. The
Lateritic Soils, occurring in areas of rolling and undulating
topography, suffer from severe rill erosion. Owing to high
intensity rainstorms, these soils
lose about 40 t ha yr
in the absence of adeguate soil conservation measures (Dhruva
Narayana and Rambabu, 1983).
The most spectacular erosion is observed in the form of
gullies and ravine formations. These occupy nearly 4 m ha of land
area along the banks of major rivers in Madhya Pradesh, Uttar
Pradesh, Gujarat, etc.
The northeastern states of India have severe water erosion
problem because of prevalent practices of shifting cultivation
('jhumming'). In the past, the practice of jhumming1 worked
well because of long fallow cycle of 20 to 30 years. But due to
increasing population pressure, the cycle has narrowed to three
to six years and thereby aggravated erosion and degradation
problems.
Forest cutting, burning, clearing and dibbling of seeds
cause nearly 4.0 t ha 1 of soil material to slide/roll down to
foothills. Soil erosion from hill slopes of 60 to 70 per cent
during the first, second and third years has been
reported
to be 146.6, 170.2, 30.2 tonnes ha'yr"1, respectively (Singh and
Singh, 1978).
The siltation rate of reservoirs in India has been
estimated to be much higher than the values assumed at the design
time (Table 2) . This reduces drastically the life of project (s)
involving huge investments.

Table 2

Sediment deposition in some indian reservoirs

199

Reservoir

Bhakra Nangal
Hirakud
Maithon
Panchet
Machkund
Tungabhadra
Mayurakshi
Gandhinagar
Ram Ganga
Ghod
Dantiwada

Catchment
area (km:)

56.88
82.66
5.21
9.82
1.96
25.83
1.79
21.87
3.00
3.63
2.86

Annual rate of silting
(tonnes/ha)
Assumed

Observed

6.43
3.78
2.43
3.70
5.85
6.43
5.41
5.41
6.43
5.41
5.41

9.21
5.37
19.65
15.00
3.85
9.81
26.64
5.56
27.28
22.86
4.78

Source: Dhruvanarayana and Rambabu (1983).
It has been estimated that a total of more than 5,334 m
tonnes of top soil is being eroded every year. Of this, about
1,600 m tonnes, representing 30% of the total eroded mass, is
permanently lost to the sea (Dhruvanarayana and Rambabu, 198 3)
10% is deposited in reservoirs resulting in loss of storage
capacity and about 60% of the eroded soil is transported from
one place to another. On an average, soil loss from Indian lands
is estimated at 16.4 t ha_1yr :, which is far above the permissible
limit.
'
Soil organic matter is probably the most important
indicator of soil quality (Rasmussen and Collins, 1991) ; and an
increase in organic matter content is suggestive of positive
change in soil quality reducing soil erosion by increasing
water-stable aggregates. Farmers using alternative cropping
practices, such as green manures often report improvements in
soil tilth. Growing green manure crop (Sesbania. '"dhaincha'')
before paddy transplantation leads to better yield even without
the addition of fertilizers, apart from its positive effects on
soil tilth, pore space, etc (Meelu, 1993)*. Although microbial
life of the soil is often a key element of soil health or quality
(Higa, 1991), more data are needed to evaluate the economic
•Personal discussions with O.P. Meelu of the Punjab Agric.
Univ., Ludhiana, India
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potential of new options and their impact on the soil resources.
Wind Erosion
Wind erosion is a serious problem in the arid and semiarid regions, including the states of Haryana, Gujarat, Punjab
and Rajasthan. Removal of natural vegetative cover, excessive
grazing, extension of agriculture to marginal areas, etc. are
the major human-interventions leading to accelerated erosion.
Wind erosion is also prevalent in the coastal areas where sandy
soils dominate, and in the cold desert regions of extreme northwestern India.
The area affected by wind erosion, adds to 13.5 m ha,
representing 4.1% of the total geographical area (see Table 1.)
The loss of top soil (Et) , terrain deformation (Ed) and
overblowing sand represents 1.9, 1.4, and 0.8% area, respectively.
The dominant soils occurring in these areas are Psamments
(57%) , Orthents (16%) , Fluvents and Orthents in association with
Psamments (15%) and others (12%).
4.2.2

Chemical Deterioration (C)

Chemical deterioration of soils can occur through a number
of processes; the main agents under Indian conditions centre
around the loss of nutrients and/or organic matter and
accumulation of salts and/or pollutants.
Loss of Nutrients and/or Organic_Matter

(Cn)

Nearly 3.7 m ha of land area is deteriorated due to
nutrient loss and/or depletion of organic matter. It is most
widespread in the Indo-Gangetic Plains and other intensively
cultivated areas in the subtropical belt where
Jhumming' is
practised. Such areas in the southern sections overlap the areas
under water erosion.
India has, over the past four decades, increased its annual
food production from about 50 m tonnes (in 1960's) to more than
180 m tonnes (in 1990's). The increased productivity also
implies increased application and removal of nutrient elements
from soils. Although, the use of nutrients, through fertilizers,
has increased several-fold, the overall level of consumption is
still very low in most parts (central and western) of the
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country. In most regions there is a net negative balance of
nutrients and a gradual depletion of the organic matter. Since
in future the demand for food production will have to be met
through increased intensity of cropping, the problems of
maintaining nutrient balance and prevention of emerging
nutrient deficiencies will be a major concern in most of the
cultivated lands.
Salinization/Alkalization (Cs)
Expansion of irrigation has been one of the key strategies
in achieving self-sufficiency in food production. India has
increased the net irrigated area from about 20 m ha in 1950 to
more than 43 m ha in the year 1986-87. Largely this has been
achieved through expansion of canal irrigated areas. In almost
all cases, the ground water table which was several metres deep
prior to the introduction of irrigation has been rising
following the introduction of irrigation. When groundwater
table reaches within 2 metres of the surface, it contributes
significantly to root zone salinization. Typical examples of
salinization caused by the rise in ground water are observed in
Uttar Pradesh, Haryana, Rajasthan, Maharashtra, Karnataka, etc.
In most canal irrigated areas, problem of soil deterioration through accumulation of salts has attained serious
dimension. According to one estimate, nearly 50 per cent of
the canal irrigated areas are suffering from salinization and/
or alkalization due to inadequate drainage, inefficient use of
available water resources and socio-political reasons. According to Abrol and Bhumbla (1971), about 7 m ha are salt-affected;
of which 2.5 m ha represent alkali soils in the Indo-Gangetic
Plain. Salt problems have also increased wherever saline ground
waters have been used for irrigation in the absence of good
quality irrigation waters.
According to the present study, an area of 10.1 m ha is
suffering from salinity and/or alkalinity, of which about 2.5
m ha occur in the Indo-Gangetic Plain alone. In many coastal
regions, exploitation of ground waters have caused intrusion of
sea water resulting in rise in ground water table and soil
salinity problems.
In India, broadly two kinds of problem soils are
encountered due to excess salts. These are: (a) saline soils,
and (b) alkali soils.
While saline soils owe their
unproductivity to excess of neutral soluble salts, that is,
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chlorides and sulphates of sodium, calcium and magnesium, alkali
soils contain appreciable quantities of sodium bicarbonate and/
or carbonate.
Salt-affected soils are of widespread occurrence in the
arid, semi-arid and subhumid (dry) zones of the Indo-Gangetic
plains. Alkali soils dominate in areas with mean annual rainfall
of more than 600 mm while saline soils are dominant in the arid,
semi-arid and coastal regions.
Pollution (LP) by Toxic Substances
Although reliable estimates are not available, accumulation of toxic substance of industrial and urban origin is
increasingly contributing to the land degradation.
In intensively cultivated areas of Indo-Gangetic Plain,
like Punjab, where fertilizer (400 kg or more of nutrients ha
x
) , and and pesticide use is high, there are reports of nitrate
leaching resulting in pollution of ground water.
4.2.3

Physical Deterioration

Problems of physical deterioration of soils generally
relate to reduction in soils' organic matter content, making
them more prone to crusting, increased run off, etc.
In
intensively cultivated areas, there are increasing reports of
subsoil compaction causing restricted root growth. However, the
most serious problem in this category is of excessive wetness
due to water logging.
Water logging (Pw)
The term water logging refers to a condition of short/long
term water stagnation caused due to changes in- hydrologie
regime, landscape, development activities, silting up of river
beds, etc. Repeated flooding is yet another cause of water
logging in coastal and flood-plain areas of major rivers.
Problems of short or long duration flooding have been
increasing rapidly over the years, due to deforestation in
catchment areas, changes in land use, increased urbanization and
other development activities.
The processes leading to
flooding are being accentuated due to increased sedimentation
and reduced capacity of the drainage systems. The adverse
effects of temporary/long-term water logging are being
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reflected in overall ecology, reduced agriculture productivity,
limited choice of crops and a host of other socio-economic
conditions.
According to the Ministry of Agriculture (197 6), an area
of about 6 m ha is suffering due to the menace of water logging,
excluding the areas affected by flooding. The most dominant
areas affected by water-logging are those along the river beds
(including the 'Diara' and Tal' lands). The present study shows
that the physical deterioration of soil due to water logging has
affected about 11.6 m ha, representing 3.5% of the total
geographical area.
Compaction, Cresting and Sealing (Pc)
Compaction is usually caused by the use of heavy farm
machinery. Crusting and sealing, however, result from the impact
of raindrops if the soil cover is not well protected.

5.

5.1

SEVERITY OF SOIL DEGRADATION AND ITS IMPLICATIONS ON SOIL
PRODUCTIVITY
SEVERITY

The degree to which the soil is degraded is related, to the
decrease in productivity and the possibility of restoring soil
to its original productivity
and in those cases where the
terrain is covered by natural vegetation, to the degree of
restoring their original biotic functions.
The severity of soil degradation is assessed by the degree
and the extent of the degraded area. Since there are four degrees
(slight, moderate, strong and extreme), and five categories of
relative extents (occasional, common, frequent, very frequent
and dominant) , 2 0 combinations are feasible. These combinations
are grouped into the following four severity classes which are
shown by the intensity of colour on the map (see fig. 2 ) .
The data in table 3 show that dominant area is under
severity class high, followed by class medium and very high; the
area under severity class low is the minimal.
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5.2

IMPLICATIONS ON SOIL PRODUCTIVITY

Normally the severity classes (low, medium, high and very
high) are linked to the loss of agricultural productivity. But
very limited information on loss of productivity/crop yield is
available . Based on observations and experience, the expected
loss in agricultural productivity, under different classes of
severity, is given in Tables 4 to 7. These figures may be modified
with availability of more data. Perhaps, moderate water erosion
in alluvium-derived deep soils may show significantly less
reduction in soil productivity than the deep Red and Black soils
formed in-situ. Similarly an ESP of 15 in smectitic Black soils
(Vertisols) may reduce in soil productivity significantly more
than in illitic alluvium-derived Inceptisols/Alfisols or
kaolinitic Red soils (NBSS Annual Report, 1990).

Table 3

Extent of soil degradation severity in different
degradation types

Degradation Type

Area under different soil degradat- Total
ion severity classes
area
(m.ha)
Low

1. Water erosion (W)

Medium

High

V. High

24.3

107.2

12.4

5.0

2. Wind erosion
a) Loss of top
soil (Et)

148.9

-

-

6.2

-

6.2

b)

Et/Ed

-

-

4.6

-

4.6

C)

Ed/Eo

-

-

-

2.7

2.7

3. CHEMICAL DETERIORATION a) Loss of nutrient(Cn)

-

3.7

-

3.7

b) Salinization(Cs)

2.8

2.0

5.3

-

10.1

4. PHYSICAL DETERIORATION
A) Water logging (Pw)

6.4

5.2

-

-

11.6

Total area

14.2

31.5
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127.0

15.1

187.8

Table 4

ESP

Estimated loss of soil productivity due to
ESP in different soils
Estimated Loss of Productivity (%) in:
Alluvium-derived
soils (Inceptisols/
Alfisols)
N I
<
10 25 -

<5
5-15
15-40
>40

Table 5

Black soils
(Vertisols)

< 10
10 - 25
25 - 50
> 50

L
10
25
50

Estimated loss of soil productivity due to water
erosion in different soils

Soil erosion class
Estimated Loss of Productivity (%)
(soil loss in
t/ha)
Alluvium-derived
Black soils Red soils
soils(Inceptisols) (Vertisols) (Alfisols,
ULtisols

Nil to very
slight ( < 5)
Slight
( 5-10)
Moderate (10-20)
Strong
(20-40)
Severe
( > 40)

Nil
< 5
5-10
10 - 25
25 - 50

< 5
5-10
10 - 25
25 - 50
> 50

< 10
10 - 25
25 - 50
( > 50 )
(
)
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Table 6.

Estimated loss of agricultural productivity due to
chemical deterioration (Base saturation)

Base saturation
class (and range)

Soils

Estimated Loss of Productivity (%)
Alluvial soils

Very low
Low
Moderate
High
Very high

( <
(35
(50
(65
( >

35 )
- 50)
- 65)
- 80)
80 )

Ultisols
Alfisols
Dystric/Mollic
Eutric/Mollic
Others

25-50
10 - 25
5-10
< 5
NIL

Black soils
> 50
25 - 50
10-25
5-10
< 5

Table 7 Estimated loss of agricultural productivity of crops
suitable to soil acidity due to acidification
(chemical deterioration)
pH range

> 6.5
5.5 - 6.5
4.5 - 5.5
3.5 - 4.5
< 3.5

Degree of acidity

Nil
Slight
Moderate
Strong
Extreme
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Estimated loss of
Productivity (%)
Nil
upto 10
10 - 25
25 - 50
> 50

6. IMPACT OF SOIL DEGRADATION
Although, in the past few decades, India has successfully
achieved self-sufficiency in food production, the problem of
resource degradation poses a serious challenge to our ability
to do so in the future. Although guantitative estimates of the
impacts of degradation are lacking, there are several pointers
to the overall effects.
Irrigated areas, which have contributed significantly
in increasing foodgrain production are facing a serious
problem of rise in ground-water table and soil salinization.
On the other hand, increased irrigation by tubewells,
supplemented by canal irrigation has resulted in depletion
and lowering of underground water at the rate of almost 1 m
per year causing concern about depleting water resource and
increasing the groundwater table towards the natural gradient and resulting in salinization and changes in land use
from cotton, citrus to eucalyptus, rice cultivation (Sehgal
et al., 1986). Attending to these problems
would reguire
large investments in drainage and reclamation projects.
Increasing food production in the rainfed areas is
seriously constrained due to loss of soil productivity
through erosion by water and wind. The offsite effects of
water erosion include siltation of reservoirs.
This will
seriously affect our capacity to sustain the gains in
productivity achieved over the past decades.
Wind erosion seriously affects maintenance of roads,
rail and other public and private structures. The frequency
of floods and droughts is increasing and their management is
becoming more difficult and expensive.
The phenomenal increase in crop production over the
last few decades has been at the cost of degradation of
soils.
In other words, the past achievements
in food
production have jeopardized our abilities to meet the future
challenges. There is hardly any scope to increase the area
under cultivation as it has already extended to marginal
soils.
Deforestation followed by intensive cropping and grazing results in accelerated erosion of soils with subsequent
loss of soil and nutrients.
When such nutrients reach
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rivers, lakes and streams, they become the cause of pollution and/or salinity.
Evaluating the precise magnitude of soil degradation
and its impact on the global environments, should interest
soil scientists, environmentalists and meteorologists.

The impact of land degradation processes is not limited
to national boundaries. Already there is evidence to show
that the land degradation though loss of organic matter and
increase in carbon dioxide contents, etc. is contributing to
global changes affecting adversely the humanity at large
(Eswaran and
Van den Berg, 1992).
7.

FUTURE STRATEGIES

India's present population of 888
m in 1993 is
expected to touch 1000 m by the turn of the century and is
likely to stabilize at about 1500 m by the year 2025. The
per capita availability of cultivable land by the turn of
century will stand reduced to about 0.14 ha. Problems of
land degradation are seriously affecting our ability to
increase and sustain agricultural productivity. Although
concerns about food and fibre supplies, environmental protection, and human health are broadening our interests in
the basic soil resource, yet we need to integrate the
research data on soil components into practical management
guide-lines and develop wise land use policies. These
challenges demand
concentrated efforts to minimize soil
degradation and simultaneously maintain the ecological balance and soil gualities for sustainable agricultural
production.
This needs assessing and monitoring land degradation
through mapping using remote sensing and GIS technologies,
and at appropriate scale depending on the purpose. For
achieving this goal, the following issues needs to be done.
1
Develop standards and methodology for uniformity in
mapping and data reliability to meet users needs at the
national/global level.
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2
Digitize and introduce automation for efficient storage and retrieval of data-base, and timely delivery of the
infomation to the users.
3
Monitor land degradation problems because such problems
keep shifting from one area to the other or get aggravated.
4
Assess risk of land degradation to help take preventive
measures.
A programme on monitoring and assessing land degradation through soil qualities, would create an awareness and a
concern for the country's finite and fragile soil resource
base and its relationship to environmental parameters that
affect agro-ecosystems.

For a short-term goal, there appears an urgent need to
take out about 20 to 25 m ha of marginal land currently
under cultivation and to put it under permanent vegetal
cover.
Arresting and/or reversing the process of land
degradation will require methodology for restoration of
productivity and will demand major efforts in creating
political awareness and educating masses about the widespread degradation of soils.
With these short and long-term measures to assess and
arrest degradation processes and restore the productivity of
degraded soils, we will be able to fulfil our obligation to
the humanuity and leave a better heritage for posterity.
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Abstract
The concerns about sustaining high levels of productivity in South Asia and Latin America
principally arise from growing populations, declining land resources and limited supply of
technological inputs. Population projections indicate that by the end of the twenty first century when
the populations stabilize, the peoples of South Asia and Latin America would constitute nearly 50
per cent of the world population. At the current levels of consumption, the aggregate consumer
demand in the two regions may increase three-fold. The nations involved will do well to take all
possible birth control measures to reduce the consumer demand and the resultant pressure on land.
A wide variety of soils is found in the two regions. However, Oxisols, Ultisols, Alfisols, Vertisols,
Aridisols, Entisols and Inceptisols present problems which differ in extent and magnitude. Rainfall
varies and usually needs management. Irrigated area approximately constitutes 24 per cent of the
current cropped area. Everywhere land suffers from one or more forms of degradation e.g. erosion,
acidification, salinization, waterlogging and loss of fertility of the top soil. The area under variously
degraded lands in the two regions is considerable. The means available to improve these degraded
lands are soil conservation, liming, leaching with amendments, drainage, manuring and fertilization.
The progress depends upon not only the availability and transfer of appropriate technology but also
on substantial government assistance to the farming community for provision of easy access to inputs
and allocation of energy, and to ensure remunerative prices which motivate the farmers to invest in
land to manage it for long term gains and to sustain high levels of productivity.
Introduction. South Asia and Latin America represent two developing regions - one in the East and
the other in the West. South Asia is very densely populated. Latin America is relatively less dense.
However, the rate of growth of the population in the two regions is nearly the same. The concerns
about sustaining high levels of productivity principally arise from growing populations, declining
land resources and limited supply of technological inputs. To alleviate these problems, the
developing nations will have to evolve effective birth control policies, improve the quality of the land
by managing it for long-term gains rather than for short-term advantages, and progressively move
towards optimizing the levels of technological inputs.
I. Population. Population continues to increase at a rapid rate in South Asia and Latin America.
Table 1 illustrates the magnitude of the problem.
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Table 1 (a) Population increase in some countries of South Asia

1975
1990
Population(millions)

and Latin America (6)

Average annual
growth rate (%)

South Asia
Bangladesh
India
Nepal
Pakistan

77
621
13
75

116
853
19
123

62
26
08
24

89
32
150
33

3.3
2.5
3.1
4.2

Latin America
Mexico
Argentina
Brazil •
Columbia

2.9
1.6
2.6
2.5

Table 1(b) Projected stable populations in different regions (9)

Year of
stabilization

Region

1980
Stable
Population
population
(millions)

2110
2110
2100

World
South Asia
Latin America

4,434
1,405
364

• 10,529
4,145
1,187

Effect of population increase on consumer demand and exploitation of land. The increase in
human population creates concomitant consumer demand for additional amounts of all kinds of
goods. Table 2 gives an example from Indian situation. Considering that the middle-level projections
of population growth and rise in consumer demand are more realistic, the crop yields should atleast
double during the next 5-6 decades.
Dudal (4) feels that high population pressure in developing countries is one reason that land is used
beyond its supporting capacity, and exploitation of the land beyond the limit, set by soil and climatic
conditions, and use and management of the land, results in decreased productivity. The data in Table
3 illustrate the point.
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Table 2. Some estimates of demand for foodgrains, grain legumes, oilseeds, milk, sugar,
and fibre in India (10)
Commodity

Rice
Wheat
Other cereals
Grain legumes
Vegetable oils
and fats
Milk
Sugar and
jaggery
Cotton

'

Per capita
demand
(kg/year)

Aggregate
during
2001 AD

Consumer demand during
2051 AD on various assumptions of population
growth
I
II
III
(million tonnes)

80
50
40
25
6.8

91
57
45
28
7.6

227
142
113
71
19.4

155
97
77
48
13.1

121
76
61
38
10.4

70
33

79
37

198
95

135
64

107
51

45

113

77

61

40 metres

I - Assuming continuation of the current trends
II - Assuming stabilizing of population by 2051 AD
III - Assuming stabilizing of population by 2026 AD
Table 3. Current cropping, recommended cropping, actual production and demands on
land in India
Crop

Current cropping Recommended
(1989-90)
cropping
Total Irrigated
( m ha )

Rice
Wheat
Coarse
cereals

42.2
23.5
37.6

17.0
17.9
3.6

Production

Crop yield

Total Irriga- Curr- Expeted
ent
cted
-( m t ) -

Curr- Expeent
cted
--(kg/ha)-

32.0
17.5
48.5

1756 4844
2117 5420
912 1588

24.0
14.9
7.0

74.0 155
49.7 97
34.3 77

The area recommended for cropping to rice and wheat is much less than the current hectarage. In
the considered judgement of the National Commission on Agriculture, some of the area agronomically unsuitable to these crops should be shifted to the raising of coarse cereals. A comparison of
the current and expected yields shows that the latter are 2 to 2.5 times of the former. However, the
expected yields are less than the former. However, the expected yields are less than the potential
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yields and can be achieved if good soil management and crop husbandry are practised. A glance at
the average yields of cereal crops in South Asia and Latin America is instructive (Table 4). A few
countries are reaping good harvests whose practices can be emulated in parts by others.
Table 4.Average yields of a few cereal crops in South Asia and Latin America (6)
Country

World

Rice

Wheat
Maize
(kg/hectare)

Millets/Sorghum

3557

2570

2548

794/1312

2655
2691
2306
2216

1466
2117
1415
1825

725
892

740/667
676/817
1200404/593

South Asia
Bangladesh
India
Nepal
Pakistan

1348

953

Latin America
Mexico
Argentina
Brazil
Colombia

3700
4096
1883
4062

4179
1862
1170
1848

2240
2648
1847
1796

- 1655 - -

-

Table 5 gives statistics of land use and irrigation in some countries of South Asia and Latin America.
These show that South Asia has a large proportion of land under arable crops. Bangladesh and India
top the list with approximately 70 and 56 per cent respectively. Land under permanent pastures and
forests is much more in Latin America; Argentina has 52 per cent of its land area under permanent
pastures and Brazil has 65 per cent of its land mass under forests.
Soils. Sustaining high levels of productivity in South Asia and Latin America is, in the ultimate
analysis, a matter of efficient soil management. A wide variety of soils is found in the two regions.
However, Oxisols, Ultisols, Alfisols, Vertisols, Aridisols, Entisols and Inceptisols are more
abundant. The characteristics and distribution of these soil orders have been described by Brady (3).
Oxisols are the most highly weathered soils. Weathering and intense leaching have removed a large
part of the silica from silicate minerals in the deep oxic subsurface horizon, leaving a high proportion
of the oxides of iron and aluminium. These include latosols and some of the ground water laterites.
South America has large areas of oxisols; south western parts of India have also sizeable area under
latosols. Orthox occur in northern Brazil and neighbouring countries. An area of ustox, nearly as
large occurs in Brazil to the south of the orthox. Both ustox and orthox are the dominant soils under
Savanna vegetation (7). They are deep and well drained soils with high aggregate stability that
favours agricultural mechanization. Although clayey, the amount of available water in these soils
is rather low (8). This is due to the mineralogical composition of the clay fraction, which is dominated
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by kaolinite, gibbsite and iron oxides (11). The kaolinitic clay particles are often bound by iron oxides
and hydroxides into sand-sixed granules, which gives them excellent structural properties but low
water availability. The soils are acid, and aluminium saturation is usually in excess of 50 per cent,
even though the absolute amount of exchangeable aluminium is not high. In some profiles, Al
saturation is high in all horizons but in others only in the surface layer. Exchangeable bases are very
low and available phosphorus is almost zero.
Table 5. Land use and irrigation in some countries of South Asia and Latin America (6)
Perm . Perm . Forest Other
crops pasland
and
ture
woodland
—-(mill ion hectares)—-

Country

Total
area

World

13390 13076 1373

South Asia
Bangladesh
India
Nepal
Pakistan
Latin America
Mexico
Argentina
Brazil
Colombia

Land
area

Arable
1 and

103

3304

Irrigated
area
('7, of
arable
land and
perm.
crops)

4087

4208

15.8

-

2

1

29.5

9

-

329
14
80

297 165
14
3
77 20

4
-

12
2
5

67
2
4

5()
7
48

25.5
35.7
78.2

196
277
851
114

191
274
846
104

2
10
12
2

74
142
170
40

43
59
553
51

4')
36
44
8

20.8
4.9
3.4
9.6

14

13

23
26
66
4

Ultisols are more highly weathered and acidic than the Alfisols but generally are not so acid as the
spodosols. They have argillic horizons with base saturations less than 35 per cent. Large areas of
udults are located in south east Asia. Important areas are also found in Brazil and Paraguay. Although
Ultisols are not naturally as fertilizer as Alfisols or Mollisols, they respond to good management.
They are located mostly in the regions of long-growing seasons and of ample moisture for good crop
production. Their clays are usually of the 1:1 type together with oxides of iron and aluminium, which
assures ready workability. When adequate nutrients are provided, these soils are quite productive.
Alfisols are moist mineral soils of medium to high base status, with an illuvial horizon of silicate clay
accumulation. The clay horizon is generally more than 35 per cent base saturated. Ustalfs are
prominent in eastern Brazil, eastern and southern India and in south east Asia. In general, Alfisols
are quite productive soils. Their medium to high base status, generally favourable texture and
location in humid and sub-humid regions favour good crop yields.
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Vertisols are characterized by high content of swell-shrink clays, which in dry season, causes the soils
to develop deep wide cracks. The mixing of significant amounts of upper part of the profile with
the lower one, leads to a partial inversion of the soil. Large areas of usterts occur in India. Owing
to the very fine texture and the marked swell-shrink characteristics, they are sticky and plastic when
wet and hard when dry, and hence present problems of ploughing, preparing seedbeds, planting and
cultivating in time.
Aridisols are mineral soils found mostly in dry climates. They are low in organic matter and owing
to inadequate leaching, may have a horizon of accumulation of calcium carbonate, gypsum or even
more soluble salts. Most of the soils of southern Argentina, West Pakistan and North-west India are
Aridisols. Without irrigation, Aridisols are not suitable for growing cultivated crops, but with
irrigation, they can be made most productive.
Entisols are mineral soils without natural genetic horizons or with only the beginnings of such
horizons. These include highly productive soils on recent alluvium and infertile soils on barren sands,
or shallow soils on bedrock. Orthents are typical of some mountain areas such as the Andes in South
America and some of the uplands in North-west Pakistan.
Inceptisols are young soils which do not show any significant weathering or accumulation of clay
and iron and aluminium oxide within the profile. Some inceptisols called Andepts (productive soils
developed from volcanic ash) are found in Ecuador and Colombia in south America. Ochrepts are
present in Chile. Tropepts are found in south-western India and in south-western Brazil. Aquepts
are found along the Amazon and Ganges rivers. Consequently, there is considerable variability in
the natural productivity of Inceptisols.
Rainfall varies from place to place. Water supply is a critical factor in crop production in most areas
of the two regions. Irrigated area approximately constitutes 24 per cent of the current cropped area.
The potentially irrigable land, in comparison to thatcurrentlyirrigated is considerable. In most areas,
rainwater can be managed to replenish the ground water to the maximum possible extent.
Improving and maintaining soils to sustain high levels of productivity.
The problem of
meeting the needs of the growing population in south Asia and Latin America has to be tackled on
two fronts: one, to take all possible measures to restrict the population growth and to stabilize it as
early as possible; Two, to improve the soils to sustain high levels of productivity and to maintain them
in that condition.
Differences in the natural productivity of soils met within these two regions have been briefly touched
upon in the preceding section. Increased population pressure, deforestation, overgrazing and the
cultivation of marginal lands have, in recent decades, caused a marked deterioration of the natural
environment. Degradation comes about through accelerated erosion, acidification, salinization,
waterlogging, loss of soil structure and of fertility. No precise estimates are yet available of the areas
affected by land degradation and of the magnitude of productivity losses. Assessment at the national
level of land losses and of the economic implications of degradation processes is helpful in focussing
attention on the developmental aspects. Their correlation with major soil groups and land classes
generates the critical data required to calculate benefitxost ratios for various soil conservation
measures and to prioritize them (5).
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Soil erosion is rooted in antiquity. It started with the first heavy rain striking the first furrow turned
by a pre-historic man. However, the problem is caused by the vastly accelerated process of soil
erosion brought about by callous human interference with the normal equilibrium between soil
building and soil removal. Wherever the land surface is injudiciously bared of protective vegetation,
it is exposed directly to the available abrasive action of the elements through the active forces of water
and wind. The rate at which soil is removed by wind and water from agricultural land vary with slope,
soil, climate and land use. The accelerated erosion of soil occuring due to unwise cultural practices
narrows the potentialities of agriculture and limits the area in which it can bepractiscd successfully.
Erosion removes the entire physical mass of the soil - the mineral particles, the plant nutrients, the
beneficial microorganisms and all other constitutents; in fact the whole body of the soil. The
economic and social implications of soil erosion are equally extensive and damaging. Hence,
adoption of appropriate soil conservation measures is a sinqua non for sustaining high levels of
productivity and is an essential ingredient of a sensible agriculture. Conservation of the soil requires
the adoption of sound land use principles. Conservation agriculture is economical agriculture in the
long run but involves government assistance to tide over an immediate diminution of cash income
or an increased operational expenditure in the short run. The soil conservation measures may be
various combinations of the following practices: strip cropping, terracing of slopes upto 5 per cent,
crop rotation, use of cover crops, planting of severely eroded land to grass or trees, contour
cultivation, planting of critically erodible areas to feed and cover plants for wildlife, control of gullies
chiefly with grass, construction of small grassed channelways to carry water discharge safely
downhill, establishment of meadow strips, pasture development by contour furrowing and reseeding,
pasture improvement through rotated grazing and other practices, construction of small reservoirs
for stock water, planting of forest plants to protect certain slopes and field stripping to prevent wind
erosion (2).
Acidification occurs during soil development when hydrous ions carried by downward percolating
waters gradually replace the calcium and magnesium ions adsorbed on the colloidal material, which
are removed by the drainage waters. Thus, the soils of humid regions are generally more acid than
the soils of subhumid regions. Also, sandy soils, owing to low CEC acidify more rapidly than the
fine textured soils. Accordingly, many soils in south Asia and Latin America are acidic. Some crops
like tea grow best in acidic soils. However, liming to reduce acidity is an extensive and routine
practice in many acid soils. Liming supplies two major plant nutrients, calcium and magnesium,
increases the availability of phosphorus (fixed by iron and aluminium in acidic soils) and encourages
the growth of leguminous plants.
Salinization occurs mostly in regions of an arid or a semi-arid climate, where leaching and
transportation of salts to the lower layers of soils is less compared to the evaporation and plant
transpiration rates, leading to a concentration of salts in the soils and surface waters. Restricted
drainage and high groundwater tables contribute to the development of salt affected soils.
Accordingly many soils have shades of salinity or alkalinity. Adequate drainage with or without
amendments is essential for the permanent improvement of saline and alkali soils. Vast areas of sodic
soils lying barren for decades have thus been reclaimed economically (1). This has contributed
substantially to the food production in the region. Appropriate systems of agroforestry suitable for
these areas can also be devised.
Soil structure influences porosity, bulk density, aeration, water movement and heat transfer. Organic
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matter promotes the formation of a desirable granular structure. The organic colloids that are
effective in giving stability to soil aggregates are intermediate products in the decomposition of plant
residues. Under cultivation, the organic bonding compounds normally undergo further decomposition, which leads to a loss of aggregate stability and structure. Hence, a continuous supply of
decomposing organic material is needed to maintain a desirable level of soil aggregation.
Soil organic matter is a dynamic material. It changes continually with ongoing decomposition but
it maintains a degree of stability in quantity and in quality through the additions of new raw materials.
Organic matter under cropping remains highest in soils where the largest residue returns are made
and mechanical losses and microbial decomposition are kept at a minimum. This requires keeping
a crop cover whenever circumstances permit, following good soil management practices including
minimum tillage, while producing high yields of crops.
Most cultivated soils present problems of poor fertility. Except during the first few years of bringing
under cultivation a virgin soil, when considerable amounts of nitrogen are released from organic
matter decomposition, external application of nitrogen is frequently necessary. The requirement of
additional nitrogen can be met as well with the application of fertilizers as with inclusion of a legume
in the cropping system and/or the incorporation of organic manures. Salt affected soils which are
particularly low in soil organic mailer, need among others, liberal amounts of nitrogen for successful
cropping.
Most Oxisols and Ultisols and many Aridisols and Alfisols are low in phosphorus. Phosphorus
deficiency is probably the greatest nutritional constraint to agricultural production in tropical areas.
In very acid soils, ground rock phosphate can be directly applied broadcast while in others, soluble
phosphate alone or in admixture with rock phosphate can be applied. For best results, soluble
phosphate needs to be drilled into the soils. Alkali soils which have high amounts of soil phosphorus
can do without phosphorus application during the initial years of reclamation.
Most Oxisols and Ultisols, many Alfisols, some shallow Vertisols and Inceptisols need potassium
application. Tropical plantation crops grown on Oxisols and Ultisols are particularly in need of
copious application of potassium.

Soils exceedling low in organic matter, are generally deficient in sulphur and zinc. These soils,
besides alkali soils during initial years of their reclamation, need a fair amount of zinc application.
Oilseed and plantation crops like tea require a regular supply of sulphur.
Acid soils, which extensively occur on Oxisols and Ultisols, are deficient in exchangeable bases,
calcium and magnesium and accordingly profit from liming.
Prospects of Sustaining High Levels of Productivity. The current levels of agricultural production
in most parts of south Asia and Latin America are rather low but there are extensive areas of high
production in each of the diverse soil situations which may be encountered in these regions. Various
sets of techniques to bring about considerable improvements in productivity and production as also
the least cost options to achieve the desired goals are available. During the past century or more, rapid
strides in harnessing science and technology have been made and the world community has shown
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concern for the welfare of the humankind which augers well for the success of herculean efforts
required to meet the needs of the growing population.
Surpluses of food will not be produced in developed countries because the prices offered will not be
sufficiently attractive. Hence, the extra food needed will have to be produced where it is needed. The
people of the two regions will have to realize their responsibility to quickly limit the increase in
population which threatens to nullify the efforts being made to satisfy their needs. Policies for future
population will need discussion and agreement. Simultaneously, the efforts will have to be
intensified to double agricultural production. This will be done more by increasing yields on areas
now cultivated and to a lesser extent by increasing the area under cultivation.
The soils of south Asia and Latin America are largely Oxisols, Ultisols, Alfisols, Vertisols, Aridisols,
Entisols and Inceptisols. Increased population pressure, deforestation, overgrazing and the
cultivation of marginal lands have degraded much of these soils through accelerated erosion,
acidification, salinization, waterlogging, loss of soil structure and of fertility. Water supply is a
critical factor in most areas of the two regions. The resource base will have to be revitalized. Soil
conservation which is usually denied priority because its immediate economic returns are often not
apparent, will have to figure prominently in the plans to stem the loss of land and its productivity.
Realizing the limits of the use of fuel energy in agriculture, and the possibilities of environmental
pollution through reckless use of agrochemicals, efforts to proceed in the direction of minimum
tillage, to secure maximum possible efficiency in the use of plant nutrients supplied by fertilizers and
manures and to use integrated plant protection measures will receive increasing attention. Within
these parameters, soils would be reclaimed, improved and managed with maximum recycling of
organic materials and supplementary use of agrochemicals to produce potential yields which,
hopefully, will be sufficient for the people who inhabit these parts of the globe.
The progress depends not only on the availability and transfer of appropriate technology but also on
substantial government assistance to the farming community for provision of easy access to inputs
and allocation of energy, and to ensure remunerative prices which motivate the famrers to invest in
land to manage it for long term gains and to sustain high levels of productivity.
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The Eco-environment of Red Soil Region in China: Its
Characteristics and Improvement
Xu Sheng-rong, Wu Shan-mei Department of Natural Resources ami Environmental Science
Nanjing Agricultural University 210014, Nanjing P.R. China.
Abstract. The red soil region ol' China occupies an area ol' about 0.6 million km2, nearly onesixteenth ot total land mass ol' the country, extending over the provinces of Jiangxi, Hunan Zhejiang
Anhu., Hube. and Jiangsu, and grows rice, corn, groundnut, beans, orange and lea etc Under
lavourable utilization and management, these soils are very fertile. However, in the absence of
-adequate plant cover, the soils are subject to erosion and much of water run-off and decline in
fertility, with shortage of N, P and K. To optimize land use. it is necessary to establish an artificial
complex cco-system model which involves the recycling of crop stubbles, use of pig manure and
earthworm casts, and regulation of the soil pH.
Introduction. The low-hilly red soil area in mid-subtropical China spreads over provinces of
Jiangxi, Hunan, Zhejiang, Anhui, Hubei and Jiangsu, with an area of about 0.6 million km-, nearly
6.2% of total land area of China, of which there are 8 million haculli vated land and 2.4 million arable
wasteland. There are 210 million agricultural people in this area, making up 16% of total population
ot China. This region is an importantbase forsupplying commodity grains, woodsand agroecological
specialities (Fig.1). Similar areas of landscape and agroecological condition in the world include
parts of India, Burma, south America and north Mexico, covering about 1.0 million km2. Whetlier
the economics in these regions are prosperous or declining will have an important influence on the
developing world.
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Fig. 1 The Map of Mid-Subtropical China
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1. Eco-environniental Characteristics of Mid-subtropical China
1.1 Land Resources and Environmental Conditions
CLIMATE. This region is under dominance of the east Asian monsoon. The annual sunshine record
is about 1200 hours, but over 40% of the total is recorded in July, August, September and October,
thai is, the major growing season. The annual average temperature is about 18"C, and the
.accumulative temperaturesof>0"C and.>10"Care 5900-6400°C and 5600-5660°Crespectively. The
annual average precipitation is approximately 1700 mm. These can fundamentally meet the
heat and moisture needed by many crops such as rice, groundnut, corn, bean, orange, tea, etc.
r

SOILS. The dominant soil type in this region is red soil derived from Quaternary red clay with deep
sou matrix even more than two metres. Under favourable utilization and management, the-ferlility
of red soil can reach a high level (Table 1).
Table 1. Properties of Red Soil under Suitable Management
High fertility cropland with long
term farmyard manure application
Item
0-15 cm
Organic matter (g/kg)
Total N (g/kg)
Total P (g/kg)
Readily available phosphorus(mg/kg)
Slowly available potassium(mg/kg)
Readily available potassium(mg/kg)
Cation exchange capacity(meq/100g)
Base saturation percentage(%)
pH(lNKCl)
Micro-aggregates(< 0.05mm) (%)
Soil bulk density (g/cm3)

15-30 cm

33.4
2.1
1.3
72.60
304.60
126.80
14.40
24.30
4.80
54.82
1.15

12.1
0.9
1.0
39.20
194.60
93.80
10.90
22.10
4.70
-

LAND RESOURCES. Two-fifths of the area is uncultivated. Every farmer holds 0.2-0.5 ha, that
is, three to seven times of the plain region around here. The authors believe that the economic profit
would be 50-100% higher than that of the plain area if all the wasteland was rationally utilized.
2. The Limiting Factors of Soil Productivity
2.1 Runoff and Soil Erosion. Based on field observation, the amounts of water runoff and soil
erosion on bare land increased by 7.6 and 29.1 limes respectively, compared with covered land. After
a torrential rain of 50-60 mm, approximately 15 tonnes of soil materials were washed away,

224

meanwhile 12-15 kg N ha ', 7.5 kg P ha1, and 225-300 kg K ha-1 were also lost. When red soil was",
eroded, soil water and thermal conditions became worse. For example, the relative humidity near
ground and soil moisture in 0-20 cm layer decreased by 3.4-9.8% and 16.1 -19.3% respectively, in
comparison with normal soil. In hot and dry season, soil surface temperature on bare eroded land
increased by 5"C, even reaching 6(.)"C, while the relative humidity and soil moisture (0-20 cm)
decreased by 9.8% and 5% respectively.
2.2 Soil Fertility Deterioration. Because of erosion and nutrient losses, the soil fertility gradually
.declined (Table 2). On an average, 50-90% of red soil has shortage of available N, 30% available
P and 80% available K, for crop nutrient demands.
Tahle 2.Soil properties of Reclaimed Wasteland with Low Fertility
Item

0-15 cm

Organic matter (g/kg)
Total N (g/kg)
Total P (g/kg)
Readily available phosphorus(mg/kg)
Slowly available potassium(mg/kg)
Readily available potassium(mg/kg)
Cation exchange capacity(meq/100g)
Base saturation percentage(%)
pH(lNKCI)
Micro-aggregates(< 0.05mm) (%)
Soil bulk density (g/cm3)

18.5

1.2
0.4
10.08
01.80
47.20
9.02
8.63
4.70
50.53
1.45

15-30 cm
9.6
0.8
0.2
trace
179.10
37.70
8.33
7.74
4.90

-

2.3 Seasonal Drought. In this region, the frequently occurring drought (usually from July to Nov.)
is a serious limiting factor to crop production, which may reduce the yields of crop or fruit by 50100%.
3. Improvement Ways
3.1 To Build the Model Artificial Complex Ecosystem. In order to ameliorate and make belter
use of the low hilly red soils, it is necessary, following the principle and method of ecology, to
establish an artificial complex ecosystem model including agricultural crops, fruit, forest and animal
husbandry within a catchment area of basic unit of low hills (Fig.2).
The shelter belt had the functions of controlling water loss and soil erosion and improving the microclimate near ground. Farmyard manures mainly from the pig houses were returned to the soil to raise
the soil fertility. The products of crops, fruit and animal husbandry increased economic income. As
a result, a reasonable cycle of the energy, material and economy Hows has been formed und an optimal
model has been established which is bringing increasingly more comprehensive benefit.
3.2 Add the Matrix for Improving Soil Fertility. It is one of the major ways of improving soil
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fertility to make, reserve and activate soil organo-mineral complex. The previous researches indicate
that the contents of C, N, Pand S desorption capacity are higher in < 1 um and 1-2 um size fractions
of complex. So, many methods, such as promoting plant growth to accumulate stems and roots,
applying pig manure, making the stem return to field, regulating the soil pH to enhance enzyme
activity, breeding the earthworms, etc, are used by farmers to accumulate complex. Particularly the
accumulation of earthworm casting can markedly increase the complex amount and improve soil
fertility. Owing to the combination of agriculture with animal husbandry, adequate amounts of
farmyard manure were applied to soil every year. Ten years later, soil organic matter content in the
plough layer, total P and slowly available potassium rose to more than 3%, 0.2%, 0.13% and 300 ppm
respectively, with 180%, 175%, 325% and 300% increase compared with the low fertility soil
separately. In addition, soil acidity decreased, base saturation percentage rose, 0.05 mm microaggregates increased by 7.8%, soil bulk density decreased to less than 1.20 g/cm3 and the soil body
became very mellow.
3.3 To Develop High Productive Agriculture. Many researches show that comprehensive land
utilization can produce not only ecological effect, but also significant economic effect. Compared
with the single utilization way, the comprehensive utilization ways can increase the ratio of output/
input by over 200%, the energy flow density by 66%, the energy accumulation amount by 600%,
and economic income per capita by 50-100%. If the combination ol' agriculture, harvest, industry
and business is carried out, the economic effect will be larger.
Literature
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Rock Phosphate as a Capital Investment
in Natural Resource Management
I. Valencia, C. Pieri, World Bank, 1818 H Street, N.W., Washington, B.C.,
U.S.A. and D.T. Heliums, International Fertilizer Development
Center,
Muscle Shoals, Alabama, U.S.A.
Although the main limiting factor to biomass production in many acid tropical soils is their
low phosphorus status, how to address this constraint remains an intractable economic and
environmental problem. This paper presents an alternative approach by looking at P as a
capital investment.
The present fertility crisis of tropical soils is the result of a host of complex social, political
and economic factors which favor extractivist approaches to agriculture in the face of
increasing population pressure.
The favorable climatic conditions of tropical regions, conducive to high biomass and
agricultural productivity, are also causes of intense weathering and reduced soil fertility.
Thus most upland soils of the humid tropics are highly acidic and the cation exchange
capacity is saturated by aluminum and iron oxides and hydroxides. These produce the socalled P fixation (sorption), which is primarily responsible for the predominance of P as
the most limiting factor to agricultural production. However, P is also a major limiting
factor in the semiarid tropics, particularly in sub-Saharan sandy soils.
Low rates of P application (Latin America 11 Kg P20s/ha; Africa 7 Kg P2Ü5/ha) are
inhibiting agricultural production in these areas. Management schemes which can sustain
agricultural productivity in a given unit of land are not affordable to the marginalized
populations in infertile, acid tropical soils.
Phosphorus has special characteristics, it is not volatile or highly mobile like N and K and
therefore is not subject to rapid losses, except for soil erosion. Phosphorus is of prime
importance to enhance root growth, biological nitrogen fixation by legumes, and
endomycorrhizal activity in the soil-root interface. The increased plant response to N in
the presence of P is well-documented.
Phosphorus fertilizers have played a major role in agricultural production on a worldwide
basis. The most commonly used form is wet-process fertilizer in very soluble form,
probably more than is really needed for most agricultural crops. In addition, wetprocessing is expensive and very polluting. Even with present cost calculations, which
exclude environmental costs, industry returns are low, and the product prices are
prohibitive to farmers in less-developed countries, largely because of procurement costs.
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The present system appears to be failing both the farmers and the environmental concerns.
Direct financing for fertilizer subsidies has been abandoned by the multilateral institutions,
and has been discouraged from bilateral donors, as it has become evident that subsidies fail
to reach the intended target groups, and that they tend to promote inefficient and
excessive applications by the unintended targets.
It is probably faulty accounting what allows wet-process production to appear
economically feasible in many instances. The internalization of the environmental costs
has begun to be forced through environmental regulation, and many of the costs of
compliance are not yet being passed on to the consumer due to the fertilizer surplus in the
world market.
Already wet-process production of soluble P fertilizers is becoming more expensive as
industry strives to reduce the point-placed pollution resulting from the manufacturing
process. As environmental costs are increasingly internalized, and passed on to the
consumers, wet-process fertilizer use may become more and more selective and strategic,
as a input to high value, short cycle crops in pH neutral soils. Once this happens, the
resource poor farmers of the tropics will be even further removed from the crucial nutrient
input market.
In response to the increasing controversy and confusing messages, often propagated by
uninformed groups, some financing agencies and many non-government organizations
have rejected "chemical fertilizers", in the effort to promulgate a "low input" agriculture.
The emphasis is placed on recycling, use of organic amendments, more efficient nutrient
uptake (tree species) and fertility transfers. This is widely thought of as an "ecological
approach". Indeed in some temperate soils in industrialized nations, where the P reserves
have been increased over the years to the point of saturation and "free P" has become a
pollutant, this is the case. However, in phosphorus-poor tropical soils, the approach
becomes extractivist in nature and risks to result in complete depletion of P.
A more sound alternative would be to consider the "capital" quality of soils, and to seek to
protect it, assessing the initial inventories and the nutrient export from the local
agricultural systems. In the case of phosphorus, the concept involves separating soil P
into two distinct fractions: "nutrient capital", and "agricultural".
The "nutrient capital" fraction represents the base phosphorus in the soil. Although not
readily available to short-season agricultural crops, ecosystem soundness depends on the
maintenance (or restoration) of this base pool, which is characterized by a slow but very
efficient recycling in virtually closed systems such as natural forests, prairies and
grasslands. Levels of P would be in the range of 60 to 200 Kg of P2O5 for this fraction,
although availability may be low under the native acid conditions of most tropical soils.
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The "agricultural" fraction would be smaller, of much faster flow and greater solubility. It
would be generally about 25 Kg of P2O5 (depending on crop and cropping intensity) in a
relatively high solubility form, absorbed by an annual crop and partially exported by
harvest and removal from the site.
It can be argued that the loss of the P "nutrient capital" pool, through over-exploitation
over the years, biomass removal and export through cropping, grazing and tree cutting, is
responsible for environmental degradation at a level which transcends agricultural use.
Lack of capacity to support biomass in turn reduces soil organic matter and culminates in
loss of soil structure and the accompanying problems of soil compaction, restricted root
growth, and reduced water infiltration and nutrient absorption. These changes lead to
increased erosion and ultimately the loss of the productive potential of the land.
Thus, in acid soils, applications of highly soluble wet-process P fertilizer in the small
quantities required by agricultural crops may fail to yield a response, as the P is rendered
insoluble, retained in insoluble aluminum complexes, or trapped by soil particles.
It has been demonstrated, however, that after the sorption capacity is satisfied, these soils
can be very productive (e.g. Cerrados of Brazil). For initial or short-cycle crops, relatively
large quantities of soluble P fertilizers may be able to satisfy both the sorption capacity and
the plant nutrient requirements, but the economics of this strategy are questionable at best,
and generally not cost effective for resource poor farmers.
However, if the "capital" is already available, then the cost of farmer's yearly applications,
relatively small and calibrated to replenish the estimated crop-induced P export and losses,
can be recovered by the consequent yield increases. In many industrialized countries this
has been the farmers' strategy, while building the "P capital" stocks with cheap, often
subsidized fertilizers In some areas, the capital has been built to an excess, and P is
uncharacteristically able to leach into subterranean waters or to travel in surface erosion,
causing significant pollution problems.
For a longer-term approach, using agricultural systems which include crop rotations,
multiple cropping and bush and tree crops, rock phosphate or other materials with higher
level of citrate-soluble relative to water-soluble phosphorus may result in better economic
and biological performance.
After the Bruntland report "Our Common Future" and the Rio Conference, it has been
widely accepted that the problems of degradation and pollution transcend national
boundaries. Global land degradation and deforestation are of major concern in their
representation of resource depletion. The increase of forested areas for carbon
sequestration has emerged as a response to the control of emissions of carbon compounds
into the atmosphere.
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In this context, reforestation and soil conservation have been accepted as legitimate
investment expenditures, subject to financing by government under loans from
international financing institutions and donor assistance. It is likely however, that terminal
deforestation and land degradation are symptoms of soil nutrient depletion and the result
of low soil productivity in a majority of cases.
To sustain and increase the productive potential of agricultural lands would be a more
constructive response to global land degradation. This implies maintenance of soil
structure and fertility through management systems which prevent or reverse land
degradation.
Without the P nutrient capital pool, after forest removal, secondary succession becomes
inefficient, and only very low grade plant species are represented, because they are able to
withstand low fertility levels. Similarly, in agricultural systems it has been documented
that as soil fertility decreases, low resource farmers switch to high energy, low protein
crops which have lower nutrient requirements (cassava substituting for beans and maize in
many areas on East and West Africa). This has a detrimental effect in nutrition and human
health and thus contributes to the cycle of poverty and degradation.
Then the replenishment of the nutrient capital becomes a legitimate national security issue,
within the responsibilities to inter-generational equity which accrue to other aspects of
natural resource protertion. In effect, soil fertility is at the origin of any notion of
ecosystem soundness. The time appears to have come for a change in paradigm which
starts to close the gap between natural resource management and poverty alleviation.
To replenish the P "nutrient capital" pool is not economically feasible for most subsistence
farmers. It can not be expected that the large quantities of P involved be accounted
against maize, beans and other subsistence crops. However, if permanent agriculture is be
developed, the P capital needs to be present and should be considered a legitimate
investment by governments. Farmers would be only responsible for the P agricultural
fraction, which is a recurrent cost of production.
As intended, replenishment of the P capital is rather an initial, one-time investment in
natural resource management. It is not meant to provide high-solubility P for agricultural
production, but rather the slow recycling fraction that permits basic ecosystem soundness
by P-induced increased root growth, organic matter accumulation and decreased P
sorption intensity.
The context transcends the agricultural sector and f- jses on national security, population
stabilization, rational land use, intergenerationa equity, and sustainable resource
management. These concepts are all interdependent
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Possible recommendation domains need to be subject to national objectives and should be
determined on a case-by-case basis and from a local perspective. Two main types of
intervention can be envisioned:
A powerful argument can be made to focus on land which posses the potential for
agricultural productivity. As the P capital in the soils is replenished, the major limiting
factor to agriculture has been removed. This in turn will eliminate the need and incentives
to abandon the land and ultimately lead the protection of non-agricultural lands.
A different approach would be to amend soils in already degraded non-agricultural lands
to restore ecosystem function for biodiversity preservation and natural biomass
regeneration. This would involve reclamation schemes of areas like the system of private
reserves in the Amazon and the Atlantic Forest in the form of blanket base applications in
buffer zones, where increasing fertility would serve to stabilize the population and reduce
the attraction of encroachment. Since these populations are generally involved in park
protection, their stability would have direct positive effect in the wildlands preservation.
Combined policies would focus on people and political considerations, in areas of mixed
potential. Although some slash and bum areas may not hold great agricultural potential by
conventional land capability measures, if population stability is a government objective, it
can be justified to remove the fertility constraint. The long-term sustainability of the
investment will require the implementation of agricultural technologies which prevent its
depletion by extraction and/or erosion.
To insure sustainability in all cases the investment will need protection through its
association with protective agricultural technologies, particularly soil erosion control.
Only in the absence of land availability constraints and population pressures, no
intervention might be needed as natural regeneration would eventually restore the
ecosystem.
Although rock phosphates are non-renewable resources, the known reserves are immense,
particularly in Africa. Their location is already well documented, and deposits vary greatly
in quality, grade, size and accessibility. All of these factors will have to be assessed in
identifying economical means of addressing nutrient capital. The mineralogical, chemici'
and physical characteristics of most of these deposits are already available as well as the
estimated costs of their exploitation.
Agronomic effectiveness of rock phosphates depends on their geological origin, on their
inherent reactivity, the soils (pH, texture, Ca and P levels), climate (rainfall and
temperature) and cropping conditions (species, rhizosphere' activity, agricultural
practices). Experimental evidence accumulated for more than 20 years shows that some
of these deposits, which are located in proximity to P-deficient arable lands (e.g. deposits
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in Togo or in Burkina Faso in West Africa) can effectively be used as sources of nutrient
capital.
Direct application of medium to highly reactive rock phosphate of indigenous origin, such
as the Tilemsi deposits in Mali, might be a promising alternative for regenerating the soil P
capital while providing a better soil Ca, and sometimes Mg, status and improved Ca and
Mg nutrition.
Low reactivity rock phosphates are usually not appropriate for direct application except
on very acid soils and for crops with highly acidic rhizosphere such as cassava, rubber
trees etc. However, the solubility of medium and high grade materials with low reactivity
can be significantly increased not only by the traditional industrial treatment (acidification
through wet-process), but also by several alternative methods of partial acidification
differing in the mineral or organic reactants used.
These methods are more environmentally friendly, with very limited polluting wastes and
less energy consumption. They ultimately facilitate a secondary process to produce
physically compacted fertilizer materials more easily managed than finely ground rock
phosphates, which are recommended for direct application and yet not easily accepted by
the users.
In an initial attempt to identify the hidden costs of wet-processing and similarly, the
potential benefits of increased local mining and direct application of rock phosphate and of
partially acidulated rock phosphate, some parameters have been identified. These are
mostly unaccounted in present cost calculations.
Presently unaccounted costs factors of
wet-process phosphorus fertilizers
By-product disposal of the industrial
process

Origin and implications

Some products could only be accumulated
in land fills, and others become free
sources of point-source pollution.
Compliance
with
environmental In technologically- advanced countries,
regulations in the production
the industry is increasingly made
responsible, costs are not yet fully
internalized.
Uncontrolled surface water pollution, In technologically advanced countries,
including ultimately marine pollution. subject to environmental regulation. In
This factor accrues from the industrial less advanced countries, weak or nonproduction and from fertilizer application
existing regulation dpes not.
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Benefits of direct application of rock Origin and implications
phosphates and of partially acidulated
materials
Increased economic, value of the land, Through application in potentially
allowing
crop
diversification
and productive lands, presently supporting
increasing food security of resource-poor only marginal production.
farmers populations
Improved
and
increased
natural Reclamation of degraded areas would
regeneration
improve secondary succession, and allow
higher value species to regenerate,
breaking the cycle of degradation and
erosion
Biodiversity increase
Fertility
restoration
allows
the
regeneration of habitats and the
enrichment of feed sources, which attracts
and is able to support increased wildlife.
Population stabilization
Would greatly decrease the incentives to
encroach in areas where fertility is likely to
be easily depleted.
Creation of local industry and jobs
Exploitation and transport would generate
a variety of small industries, transport,
distribution and service jobs at the local
level.
A number of activities will be needed to test and refine the approach. Project
identification needs to include cost calculations at the local level, as the feasibility of the
investment will depend greatly upon local conditions. Even if apparently benign, the
environmental and health protection issues for the management of these materials also
needs to be assessed.
For the feasibility studies, cost calculations need to include data
environmental and social factors. All possible externalities should
captured in order to perform a correct cost/benefit analysis. Also
average quantity relationships between phosphate inputs and crop yield
be translated into economic values.

collection in the
be identified and
the estimation of
increases needs to

As the industry evolves in response to the emerging business opportunities, new forms of
involvement will be required to identify and develop simple and environmentally sound
methods of extraction, processing, distribution and application. Agricultural research and
extension and the training of local capacity will also be crucial.
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Environmental Impact of High Production Systems
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Abstract. In recent years, the general public has become increasingly concerned with
pollution. Whether justified or not, agriculture has been identified as one of the
contributors to environmental pollution, mainly in the area of water quality. The issue of
sustainable agriculture emerged from a resurgence of concerns associated with the ecologie
and economic dimensions of a chemically dependent agriculture. High production
agricultural systems need not put the environment at risk, although in some instances they
do. In some cases, the use of chemicals can be reduced without lowering yields. For others,
the solution may be as simple as changing the timing and method of chemical application,
or by modifying soil and water management practices. It is true that continued research is
needed, but most farmers already know how to improve some of their farming practices.
Introduction. A common public perception is that high production agricultural systems are
hazardous to the environment. This is not necessarily the case, although potential risk to
the environment can be higher. Wise management of resources can effectively reduce
adverse environmental impacts. In the broadest sense, anything that diminishes the quality
or quantity of natural resources, including air and water, would be classed as environmental
risk. The public in general associates environmental risk with air and water pollution. This
paper will focus on issues related to soils and water.
High production agriculture is characterized by intensive farming practices, often including
liberal use of chemicals such as pesticides, herbicides, and fertilizers. Indiscriminant use of
chemicals may increase environmental risk. Sometimes chemicals are used more as
insurance rather than as actual need. For example, crops are often sprayed with insecticides
as a precaution against possible infestation. A common argument justifying such a practice
is that considerable loss may occur before the problem is noticed, or before anything can
be done, and the potential economic loss often exceeds the cost of spraying. This is
especially true if rainy weather or work schedules interfere with timely spraying once the
problem is noticed. Another common practice is the application of commercial fertilizer
to fields where manure has been spread, sometimes in significant amounts.
Sustainability Revisited. Agronomists, and soil scientists in particular, have long been
concerned with erosion and related problems. The Soil Conservation Program was an
outgrowth of this concern. Integrated pest management concepts have focused on ways of
reducing dependency on chemicals. In recent years, public concern, about water quality has
led us to focus on a broader issue referred to as sustainable agriculture, although initially
it aimed at a reduction in off-farm inputs.
A sustainable agriculture is one in which resources are conserved so that production can be
maintained indefinitely. Not only must agriculture be environmentally sound, resource
conserving, and socially supportive, it must be economically viable as well [1]. Many farmers
hope to eventually turn their farms over to their children and will endeavor to protect the
soil and the related environment. A few may have knowingly contributed to environmental
234

problems, but public sentiment will assure that something is done to protect the
environment. Agricultural policy may even be formulated by agencies other than
agriculture, unless the departments of agriculture the world over formulate policies
acceptable to the public. Compliance may increase costs of production, but this may not
always be the case. Even if it does, it is a cost that must be borne by the producer and,
ultimately, by the consumer.
Historically, technological change has either lowered production costs or enhanced output.
The biotechnology era seems to be placing more emphasis on lowering input requirements
[2]. While external inputs may decrease, management expertise must be improved. From
an economist's perspective, environmental concerns have imposed additional constraints on
the production function. Producers may have to be satisfied with lower levels of production
in order to comply with environmental regulations or self-imposed limits on chemical usage.
Optimum levels of fertilizer and pesticide use may be lowered when constrained by the
social costs of environmental safety, but efficiency must always be couched in terms of
constraints. Those who have heretofore applied more fertilizer and pesticide, than
necessary may find that their costs of production will decrease, although these decreases may
be partially offset by an increase in costs for soil tests and scouting for pests.
Apart from the concern over toxic residues in food products, a legitimate concern with
synthetic chemicals is that there will be a build-up of chemicals in the soil, which will
ultimately find their way into surface- and groundwater. The underlying resource for
managing environmental risk on the farm must be the soil. Leaching, runoff, compaction,
erosion, etc., are functions not only of soil characteristics and topography but of production
and conservation activities as well. The types of crops grown, size and type of machinery
and implements used, as well as residue management and irrigation practices, are some of
the factors that impact the soil and, ultimately, of the environment. Soil scientists play a key
role in environmental issues of sustainable agriculture, whether crop- or livestock-oriented.
Crop Enterprises. It has long been known that the inherent characteristics of different soils
explain some of the variation in erosion and leaching. Cropping and conservation practices
can alter soil conditions and, sometimes, even the attributes of the soil itself, as alluded to
earlier. Pesticide movement, whether from runoff or leaching, is influenced by the inherent
physical characteristics of the pesticide, the rate and method of application, weather
patterns, and the properties of the soil to which it is applied [3].
High production agriculture often involves many field operations to prepare a "perfect" seed
bed, several cultivations, and perhaps other related operations. Multiple field operations
with large tractors cause compaction. High yields of grain often leave heavy amounts of
straw and stubble in the fields. The burning of excess straw and stubble results in a
depletion of organic matter over time, which can increase compaction and other problems.
Production may decrease and additional fertilizer is often viewed as a likely solution to the
problem. The potential for runoff is greater on hard, compacted, sloping soils with crop
residue removed, resulting in soil erosion and possible build-up of chemicals in streams and
lakes. Even when straw and stubble are not removed, there can be environmental risk.
Extra nitrogen is sometimes applied to fields with a lot of straw or crop residue. Runoff or
leaching during this period can result in nitrate pollution of surface- and groundwater.
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Commercial fertilizers and manure are not the only contributors to nitrate build-up in water
supplies. Studies in Idaho show that the nitrate build-up in the Snake River was caused
from plowing down alfalfa and planting crops that could not utilize all available nitrogen [4
and 5].
Irrigation engineers have long been concerned with irrigation efficiency, mostly the
considerable waste of water through leaching and runoff, as the energy that may be wasted
in water delivery. However, there are also associated environmental concerns when leaching
and runoff occur. Excess irrigation water, especially during the early part of the season, may
cause stored nitrates to leach out of the root zone [6]. Concern over water quality may be
a blessing in disguise for many in irrigation agriculture. It forces producers to use water
more efficiently.
Livestock Enterprises. Livestock produce large amounts of manure, which, if not handled
properly, can result in contamination of surface- and/or groundwater with nitrate and other
elements. A high producing dairy cow can produce 20 tons of manure in a single year, with
75 pounds or more of nitrogen and about 30 pounds of phosphorus. These amounts are
based on fresh-equivalent manure. Loss of nutrients can occur if not spread and
incorporated into the soil soon after it is produced.
Manure is often considered a nuisance that must be disposed of rather than a source of
nutrients. Without much forethought, it is often hauled to fields near the dairy, feedlot, or
poultry operation year after year as a matter of expediency, instead of spreading it over the
most remote fields as well. Frequently, regular amounts of commercial fertilizer are applied
on fields where manure has already been spread, resulting in a build-up of nitrate and other
nutrients. Recent findings from soil analyses on livestock farms in Utah confirm suspicions
of phosphorus build-up in fields near barns and corrals. Visual symptoms of lime-induced
iron chlorosis were observed in corn and alfalfa [7].
There are several plausible explanations for ignoring the nutrient value of manure, many
undoubtedly influenced by the fact that fertilizer is relatively inexpensive. The nutrient
content of manure is a function of several variables. For years farmers were taught that
valuable nutrients in manure would be lost if manure was not handled properly and applied
in a timely manner. While this is true, there is always some doubt as to its real nutrient
value, and the notion that manure is more a source of organic matter than of nutrients
seems to persist. Consequently, many producers apply commercial fertilizer to fields where
manure has been spread as a matter of routine. Perhaps more emphasis is needed on
manure storage and other aspects of waste management.
An analysis of manure has never really been strongly encouraged, partly due to the
"messiness" of handling samples but also because nutrient levels between the time of the
analysis and the time of application and incorporation into the soil may vary considerably.
On the other hand, commercial fertilizer is easy to apply, its rate of application is easily
determined and controlled, and it can be applied in a fraction of the time required for
applying an equal amount of nutrients from manure. When labor and energy costs of
hauling manure long distances are considered, manure can become relatively expensive
compared to commercial fertilizers.
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If we look on manure disposal as one of several activities in a broader scheme of soil
management, then we start viewing the cost of handling manure in a different light. It is
no longer merely an activity of waste disposal but one of soil conservation, improvement,
and environmental management. Viewed thus, the expense seems less objectionable.
There are several obvious situations in which environmental risk can increase with livestock
enterprises. Manure cannot normally be spread on fields during the growing season, so it
is often stockpiled. Surface- and groundwater can become contaminated from leaching and
runoff after rains or winter thaws. Some producers make no effort to determine the nutrient
content of manure, and they apply commercial fertilizers as if the manure spread on their
fields has no nutrient value. This often results in excess nitrogen and/or phosphorus in the
soil. The problem is compounded when the manure is applied to fields near barns and
corrals rather than on remote fields as well. Sometimes a livestock producer has insufficient
land in pastures and crops to handle all the manure produced, even when the nutrient value
of manure is taken into account. Because of the high cost of moving manure, both in terms
of time and energy, there is little incentive to haul it to neighbors' fields unless there is
compensation. Consequently, excessive amounts are spread on the limited acreage of the
producer.
Reducing Environmental Risk. It should be evident from the foregoing discussion that
management is a key factor in minimizing environmental risk. Tillage and other practices
that reduce erosion and, thus, conserve the soil can be effective means of protecting the
environment. Regular testing of the soil could help the farmer avoid overfertilization.
Manure from feedlots and dairies could be applied to those fields deficient in nutrients,
even if it means transporting it to remote fields. More effective scouting for insects could
reduce the need for pesticides. Research in timing, rate, and method of pesticide
application is also needed.
Smart Farming System. The foregoing discussion is nothing new to most agronomists. My
purpose has been to lay the groundwork for discussing a computer-based technology which
enables one to evaluate potential environmental risk on farms within an economic
framework.
In 1989,1 was appointed a member of the National Task Force on Sustainable Agriculture.
Planetor, one of the computer programs we developed, allows producers and scientists to
evaluate potential risk to the environment from pesticides, chemicals, and cropping practices
on a field-by-field basis within an economic framework. Although done on a field-by-field
basis, it is really a whole-farm management tool with a holistic approach to management.
As such, the program must account for all nitrogen produced from legumes and livestock
enterprises.
The Planetor computer program is customized for each county by loading it with the
relevant soils data obtained from soil surveys. These data variables all impact in some way
on environmental risk, such as wind and water erosion, pesticide leaching and runoff, soil
compaction, etc. Common formulas and models for estimating erosion, leaching, pesticide
toxicity, etc., are incorporated into the program.
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E = Other
| H | Pesticide runoff

1
Figure 1
The dominant soil type for each field, with relevant data describing its topographic and
physical attributes, provide the basis for estimating leaching and erosion potential and,
ultimately, the likelihood of water pollution. A few values are shown in Figure 1, but the
majority of soil data is transparent to the user. The potential for both water and wind
erosion, as well as pesticide leaching and runoff, is shown as [H], [M], or [L], signifying high,
medium, or low. The level of risk may change as the practice is changed, as shown on the
right side of the screen.
Figure 2 shows one of the many summary screens that
level of potential risk for each field on the farm. This
and climatological data without regard to the properties
It is not until the information on pesticide and fertilizer
data that meaningful estimates of risk are provided.

1.
2.
3.
4.
5.
6.
7.
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Field Name
Acres Rent
Home Farm, Field #1
38
N
Home Farm, South 40
38
N
Smith Farm, North
10
N
Smith Farm, by Grove
6
N
Smith Farm, South
54
N
Jones Farm
38
N
Home Farm, West Past
99
N

help the user visually evaluate the
information is based solely on soil
of the actual chemicals being used.
usages are combined with the soils
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[H]
[H]
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[H]
[M]
[M]
[H]

Total Acres: 283

Figure 2
A summary of the potential risk for erosion, water quality, and pesticide toxicity is shown
for each field on the farm in Figure 3. The erosion risk is based solely on soil properties
and management practices. However, the potential risk with respect to water quality takes
into consideration the specific chemicals that are being used, including timing, rate, and
manner in which they are applied.
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Environmental Factors

Field Name
Home Farm, Field # 1
Home Farm, South 40
Smith Farm, North
Smith Farm, by Grove
Smith Farm, South
Jones Farm
Home Farm, West Past

Acres
38
38
10
6
54
38
99

Water
Pest.
Rotation Erosion Quality Toxicity
CornSoybea [HI
(|H])
[M]
SoybeaCorn [HI
[M]
[H]
SoybcaCorn [HI
[M]
[H]
SoybeaCorn [HI
[M]
[H]
CornSoybea [LI
[M]
[HI
SoybcaCorn [L]
[M]
[H]
Pasture
[L]
[L]
[LI

Figure 3
Manure and other sources of nitrogen are also included in the analysis. Planetor is a
whole-farm management tool, which must account for all nitrogen produced on the farm
from manure and legumes. The amount of nitrogen from manure, legumes, and commercial
fertilizer on each field is compared to estimated crop uptake. The level of excess nitrogen,
along with soil characteristics, are the bases for estimating potential environmental risk from
nitrates. Not enough information was known about the movement of phosphorus in the soil
when version 1 was developed. Hopefully, the new version will include phosphorus.
Although not shown, the program includes an economic section which allows the user to
evaluate the financial impact of management decisions, including those relating to fertilizer
and pesticide usage. Those of us who worked on the program recognized many of its
limitations. Nevertheless, it was an innovative approach that has since sparked new interest
in, and ideas for, research relating to soils, water, and the environment. An improved
version of Planetor is forthcoming. There are other programs that focus on similar
problems, and there will be more.
Economic Implications. Although the attention of the public, and consequent legislation,
focuses more on air and water quality and associated health hazards, there are economic
implications which are not well understood. Everything has its price.
In the long run, there is no conflict between the ecologie and economic dimensions of
sustainability. A system must be ecologically sustainable or it cannot persist over the long
run and, thus, cannot be productive and profitable [1]. A system must be productive and
profitable over time, or it cannot be sustained economically regardless of how ecologically
sound it may be.
Social benefits exceed social costs only for those systems that are sustainable. However,
costs and benefits for individual farmers may differ from costs and benefits for society as
a whole. Farmers may realize short-run profits in the process of mining or wasting resource
or by degrading the environment. So, in the short run, farming systems that are productive
and profitable for individual farmers may not be sustainable.
Farming systems that are sustainable over the long run may not be profitable in the short
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run. Farmers who conserve resources and protect the environment to the extent that some
would prefer may not be able to compete with those who respond only to short-run profit
signals of the marketplace. Potential conflicts between ecology and economics are important
concerns for individual farmers making day-to-day decisions. Sustainable farming demands
that conservation of resources and environmental protection be considered along with
productivity and profitability. Our challenge as agricultural scientists is to assure a
productive and profitable agriculture over the long run.
Conclusions. A general characteristic of high production agriculture has been a rather
significant dependence on external inputs, such as commercial fertilizers and pesticides.
These have contributed to environmental concerns and even risk in some areas. This does
not have to be the case. There are alternatives for some situations, and others are being
explored. Through the combined effort of scientists of many disciplines the world over, I
am confident we will find ways of maintaining and even increasing our levels of production
while reducing adverse impacts on the environment. Restrictions that have been, and will
surely be, imposed upon agriculture may be a blessing in disguise. It is not until our backs
are against the wall that we really get serious about solving a problem, often leading to
improved efficiency.
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Abstract.
National, regional, and local land-uses policies, that successfully sustain agricultural systems
and maximize environmental protection, depend on using soil within its potential. Soilpotential development depends on knowledge of soil properties. Soil surveys provide this
knowledge. We discuss procedures for naming soil-map units using taxa in Soil Taxonomy
and reasons for taxonomie inclusions. We exemplify five soil-survey orders for mapping,
classifying, and interpreting soils at different levels of generalization. Information produced
by these soil surveys supports development of land-use policies that sustain agricultural systems
and maximize environmental protection.
Introduction.
Harwood (7) suggests that sustainable agriculture is "an agriculture that can evolve indefinitely
toward greater human utility, greater efficiency of resource use, and a balance with the
environment that is favorable both to humans and to most other species." An understanding
of development of public agendas and translation of public agendas into policy is essential to
understanding their roles in developing land-use policies that sustain agricultural systems and
maximize environmental protection. Successful land-use policies require using soil within its
potential. Soil surveys provide information required to develop soil potentials.
Soil exists as a multivariate-continuous universe with no natural classification boundaries or
individuals. Artificial soil boundaries and individuals are arbitrarily created by definition for
classification purposes. Natural soil-landscape units defined and delineated by maximum rates
of change in soil and landscape properties form map units of soil surveys (9). Because
arbitrary ranges in soil properties define classification units and maximum rates of change in
soil and landscape properties define map units, classification- and map-unit boundaries seldom
coincide. Complexity of the soil universe and lack of data and computer capabilities needed
to develop a numerical taxonomy make using a hierarchial arrangement of properties to form
classes necessary. Many hierarchial-soil classifications are possible. Examples of other
hierarchial-soil classifications are The Canadian System of Soil Classification (3) and FAOUnesco soil map of the world (6). Soil Taxonomy (10, 11) is a hierarchial-classification
system, developed with an international view of soil. In ascending order of complexity, its
categories include order, suborder, great group, subgroup, family, and soil series. Taxa defined
by these categories can be used to name map units defined at any level of mapping
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generalization. These taxa also simplify the transfer of soil-related technologies among areas
of similar soils (1).
We discuss map units and soil-survey orders (12). We give soil-map and map-unitinterpretation examples that provide for national, regional, and local planning for sustained
agricultural systems and for maximized environmental protection. We use the term Soil
Taxonomy to mean Soil Survey Staff (10, 11) and any later revisions.
Soil-Survey-Map Units.
Soil surveys result from characterizing, classifying, and mapping soil. Taxa defined at any
categorical level of Soil Taxonomy can be used to name map units (12). Map units named in
terms of dominant soil taxa or miscellaneous land areas generally include soils or
miscellaneous land areas not identified by the map-unit name. This lack of taxonomie purity
results from the lack of coincidence between classification- and map-unit boundaries. Included
soils or miscellaneous areas may be similar or dissimilar to dominant soil taxa or miscellaneous
land areas used to name map units. Similar inclusions have similar properties and
interpretations as dominant soils or miscellaneous land areas; i.e., share taxonomie and
interpretative class limits. Dissimilar inclusions have significantly different properties and
interpretations; i.e., they differ from the dominant soil taxa or miscellaneous land areas by
more than one taxonomie or interpretative class. Amounts of inclusions differ according to the
map-unit type.
Soil-map units are consociations, complexes, associations, and undifferentiated groups (12).
Consociations contain 75 percent or more soils that fit within the range defined for the named
taxon or miscellaneous area or within ranges defined for similar taxa or miscellaneous areas.
Dissimilar soils do not exceed 25 percent. Complexes consist of areas of two or more
dissimilar soils or miscellaneous areas that occur in a regular-repeating pattern. These
components are so intricately mixed that they cannot be separated at the map scale. No single
dissimilar soil exceeds 10 percent, and the total does not exceed 25 percent. Associations
consist of areas of two or more similar or dissimilar soils or miscellaneous areas. Major
components occur in a regularly repeating pattern. Every delineation has the same major
components, but relative proportions differ. Total dissimilar inclusions do not exceed 25
percent for detailed soil surveys or 35 percent for small-scale maps. Undifferentiated groups
consist of two or more soils not consistently coterminous. Components are combined because
of similar use and management. Each component need not occur in every delineation. Total
dissimilar inclusions do not exceed 25 percent.
Soil-Survey Orders.
Complete soil-survey-order definitions and procedures are given by USDA-SCS (12).
Fifth-order-soil surveys, based on very extensive data, can be used for broad national and
regional planning and for selection of areas for more intensive study (12). Soil patterns and
map-unit compositions are determined by mapping representative areas and applying this
information to like areas through interpretation of remotely-sensed data. Minimum-size
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delineations range from 252 to more than 4,000 hectares. Taxa defined at order and suborder
levels in Soil Taxonomy form map-unit names. Miscellaneous land areas have little or no soil;
e.g., rock land, permanent snow fields, and glaciers. Map scales range from 1:250,000 to
smaller than 1:1,000,000. The Generalized Soil Map of the United States (Figure 1) compiled
at a scale of 1:7,500,000 is a fifth-order-soil-map example.

Figure 1. Generalized Soil Map of the United States (10, p. 412)
Simplified legend for Generalized Soil Map of the United States (Figure 1). Alfisols: Aqualfs
- Ala; Boralfs - A2a, A2S; Udalfs - A3a; Ustalfs - A4a; Xeralfs - A5S1, A5S2; Aridisols:
Argids -Dla; Orthids - D2a, D2S; Entisols: Aquents - El a; Orthents - E2a, E2b, E2c, E2S1,
E2S2, E2S3; Psamments - E3a, E3b, E3c; Histosols: Histosols - Hla, H2a, H3a; Inceptisols:
Andepts - Ila, I1S1, 11S2; Aquepts - I2a, 12P; Ochrepts - I3a, I3b, I3c, 13S; Umbrepts - I4a,
14S; Mollisols: Aquolls - Mia; Borolls - M2a, M2b, M2c, M2S; Udolls - M3a; Ustolls - M4a,
M4b, M4c, M4S; Xerolls - M5a, M5S; Spodosols: Aquods - Sla, Orthods - S2a, S2S1, S2S2,
S2S3; lltisols: Aquults - Ula; Humults - U2S; Udults - U3a, U3S; Vertisols: Uderts - Via;
Usterts - V2a; Areas with little soil: XI-Salt flats; X2-Rock land (plus permanent snow fields
and glaciers) A complete legend for Generalized Soil Map of the United States is given by
Soil Survey Staff (10, p. 413).
Figure 2 gives the extent of soil orders. The extent of suborders is given by Soil Survey Staff
(10, p. 429). These map units and their extent can be used to determine areas with the greatest
potential for agricultural production. According to Figures 1 and 2, over two million square
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kilometers of Mollisols occur in
the central and western sections.
Mollisols have high levels of
plant nutrients and organic matter.
These soils are primarily
responsible for the high-corn and
other-crop yields in the corn belt.
In addition, about one and onefourth million square kilometers
of Alfisols occur in the north
central section. These soils have
high amounts of plant nutrients
and sufficient moisture to produce
high-crop yields.
Over one
million square kilometers of
Aridisols
occur in the
southwestern section. Aridisols
require irrigation if crops are
grown successfully.

Soil order:

•••••••'.252,130
• • • • • • 1,073.290

Alfisols
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Entisols
Histosols
Inceptisols
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• • B l 736,200
148,560
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Figure 2. Extent of soil orders represented by the General
Soil Map of the United States (10, p. 412).

From a national perspective, regions with soils that classify as Alfisols, Mollisols, and Ultisols
justify larger expenditures of resources for soil surveys and more intensive data collections than
soil regions with limited moisture; e.g., Aridisols and Mollisols, Alfisols, and Ultisols with
xeric moisture regimes. Map-unit interpretations for the General Soil Map of the United States
show that similar procedures could be used to develop a soil-survey strategy for any nation.
These interpretations show that fifth-order-soil-survey data are sufficient to provide for broad
national and regional planning.
Fourth-order-soil surveys, based on extensive data, provide generalized soil information that
can be used to determine soil potential and methods of general land management (12). Soil
boundaries are plotted by interpretation of remotely-sensed data. Map-unit boundaries are
verified by traversing representative areas and by some transects. Minimum-size delineations
range from 16 to 252 hectares. Phases of soil series, taxa above the series, and miscellaneous
areas form map-unit names. Associations with some complexes, consociations, and
undifferentiated groups are map-unit types. Map scales range from 1:63,360 to 1:250,000. The
General Soil Map for Greensville County, Virginia, (Figure 3) compiled at a scale of 1:90,080
is a fourth-order-soil-map example.
Legend and approximate extent of major-soil-series for the General Soil Map for Greensville
County, Virginia (Figure 3). 1 - Appling-Roanoke-Mattaponi (Appling - 2,800 ha, Roanoke 2,300 ha, Mattaponi -1,600 ha, Other - 8,900 ha); 2 - Fluvanna-Roanoke-Mattaponi;
(Fluvanna - 4,400 ha, Roanoke - 3,300 ha, Mattaponi - 2,200 ha, Other - 12,000 ha); 3 Woodington-Slagle-Emporia (Woodington - 5,400 ha, Slagle - 3,600 ha, Emporia -2,700 ha.
Other - 6,200 ha); 4 - Peawick-Roanoke-Altavista (Peawick - 3,000 ha, Roanoke - 1,800 ha,
Altavista - 1,300 ha, Other - 2,500 ha); 5 - Roanoke-Altavista (Roanoke - 8,400 ha, Altavista 1,400 ha, Other -4,200 ha)
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Figure 3. General Soil Map for Greensville County, Virginia (5).
Appling and Fluvanna soils developed in materials weathered for granite and granodiorite.
They have thick saprolites and seasonal water tables below 2 meters. These soils represent
potential sites for community development. Roanoke and Altavista soils in map-unit 5 occur
on the Meherrin-River and Fountaine-Creek flood plains which limits their use for community
development. These interpretations show fourth-order-soil-survey use for broad regional
planning.
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Third-order-soil surveys, based on extensive data, can be used for predicting soil responses to
use for forestry, range, and community planning (12). Map-unit boundaries are plotted by
observation and interpretation of remotely-sensed data. These boundaries are verified by
traversing representative areas and by some transects. Minimum-size delineation range from
1.6 to 16 hectares. Phases of soil series, taxa above the series, and miscellaneous areas form
map-unit names.
Map-unit types are primarily associations with some complexes,
consociations, and undifferentiated groups. Map scales range from 1:20,000 to 1:63,360. A
section of the soil map from the Soil Survey of Pulaski, Virginia, (Figure 4) is a third-ordersoil-map example. This map compiled at a scale of 1:15,840 represents soils in the Irish
Mountain section.

Figure 4. Soil map of the Irish Mountain Section (4).
Legend for soil map of Irish Mountain Section (Figure 4). ID - Berks-Gilpin complex, 7 to
15 percent slopes; IF - Berks-Gilpin complex, 35 to 65 percent slopes; 11D - Gilpin-Lily
complex, 15 to 35 percent slopes; 16D - Lily-Ramsey complex, 15 to 35 percent slopes; 16F
- Lily-Ramsey complex, 35 to 65 percent slopes; 22C - Monongahela silt loam, 7 to 15
percent slopes; 24C - Nolichucky gravelly sandy loam, 7 to 15 percent slopes; 24D -
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Figure 5. Soil map for a section of Manchester District (8).
development. Faceville, Norfolk, and Orangeburg soils are deep and well drained with
substrata of unconsolidated Coastal Plain sediments. They have slight to moderate limitations
for community development. Bourne and Colfax soils are moderately well drained and
somewhat poorly drained, respectively. These soils have fragipans at very shallow depths and
severe limitations for community development. Aquults, Chastain, Dunbar, Fluvaquents, and
Worsham soils have seasonal water tables or free water near the soil surface which results in
severe limitations for community development. These interpretations show that Manchester
High School and Chalkley School (Figure 5) are on suitable soils for building construction.
They also show that the forested area in the lower left corner contains soils not suitable for
community development. Interpretations for these map units show the use of second-order-soil
surveys for urban and suburban planning.
First-order-soil surveys, based on very intensive data, can be used to interpret soil responses
for areas as small as experimental plots and individual building sites (12). Soil maps are
considerably more complex than those for the other orders. Delineated soils are identified by
transecting or traversing. Map-unit boundaries are observed throughout their length.
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Nolichucky gravelly sandy loam, 15 to 35 percent slopes; 25D - Nolichucky very stony sandyloam, 15 to 30 percent slopes; 25F - Nolichucky very stony sandy loam, 30 to 65 percent
slopes; 26F - Ramsey-Lily-Rock outcrop complex, 25 to 60 percent slopes; 27E - Rayne silt
loam, 30 to 45 percent slopes; 30C - Sherando gravelly sandy loam, 0 to 15 percent slopes;
31F - Sherando rubbly sandy loam, 30 to 65 percent slopes
Berks, Gilpin, and Rayne soils developed, in materials weathered from acid shales and
siltstones. Ramsey and Lily soils developed in materials weathered from acid sandstones and
quartzites. These soils have hard bedrock at shallow depths, low moisture supplying capacities,
low natural fertility levels, and steep slopes. All the above soils have severe limitations for
crop production and for community development. Monongahela, Nolichucky, and Sherando
soils developed in colluvial materials that contain large amounts of rock fragments on soil
surfaces and in soil profiles. These rock fragments interfere with cultivation and community
development. Soil properties limit this area to management of native tree species for lumber
production and for wildlife habitat development. Map-unit interpretations for soils in the Irish
Mountain section show third-order-soil-surveys use for general planning.
Second-order-soil surveys, based on intensive data, can be used to predict soil suitability for
general agriculture and urban planning (12). Delineated soils are identified by field
observations and by remotely-sensed data. Map-unit boundaries are verified at closely spaced
intervals. Minimum-size delineations range from 0.6 to 4 hectares. Phases of soil series,
miscellaneous areas, and taxa above the series form map-unit names. Consociations,
complexes, associations, and undifferentiated groups are map-unit types. Map scales range
from 1:12,000 to 1:31,680. A section of the soil map from the Soil Survey of Chesterfield
County, Virginia, (Figure 5) compiled at a scale of 1:15,840 is a second-order-soil-map
example. This map represents soils in the Manchester section.
Soil-map legend for Manchester District (Figure 5). 1A - Fluvaquents; 6B - Worsham fine
sandy loam, 0 to 4 percent slopes; 7B - Colfax fine sandy loam, 2 to 6 percent slopes; 15 Made land or Urban land; 31 - Chastain loam, 0 to 2 percent slopes; 42B - Appling sandy
loam, 2 to 6 percent slopes; 42C - Appling sandy loam, 6 to 12 percent slopes; 42D Appling sandy loam, 12 to 20 percent slopes; 49B - Bourne fine sandy loam, 2 to 6 percent
slopes; 65B - Abell sandy loam, 2 to 8 percent slopes; 70B - Norfolk fine sandy loam, 0 to
6 percent slopes; 105C - Louisburg sandy loam, 4 to 12 percent slopes; 105D - Louisburg
sandy loam, 12 to 20 percent slopes; HOC - Faceville-Gritney gravelly fine sandy loams, 6
to 12 percent slopes; 112B - Orangeburg-Faceville sandy loams, 2 to 6 percent slopes; 142B Appling-Wedowee fine sandy loams, 2 to 6 percent slopes; 142C - Appling-Wedowee fine
sandy loams, 6 to 12 percent slopes; 157B - Faceville-Gritney fine sandy loams, 2 to 6 percent
slopes; 158B - Tetotum loam, clayey substratum, 2 to 6 percent slopes; 172D - Ochrepts and
Udults, sloping; 188 - Dunbar fine sandy loam, 0 to 4 percent slopes; 191 - Aquults; 207C Colfax sandy loam, 6 to 12 percent slopes; 241C - Grover-Louisburg complex, 6 to 12 percent
slopes; 305B - Grover fine sandy loam, 2 to 6 percent slopes; 305C - Grover fine sandy
loam, 6 to 12 percent slopes
Appling, Grover, and Wedowee soils are deep and well drained with thick saprolites weathered
from granite and granite gneiss. These soils have moderate to slight limitations for community
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Figure 6. Soil map of Black Oak Farm (Loudoun County Department of Environmental
Resources, Leesburg, VA 22075).
Minimum-size delineations are 1 hectare or less. Phases of soil series and miscellaneous areas
form map-unit names. Map-unit types are primarily consociations with some complexes. Map
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scales are 1:15,840 or larger. The soil map of Black Oak Farm (Figure 6) compiled at a scale
of 1:2,400 is a first-order-soil-map example.
Soil-map legend for Black Oak Farm (Figure 6). 10B - Baile silt loam, 1 to 5 percent slopes,
occasionally flooded; 12B - Rohersville silt loam, 1 to 5 percent slopes, stony occasionally
flooded; 16B - Meadowville silt loam, 2 to 7 percent slopes; 17B - Meadowville loam, 2 to
7 percent slopes; 20C - Tankerville silt loam, 7 to 15 percent slopes; 23B - Purceville silt
loam 2 to 7 percent slopes; 28B - Eubanks loam, 2 to 7 percent slopes 29B - Eubanks loam,
2 to 7 percent slopes, stony; 29C - Eubanks loam, 7 to 15 percent slopes, stony; 29D Eubanks loam, 15 to 25 percent slopes, stony; 31B - Philomont loam, 2 to 7 percent slopes;
31C - Philomont loam, 7 to 15 percent slopes; 38B - Belvoir silt loam. 2 to 7 percent slopes;
40C - Catoctin silt loam, 7 to 15 percent slopes; 40D - Catoctin silt loam, 15 to 25 percent
slopes; 40E - Catoctin silt loam, 25 to 45 percent slopes; 43B - Myersville silt loam, 2 to 7
percent slopes; 43C - Myersville-Catoctin complex, 7 to 15 percent slopes; 43D Myersville-Catoctin complex, 15 to 25 percent slopes
According to Calderon (2), the Loudoun County Rural Village Ordinance provides for the
development of rural villages within the urban sprawl of Washington, DC. Farms subdivided
under this ordinance concentrate and arrange new dwellings into compact self-contained
villages occupying no more than 20 percent of the land. The number of Grid A-3 lots suitable
for onsite water and waste disposal determines the number of lots permitted in each village.
Suitability of Grid A-3 lots for development is determined by the first-order-soil survey data
in the Loudoun County Geographic Information System (Loudoun County Department of
Environmental Resources, Leesburg, VA 22075). These new villages are modeled after
Loudoun's many historic towns, villages, and hamlets. They maintain a strong housing market,
a vibrant tourism industry, and eighty percent of the land for agriculture, woodland, and open
space.
Rural-village development benefits all segments of society (2). Eighty percent of a farm's
equity can be realized by selling 20 percent of the land. Rural village development helps settle
estates by meeting both inheritance taxes and the other family financial objectives. Limiting
development to 20 percent of the land protects rural views and allows tourists to enjoy a rural
landscape composed of small villages, farms, woodlands, and open spaces. Rural villages
provide open space conservation easements at no cost to taxpayers and practicable agricultural
and tourist industries. The eighty percent reduction in land alterations protects the
environment. Black Oak Village is an example of a rural village developed by the Loudoun
County Department of Planning, Zoning, and Community Development, 18 North King Street,
Leesburg, Virginia 22075.
Andres Duany, Duany Plater-Zyberk Architects and Planners, suggested that the number of
dwellings with rural views in Black Oak Village be maximized. Black Oak Farm (Figure 6)
which contained 870 acres (352 hectares) was subdivided into Black Oak Village. The village
has 97 single family detached lots located on the village's perimeter. It also has 87 single
family detached internal lots arranged in concentric tiers on each side of the Black Oak Ridge.
This arrangement gave all lots views of either the Blue Ridge Mountains to the west or
Loudoun Valley and the Catoctin Mountains to the east. Open space and an existing woodland
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remain on Black Oak Ridge crest. Over eighty percent or 696 acres (282 hectares) of the
Black Oak Farm remain in agriculture, woodland, or open space (2).
Table 1 compares the rural village development of Black Oak Farm with current Grid A-3
development by the static pro forma (Hammer, Siler, George Associates). These data suggest
that individual home components of the Black Oak Village match or surpass the performance
of Grid A-3 development. Inclusion of commercial and residential rental components of the
Rural Village Ordinance place the village ahead of the Grid A-3 development. The village
alternative could surpass Grid A-3 development by 20 to 50 percent and is a practicable land
development option in Loudoun County (2).
Table 1. Comparative financial pro forma1 for Black Oak Village.
Grid A-32

Village
Total Acres
Residential Land Sales
Commercial Land Sales

870

870

$27,222,000.00

$21,160,000.00

$120,000.00

Total Revenue

$27,342,000.00

$21,160,000.00

Total Development Costs

$19,137,000.00

$15,713,000.00

$8,215,000.00

$5,447,000.00

Revenue Less Cost

$9,400.00
Residual Land Value per Acre
$6,300.00
Many development assumptions, such as ground water availability and potential for septic tank
drain fields, form the basis for this financial pro forma. The table should be used to compare
financial performance between village and Grid A-3 alternatives. This table does not establish
real-property values.
2
Grid A-3 is the number of 3-acre or larger lots that have suitable sites for septic tank drain
fields.
Black Oak Village development guided by the Loudoun County Rural Village Ordinance and
supported by first-order-soil-survey information is an example of intensive planning at the local
level. This procedure provides for a sustained agriculture on eighty percent of the land and
for maximum protection of the physical, chemical, and aesthetic properties of the environment.
Conclusions.
Soil-survey orders provide procedures for mapping soil at different levels of generalization.
Soil Taxonomy provides taxa for classifying and for interpreting responses of soils delineated
by map units of these soil-survey orders. These taxa also simplify the transfer of soil-related
technologies among areas of similar soils. Information produced by these soil surveys supports
development of public land-use policies that sustain agricultural systems and maximize
environmental protection. The order or level of generalization chosen for surveying the soil
of an area will be influenced by national, regional, and local needs and by available resources.
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Assessment of Long Term Soil Degradation and Rehabilitation.
Field Methodology and Modelling
I. Pla Sentis. Instituto de Edafologia. Fac. de Agronomia. Universidad Central
de Venezuela. Maracay. Venezuela.
Foreword. Soil degradation is leading to an increasing non
sustainable agricultural production, with increased inability to
produce enough food for the growing population, and to increased
environmental problems, in many regions of the world. Where
further lands for expansion of agriculture are limited
in
extension or quality, efforts have to be also directed to
rehabilitation of already degraded lands. In both cases, the
development and selection of management practices for soil and
water, requires an assessment and prediction of the long term
effects
of
such practices, in decreasing soil degradation
processes and in enhancing rehabilitation. This assessment must be
generally based on an evaluation of the dynamics of soil water and
chemical processes, preferably in situ. The approaches for the
evaluation may include observations and research of present and
past evidences on the site, comparisons among different sites, and
use of predictive simulation models. The data required for these
approaches are
obtained
through
direct
measurements,
or
correlation functions to translate basic information from soil
survey to information useful for the assessment.
The selection of the soil attributes to be measured or estimated
requires of a previous understanding
of
the
cause-effect
relationships between them and the processes leading to soil
degradation or rehabilitation. Sampling and methodologies for
those measurements have to pay attention to the spatial and
temporal variation of critical soil properties.
The problem of extrapolation of measurements and experimental
results in a site and time to a longer term in the future and a
wider range of site conditions, can be partially solved through
simulation models. They are also the only way to integrate the
large
number
of
important
variables,
and their complex
interactions. The main problems with the existing simulation
models is that their predictions are difficult, if not impossible,
to verify, and that the available data required as input are
generaly inadequate in quantity and quality.
The papers presented in the symposium provide a wide coverage of
the subject, including effects of global climatic changes in long
term soil degradation, selection of critical soil attributes for
different
soil-climate-crop
combinations,
use of different
methodologies for measurement or estimation of those attributes,
and application of simulation modeling both for the assessment of
present status and future trends of soil degradation, for guiding
soil conservation and rehabilitation practices in a variety of
agroecosystems in the whole world.
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Assessing erosion in West African savannas under global
change: overview and research needs.
C. Valentin*, J. Collinet, J. Albergel. ORSTOM, B.P. 11416 Niamey, Niger.

Abstract. The concept of sustainability should not be isolated from the context of possible
climatic changes. Tropical savannas are likely to respond markedly to such climatic changes.
The main objective of this paper is to estimate the anticipated impacts of climatic and land use
changes upon wind and water erosion in West Africa. A climate change scenario which
predicts global warming and an increase in potential evapotranspiration, with a slight change
in precipitation, is used as a basis for discussion. This paper reviews the current knowledge on
the major causes of erosion in the region. Due to the human pressure and the poor soil cover,
the semi-arid zone seems to be the main area at risk from wind and water erosion. Urban and
peri-urban zones are likely to experience also accelerated soil degradation in the next future.
Among the major gaps and research priorities identified in this paper, emphasis is put on the
use of the numerous past data and the development of simulation models able to account not
only for physical factors but also human factors. The need for a long-term monitoring network
is also stressed out.
Introduction. The sustainability of food production systems has emerged as a key issue in
agricultural development and renewable resource management because of the growing concern
that the world's agriculture resource base is submitted to ever-increasing pressures and serious
degradation. To prevent and to combat such a decline in productive resources, strategies must
take into account the complex web of interactions between physical and human factors on a
variety of time- and space-scales. In particular, it is essential for current development planning
to consider the potential changes in climate and land uses over the next few decades because
climate is likely to be affected in most regions of the world by the increased concentration of
carbon dioxide and other greenhouses gases. Since the concept of sustainability refers to the
maintenance of environmental quality, food supply and adequate rewards to primary producers
over the long term, it cannot be isolated from the broad context of global change. One of the
major threat for agricultural sustainability is soil erosion which has been identified as the
major type of human-induced land degradation in a global perspective. Among the 1,964
millions of degraded hectares, water erosion affects 56%, wind erosion 28%. This means that
nearly one sixth of the world usable land has been already degraded by water or wind erosion
(1). Expected changes in rainfall amount and wind intensity, interlinked and exarcebated by
human activity, may increase the severity, frequency and extent of erosion, hampering thus the
long-term sustainability of agricultural systems. Estimating the impact of climatic and
consequent land use changes in geophysical resources is therefore a crucial need especially for
developing countries.
Among the regions likely to respond markedly to climatic changes, tropical savannas have
been assigned high priority for research by the International Geophere-Biosphere Programme
(2) for three main reasons: (i) the sensitivity of savanna/desert boundaries to climate change
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can result in major shifts on agro-ecological zones; (ii) they occupy some 40% of the tropical
land surface; (iii) they are absorbing the brunt of the human population increase.
This article focuses on the savanna zone of West Africa, a region which has been stricken by
severe recurrent droughts in the last two decades and where increased population pressure has
worsened erosion and desertification problems. Possible changes in precipitation and wind
regimes are anticipated in the region while human pressure on soil resource should everincrease in the near future. Additionally, West African savannas constitute a large continuous
mass (ca. 4 Mkm2), fairly homogeneous, distributed along a strong and clear moisture
gradient. Such conditions are also propitious to initiate studies on the feedback effects of soil
erosion on climatic and land-use changes.
The objectives of this article are: (i) to review the current state of knowledge of the major
climatic and human changes, past, present and anticipated, in West African savannas; (ii) to
estimate the expected impacts of such changes upon wind and water erosion; (iii) to identify
the major gaps in the present knowledge and infer the future research needed to develop
climate- and land-use- change-related erosion models on scales relevant to management
decisions.
Climatic changes
Increase of atmospheric C0 2 . There is scientific evidence that concentration in C0 2 has
increased during the last 50 years (3) at a much faster pace than in the last century as indicated
by polar ice core data (4). While C0 2 concentrations have increased by nearly 25% during
these last 200 years, the present annual rate of increase is 0.4%. Although the future trends in
the atmospheric concentration of C0 2 and other gases (methane, nitrous oxides, ...) are based
on assumptions concerning many variables (the rates of biomass and fossil fuels burning,
extent of irrigated rice fields, pollution control,...) which make any scenario uncertain, it is
generally predicted that there will be a marked rise in C0 2 levels to double their pre-industrial
level to 540 ppm by the year 2050.
Global warming. Since C0 2 CH4 and N20 absorb some of the outgoing thermal radiations,
their increase should induce a global warming of air temperature. However, the relationship
between their increased concentration, and warming, often referred as to the "greenhouse
effect", has not yet been established precisely. In particular global warming since 1850s,
namely since the first available and reliable records, has not been clearly evidenced so that the
concept of a warming earth is still questioned. Although many uncertainties remain, notably
concerning the role of the thermal inertia of the ocean, there is now general agreement between
the available climatic models that global-mean surface warming is very probable and would be
by some 3°C ± 1°C in the tropical zone (5) for a doubling of C0 2 by the year 2050. The
warming would be even greater in high latitudes. At present, the scenarios from Global
Circulation Models (GCM) do not provide any reliable prediction on the possible alteration of
temperature on a seasonal basis, which would have a larger impact of vegetation and crop
growth than change in mean annual temperature.
Sea level rise. Some records suggest that sea level has already risen during the last century (6).
This rise could be accelerated because global warming could induce some melting of mountain
glaciers and polar ice caps. On the global scale, a 2°C rise in average sea surface temperature
may be therefore accompanied by a 0.30 m rise in mean sea level over the next 30 years (7),
and between 0.5-1.5 m by 2030 to 2050.
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Changes in wind regimes. In West Africa, two major wind regimes occur: from November to
April, the dry harmattan wind blows from north-east and east while from May to October, the
monsoon regime brings humid winds from the south-west and west. The mean annual and
monthly wind speeds are relatively low (2-4 m s-1)- Maximum wind velocity is generally
recorded in June when dust storms are favoured by uncovered soils. A maximum speed of 110
km hr 1 was recorded in northern Nigeria (8). Strength and frequency of the dominant winds
tend to increase in the northern hemisphere (9).
Evapotranspiration. Potential evapotranspiration (PET) in the Sahel ranges from less than
1800 mm yr~l in the south to over 2200 in the north (10). Assuming that temperature increase
of 3.0°C would be uniformly spread over the year, one may estimate an annual increase of 210
mm in PET (11) using the relationship between temperature and PET (12). Thus, the single
impact of warming on evaporation rates would require an increase of nearly 10 per cent in
rainfall to avoid water shortages for vegetation and crop production.
Precipitation changes
Rainfall regime. In the major part of the savannah zone of West Africa, rainfall distribution is
monomodal with rains falling from April to November (from June to September in the Sahel),
showing a rather steady peak in August, and the rest of the year remaining virtually dry. In
West Africa, no mountain alter the dominant monsoon regime which is characterized by three
types of precipitation (13): (a) isolated storms before the northward movement of the
Intertropical Convergence Zone (ITCZ); (b) trains of storms associated to the movement of the
ITCZ; (c) continuous rains, non stormy in nature, when the ITCZ is sufficiently thick, namely
in the southernmost part of the West African savannas.
The North-South mean annual rainfall gradient is about 1 mm knr1 in latitude (14). However,
another dominant feature of the West African climate, at least for several centuries (15,16) has
been its high temporal and spatial variability of precipitation. This variability increases with
aridity. The coefficient of variation of annual rainfall ranges from 25% in the Sudano-Sahelian
zone to 80% in the northern Sahelian zone (10). The local variability may be also substantial.
Droughts. Reliable information could be drawn from the earliest records of rainfall in West
Africa since the beginning of the 20th century. Whatever the statistical approaches, the results
from several authors (17, 18, 19, 20)) are consistent and clearly show that: (a) given a specific
year, the local variability of annual rainfall is rather limited in the regions located north of
8°N; (b) three main periods can be distinguished during the 20th century: (1) from the
beginning of the century to the late 40's, annual variability of rainfall is high. The higher or
below average periods are limited to 2 or 3 consecutive years. In particular, three severe
droughts occurred in 1911-1914, 1941-1942 and 1947-1949. (2) from 1950 to 1968: this timeseries was continuously exceeding average. (3) since 1969, annual rainfall remains below
average with two major droughts in 1972-1974 and 1983-1985. Locally, this is reflected by a
marked downward trend of annual rainfall. The Niger River at Niamey went dry in May 1985,
for the first time in living memory. The recent drought has resulted in a pronounced southward
shift of the isohyets, particularly in the already driest zone. For some authors (21), the
protracted drought would reflect a non-stationarity of rainfall time-series in West Africa.
Northern stations were affected before southern stations. For example, the drought started in
1964 in Timbuctoo (Mali, 16.43N), in 1976 in Kaya (Burkina Faso, 13.06N).
Although none of the previous droughts recorded in the firs half of the 20th century reached
the duration and intensity the region experienced in the 70's and 80's, scientific and historical
evidences indicate that persisting droughts occurred in the 15th, 16th, 18th and 19th centuries
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(22). Furthermore, geological evidences betoken that the region was repeatedly subject to
change during the late Quaternary, notably the Sahara encroached with wind-driven sand far
southwards between 20,000 and 12,000 years B.P.
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1934-1983 (after 31).
Rainfall depth. Unlike the anticipated rise in temperature, changes in rainfall regimes are more
controversial due to great uncertainty and inconsistency among results derived from existing
simulation models.
Three lines of research are concurrently explored to estimate the long-term evolution of the
climate in West Africa. These are based on three different hypotheses which can be roughly
identified as oceanic, continental and atmospheric. In the oceanic hypothesis, the occurrence of
dry or wet periods in West Africa is correlated to anomalies recorded in global sea-surface
temperatures (SST). Such a relation could allow short-term predictions (23, 24). In the long
run, this hypothesis suggests an increased aridity in West Africa.
In the continental hypothesis (25), the increased albedo due to land degradation would result in
a net decrease of radiative flux into the ground and therefore a net decrease of convective
cloud and rainfall. An increase in albedo from 14% to 35% would lead to a decrease in
precipitation of 45%. Then the observed drought would be self-accelerating. However, this
hypothesis has been much disputed because no relationship between albedo and precipitation
has been evidenced in the semi-arid zone of West Africa (26). Furthermore, assuming the
complete desertification of the Sahelian zone would increase albedo of only 4%, (27) which
remains lower than 15%, namely the observed range of interannual variations.
The atmospheric hypothesis is based on the above-mentioned doubling of the atmospheric
concentration in C 0 2 and the consequent increase in the global temperature. Combining the
outputs for Africa of five simulation models to construct a regional climatic scenarios in the
face of a continued increase in the global temperature led to the following anticipations (28):
(a) some reduction in rainfall in June to August along the west coast between Ivory Coast and
Cameroon, but an increase in winter rainfall; (b) an increase in rainfall in the wet savannah
which could extend northwards as far as Lake Chad.
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However, increased water losses through evaporation and transpiration would likely cancel out
the possible benefits of any increases in rainfall, or substantially exacerbate drought problems
caused by any decreases in rainfall. Consequently current scenarios suggest dried conditions in
arid zones whatever the possible increase in rainfall depth.
Rainfall intensity. In West Africa, storms are frequently violent in nature. In Niamey, Niger,
40% of the rain falls with an intensity of 50 mm hr 1 or higher and 20% over 100 mm hr 1 (29).
Generally, rains present a unimodal profile including a low and short intensity initial stage, a
high and aggressive intensity burst - 120 mm hr' during 17 minutes for a 10-year rainfall,
during 10 minutes for an annual rainfall, and a longer decreasing intensity tail. Roose (30)
estimated that the rainfall erosion index R of the USLE could be simply obtained in dividing
by 2 the mean annual rainfall amount. The value of R, expressed with American units, should
vary therefore from 700 in the south to 100 in the north.
Based on daily rainfall records from 20 stations in Burkina Faso over a period of nearly 50
years, daily rainfall higher than 40 mm shows a substantial decrease since 1969. However, no
concurrent decrease was observed, neither for high intensity rainfall nor for the depth of the
daily rainfall of decennial frequency (31). In some locations, this rainfall depth has even
increased (Fig. 1). Similar results were obtained in the south-west region of Western Australia
(32) supporting the notion that in a drier environment, the frequency of intense rainstorms
could remain unaltered, or be even increased, irrespective of local change in average rainfall.

Fig. 2. Evolution of human population, livestock and rainfed cereals between 1950 and 1990,
mean prospect for 2000 (after 11)
Human-induced changes. Population growth In the nine states of the Sahelian zone, the
population has doubled over the period 1960-1988. Assuming the maintenance of the present
rate of population growth of 3%, the population should double again by 2011 and attain 80
millions of inhabitants. Depending upon the considered scenario regarding fecundity and death
prospects, the Sahelian population is expected to range between 95 and 115 millions by 2020.
At present, 24.4% of the Sahelian population leave in urban areas. This proportion is expected
to double during the period 2000-2025. Migration from rural areas to cities will be insufficient
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to maintain the rural density below supporting capacities especially in the northern part of the
savannah zone of West Africa where these capacities are already exceeded (10).
Changes in land use. In West Africa, pastoralism and rainfed agriculture are the main land
uses. Arable farming is generally not viable in regions with < 350 mm year' rainfall. In such
areas, human activity is based on cattle in a nomadic herd system which is the most
appropriate response to the space- and time- variability of rains. Apart from the drought
period, the increase in livestock, expressed in TLU (tropical livestock units, i.e. an equivalent
250-kg mature zebu), has roughly followed the increase in human population during these four
last decades, suggesting a similar trend in the next future (Fig. 2).
Two main groups can be roughly distinguished in rainfed agriculture: (1) "traditional" systems
where density of population is still relatively low. This is generally the case in the drier zone
(350-650 mm) where Pearl millet (Pennisetum glaucum (L.) R.Br), often intercropped with
cowpea {Vigna unguiculata) is dominantly grown. Shifting cultivation is based on a long
fallow period (>20 years). This agricultural system does not consume any fertilizers or/and,
pesticides, except very rarely and crop production relies on hand labour. (2) Transitional
systems are characterised by higher densities of population with result in an increased land
pressure. They occur chiefly in wetter zone (southern Sahel and Sudano-Sahelian zone). The
main productions are sorghum (Sorghum bicolor (L.) Moench) and cotton. Fallowing is
shortened if not suppressed. Due to the resulting soil crust development, the efficiency of rain
water is therefore substantially decreased. It is then essential to maximise it through
appropriate water management: water spreading (diverting the runoff water form gullies onto
cultivated fields) and water harvesting. Such practices require some technology and long-term
maintenance. In the most evolved systems, animal traction has been adopted to some extent (in
Senegal, Mali and Burkina Faso), as well as (very) low-inputs especially fertilizers and
herbicides when cotton is grown. Where the increase of population is more recent, farmers are
more reluctant to integrate new technologies. Depleted chemical and organic fertility, surface
degradation and weed infestation constitute then major problems. It is likely that land use will
change in response to changes in population densities, along with changes in climate,
economy, policy and trade in the region. According to official statistics the rate of increase in
cultivated land was 1% per annum between 1950 and 1983. However a number of surveys
using remote-sensing techniques indicate a rate almost equal to the growth of human
populations (10). Such a trend would lead to severe over-loading of the capacity of the land
especially in the northern region. Locally, relatively preserved lowlands are increasingly
cleared off for more intensive crops (rice, maize, fruit trees, sweet potatoes, gardening).
Major factors of water erosion in West Africa. A better understanding of the factors that
influence erosion rates appears as a prerequisite for any prediction for the future. Since erosion
results from a complex interactions of physical, biological and human factors, it would be
hazardous to consider possible climate change in isolation from associated land uses. Climate
operates not only directly upon soil erosion through rainfall and wind, but also indirectly on
soil characters (organic matter, structural stability, moisture contents), on vegetation, land use
and farming practices (tillage and seeding dates, crop selection). Regarding the influence of
climatic and human-induced changes upon erosion, a great wealth of information has been
collected during the recent drought in West Africa, affording thus a valuable example of what
could be expected in other drying-up parts of the world. Moreover, the numerous field data on
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soil crusting, runoff and erosion which have been collected for forty years throughout West
Africa under natural and simulated rainfall using varying intensity simulated rainfall constitute
an invaluable basis for predictive erosion models.
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Fig. 3. Mean annual runoff coefficient (%) under natural cover for the various climatic zones
of West Africa as measured under natural and simulated rainfall (after 30, 33, and 35).
Soil moisture conditions. The moisture regime of the soil was shown to be very important in
determining the rate of soil degradation structure. Slaking predominates when the loamy or
clayey soil is dry before being suddenly moistened whether under rainfall or irrigation (33, 34,
35) for the high crusting rate in West Africa where the soil surface usually dries up between
storms. During the dry periods, hydrophoby of organic compounds increases (36, 37) and
reduces the rapid wetting of dry aggregates, hence slaking hazards. Aggregate stability is
therefore subject to seasonal variations and reaches a maximum at the end of the dry season
(38). The test of Hénin et al. (39), based on wet sieving after pretreatment with water, alcohol
and benzene, tends to emphasise the part of slaking in soil structure degradation (40). This
may explain why significant correlations have been established in West Africa between this
index and hydrologie parameters (41), and soil losses from field runoff plots (42) and
laboratory rainfall tests (43). The index of Hénin, along with that of De Leenher and De Boodt
(44), were found to be the most relevant to predict erodibility in Nigeria among the 14 indices
tested (43).
Moisture conditions prior to rainfall largely control hydrological parameters like the depth of
the pre-ponding rainfall, final steady-infiltration rate and runoff coefficient. In particular, the
pre-ponding rainfall represents one of the threshold conditions for bringing about overland
flow and rainwash erosion. However, extensive rainfall simulation experiments throughout
West Africa (35, 45) clearly evidenced that structural surface conditions and surface cover
were even more important controlling factors of infiltration than antecedent soil moisture
conditions. The ranges of variations between dry and wet antecedent soil moisture conditions
are much lower than those resulting from surface features. A rather limited number of typical
surface conditions have been identified in West Africa and were related to infiltration
parameters (45). Whilst such types can be used to characterize mapping units at a particular
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moment in time, it is pertinent to note that they form also temporal sequences (46). Table 1
clearly shows that antecedent moisture conditions have more influence upon runoff in the
Guinean savannah zone than in the drier areas. In these regions where surface crusts prevail,
runoff conforms to the Horton model of overland flow generation.
Regarding water erosion, soil moisture has a threefold influence: (a) the mechanical resistance
to detachment although liquefaction at saturation was experienced only for swelling clay soils
(35,48), (b) the time to ponding when splash erosion is at a maximum for bare sandy soils and
(c) the final rate of runoff which partly control erosion rate from clayey soils (35).
Consequently in the case of an increased soil moisture, water erosion might slightly decrease
in sandy soils and more notably increase in clayey soils, especially when they contain clay
lattices.
Rainfall. The runoff data obtained on larger plots under natural vegetation conditions
submitted to natural or simulated rainfall (Fig. 3) are very consistent with those predicted from
the runoff capability classification system (Table 1).
Table 1. Variations of main hydrological parameters as influenced by natural surface
conditions along a climatic gradient in West Africa (after 47, 45).
Ecological
zone

Mean annual
rainfall
(mm)
>1200
600-1200
200-600
<200

Faunal
cover

Vegetation
cover

Type of crust

Krdry

Krwet

Prd

Prw

FIR

mm
mm hr 1
(%)
(*)
%
% mm
no
>50%
4
5
30
>20%
15
23
Structural
<20%
>50%
25
30
19
8
14
<20%
<50%
Structural
50
59
8
4
6
X7
4
Erosion+Gravel
83
3
1
0
0
Krdry: runoff coefficient under dry initial conditions; Krwet: runoff coefficient under moist initial conditions: Prd: preponding rainfall under dry initial conditions; Prw: pre-ponding rainfall under moist initial conditions; FIR: final infiltration
rate at saturation.

Guinean
Sudanian
Sane!
Desert

In the Guinean savanna zone, runoff is primarily controlled by rainfall amount and is
consistent with the saturation or storage control model of runoff generation. Thus runoff
should respond positively to increasing precipitation in the Guinean savannah zone. By
contrast, in the drier regions possible change in soil water regime should alter runoff
production much more indirectly through faunal activity and vegetation cover than directly. Of
particular interest is that this effect should be reverse than normally expected. Any increase in
precipitation should result in activated faunal activity and protective vegetation cover, thus in
lower runoff production. As illustrated by Fig.3, the effect of annual rainfall on runoff is
totally offset under natural conditions by the protective effect of vegetation and litter cover and
the destruction of surface crusts by faunal activity. At the regional scale, the arider the climate
is, the higher the runoff coefficient (Runoff depth/Rainfall depth expressed in percent). Even
more interesting in the context of climatic change are the recorded evolutions of runoff
between the 50's and the 80's on a watershed basis (Fig. 4). The combination of drought,
surface degradation, with no change in exceptional precipitation, has led to a pronounced
increase in runoff in the Sahelian zone, a slight increase in the Sahelo-Sudan zone, and a
minute increase in the Sudan zone.
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Such results suggest that any further decrease in precipitation in the most arid zone would
induce a further increase in runoff production. The question arises whether the Sahelian
environment is resilient enough to alternate the processes in the case of an increased
precipitation regime coupled with a raise in temperature and evapotranspiration.
Unlike for runoff, a more usual general trend appears for erosion measured under bare
conditions. For slope gradient less than 10%, and for no gravelly soils, the erosivity index (R)
of the USLE is a rather satisfactory indicator of potential annual erosion losses (Fig. 5) of
tilled and bare soils even though other soil and topographic factors play also some role.
However, the large temporal variability of rainfall, particularly that of high intensity rainfall,
as well as the relatively small dimensions of the erosion plots of generally few 100 m2 make it
difficult to draw a firm conclusion as to the likely influence upon erosion of changes in rainfall
regime on a regional basis. It is the incidence of above average years rather than any increase
in average erosivity that will be significant not only on interril but also on rill and gully
erosion. Another difficulty arises from the difficulty to study the effect of kinetic energy in
isolation from the structural change of the soil surface. Comparing the effect of a variety of
intensities and kinetic energies for a given rainfall depth, Collinet (35) showed in northern
Burkina Faso that any increase in kinetic energy leads to a decrease in erosion in clayey soils
and to a very slight increase in sandy soils. This must be ascribed to the complex interactions
between kinetic energy, surface degradation and erosion. For clayey soils, the rainfall impact
results in a compacted and denser plasmic seal (or "erosion crust" , 46) which tends to protect
the soil underneath from further erosion, at least temporarily, contrary to sieving crusts formed
on sandy soils.
5oi7 cover. As a response to deplete water resources, agroecological zones have migrated
southward during the drought. The alteration of Sudan environment into a more typical
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Sahelian environment with sparse annual herbs and thorny vegetation associated to bare
crusted patches was described as a "Sahelisation" process (53). Increased denudation favoured
substantially crusting, runoff, and wind erosion. Regression of woody vegetation was specially
severe on the upper parts of the topography generally dominated by hardpan ferrugineous
soils. Apart from few cases of irreversible land degradation over the median term, it seems that
Sahelian vegetation tends to recover rapidly when precipitations return to normal.
Soil organic matter and aggregate stability. The role of the content and nature of organic
matter in stabilising the soil structure has been much documented in West Africa (54,55), as
well as the monitoring of the aggregate stability decline under cultivation and increase under
fallow (38, 41). One must be aware however that organic carbon content should not be
considered separately from the texture. Minor increase of carbon content may have a more
beneficial effect upon structural stability of sandy soils than a higher increase in finer textured
soils (56). Moreover the drop in organic matter resulting from prolonged cultivation is greater
for fine-textured soils than for sandy soils (57). Global warming of 3°C by the year 2050
should slightly increase the rates of organic matter mineralization and deplete consequently
soil organic matter content, whether precipitation increases or not. Beneficial effect on
structural stability of increased hydrophoby resulting from dryer surface conditions induced by
an increased evaporation would be most likely offset by the detrimental effect of reduced
organic matter content. This possible loss of organic matter should lead to ever less stable
clods and thus to increased crusting and erosion problems (53, 58). However, such a decline
would be difficult to detect because the already very low content of organic matter in the semiarid soils.
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Land use. One of the most significant changes in land-use patterns have been the dramatic
shortening of the fallow period to meet increasing demand for agricultural land. Another
striking feature is the clearing of marginal land, especially the plateaux or the stripes of land
along the water courses. This expansion of cultivated surface tend to balance the decreasing
yield, or income in the case of commercial crops subject to external market fluctuation. The
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combination of these processes led to higher runoff rates especially in the most arid zone (Fig.
4) and a pronounced expansion of eroded land. For instance Albergel and Valentin (53)
showed in a Burkinabe watershed that within less than 25 years the surface of cultivated land
has doubled, fallow land was halved, shrub savannah was reduced from 80% to 45% while
severely eroded patches increased 20-fold. In a less densely populated region of Burkina Faso
bare and crusted patches increased 6-fold within 28 years (59).
Regional prospective. Even though the lack of knowledge over the precise climate in the
future renders predictions uncertain, it is necessary to anticipate the consequences of possible
future scenarios. This has to be considered with respect to data currently available on present
erosion. Human-induced soil erosion has been recently assessed in West Africa as a part of the
global assessment of soil degradation (GLASOD project, 1). The map has been established by
local experts and is somehow subjective. Combining this map with other maps (soil,
vegetation, elevation, climate) using a GIS enabled Planchon et al. (60) to investigate erosion
factors on a regional basis. In particular these authors showed that if the nature of erosion
processes (aeolian, hydric, chemical) are determined by the eco-climatic zone, the intensity of
erosion is controlled by land use and abuse. Such considerations helped us to attempt to make
some predictions that with all their inexactitude point the way to what should be done to
combat the threat of soil erosion. In this we do not attempt to provide firm answers because
too many variables still require substantiation. The lack of precision in current climatic models
and especially predictions of future distribution and intensity of rainfall make assessing
changes in erosion amounts and rates a hazardous operation. Moreover the variable lag times
of environmental systems to climate change introduce another major cause of uncertainty. The
climate of West Africa may be slow to respond to global warming because of the proximity of
the Atlantic Ocean. Similarly, political, economical and sociological processes can
substantially modify in the next 50 years the trends observed on the recent past. For these
reasons, it seems wise to anticipate general tendencies rather than formulate confident
assertions about erosional impacts of climate change and population growth.
Sahel. Mobile sand dunes are a naturally occurring phenomenon in Mauritania and Mali. At
present wind and water erosion is a problem on stabilized sand dunes, especially in the
overgrazed and trampled zones around the water-holes (61) or when the fallow period is
reduced. Little is known about the current rates of wind erosion, but what little evidence there
is, suggests that rates are higher than those for water erosion, and that wind erosion occurs less
frequently, sometimes during one or two wind events a year, particularly at the end of the dry
season. Surface crusting processes lead to the disjunction of fine and sandy materials at soil
surface. Wind-driven sand is trapped by the surrounding vegetation whilst deflation exposes
crusted spots which generates runoff favouring the occurrence of rill erosion. Such processes
are likely to intensity in the future. Some researchers (9, among others) consider that the
Sahel's northern limit, now at 17°N is still regressing southwards, indicating a natural trend
towards arid conditions. The natural climatic forcing therefore would run counter to an
eventual greenhouse effect. Higher evaporation rates may lead to bare soils becoming dry
more often whether precipitation slightly increases or not. Wind erosion may be therefore
more frequent. Due to the expected decline in soil organic matter in the grazing lands, soil
crusting should ever increase. Climatic changes would enhance the risks of desertification as a
result of a decreased carrying capacity of land and increased livestock and human pressure.
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Sudan zone. This region is much more populated than the previous one and experienced severe
erosion due to overgrazing, overcultivation and deforestation. Major human-induced water and
wind erosion occurs in populated regions, namely near Bamako and in the Dogon area in Mali,
near Ouagadougou and in the Yatenga region in Burkina Faso, in northern Ghana, in the
vicinity of Zaria, Sokoto and Joss in Nigeria (62). The anthropic degradation of the vegetation
cover, the collapse of the soil surface structure, the formation of impervious crusts make the
soil even dyer. As rainfall distribution in this area is characteristically monomodal, savanna
vegetation is easily disturbed by human and animal intervention, sometimes irreversibly. This
triggers a vicious process of degradation, involving organic matter decline, structural slaking,
surface sealing, wind erosion, runoff, rill and gully erosion. The very rapid and high
percentage loss of an already low level of organic matter is one of the most crucial problem in
the region. Increased soil organic matter could alleviate the severity of the major controllable
soil erosion problems, but most present practices tend to reduce organic matter levels. Animal
husbandry integrated with crop production played an important role to maintain a reasonable
level of organic matter in the cropped field but the traditional system integrating animals and
cropping tends to fade out. Increasing and maintaining soil organic matter becomes almost
impossible when populations of both people and animals require that all the crop residues be
utilised for use as fuel, feed or roofing. Moreover, tillage which is necessary to combat
crusting and soil hardening, even in sandy soils, increases the rate of organic matter
decomposition. Surface crusts develop rapidly therefore in fields with no returns of organic
matter promoting thus runoff, lower water efficiency, wind and water erosion. The degradation
of surface conditions induces higher runoff rate (Fig. 4), depleting therefore water storage in
upland cultivated field and favouring the flooding of the valley bottoms. Due to the water
erosion in the watersheds supplying the dams, the reservoirs faced rapid siltation which
considerably reduces their live-storage capacity. The sediment yield are generally several
times higher than the figures used during the design of the dams. It is predicted that should be
the earth become warmer, the increase in soil salinity will increase the land pressure. The
combination of slightly higher precipitation and overexploitation of agricultural land should
lead to increased water erosion in the region. It is in this region that the greatest impacts of
climatic change and population growth on soil erosion can be anticipated.
Wet savanna zone. Since river blindness and historical wars have forced abandonment of many
areas in the region, this zone has a relatively low population. Cleared soils face generally a
rapid downward spiral, where the decline in organic matter causes a collapse of soil structure
(crusting and harsetting), a drop in water and nutrient retention, an increase in acidity, and a
decrease in plant growth that, in turn, reduces the supply of organic residues. As a result, water
erosion (including gully erosion), may be a serious problem, especially on the onset of the
rainy seasons when the bare (due to late bush-fires) and tilled soils are exposed to high
intensity storms. However, frequent gravelly soils which favour rooting, infiltration and limit
compaction tend to be highly resistant to water erosion (35, 63). This region which
experienced relatively low water erosion rates, except in some rare densely populated areas as
the vicinity of Korhogo in northern Ivory Coast, should not suffer high soil loss in a next
future whatever the climatic changes, due to rather resistant soils and low population density.
Forest zone. Soil denudation, soil organic matter decline, soil faunal activity decay
consecutive to land clearing and tillage are responsible for soil structural degradation which
usually favours severe water erosion. Potential water erosion is very high in the region (Fig. 5)
especially on the steep slopes of the hills. Fortunately, the maintenance of a complete soil
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cover, which can be readily obtained in the humid regions (coffee, rubber, palm tree,
pineapple, ..., associated with cover crops and residues) can reduce erosion hazards to nought
(30). Moreover, the erodibility of soils is lower than in the drier zones due to the better
structural stability and the higher permeability of the soils in the region. This high infiltration
rates, which result partly from a good inherent structure (iron and organic matter), partly from
high faunal activity (worms and termites) can be dramatically reduced by the use of heavy
machinery for land clearing and land preparation (64). An increase in precipitation would
certainly lead to more severe water erosion on bare soils, or relatively unprotected soils as
under cassava. However the prevailing tree-based farming systems with perennial crops
(cocoa, coffee, tea, rubber tree, oil palm tree, ...) associated with cover crops and mulch,
present rather satisfactory soil conservation practices which seem sufficiently effective to
support increased precipitation.
Low coastal land. Rising sea-level coupled with meteorological changes present the potential
for increased coastal erosion, loss of wetlands, and disappearance of special habitats such as
mangroves. Land lost through inundation and salt water intrusion may affect extensive areas
particularly in Senegal (Casamance) where beach erosion can severely curtail tourism industry.
Some low boroughs of large coastal cities like Lagos and Abidjan are seriously threatened.
Moreover, the rise in sea-level will swallow up productive land, thereby increasing the
pressure on the remaining land. Irrespective of scientific uncertainty, governments should be
aware of this potential jeopardy.
Urban and peri-urban areas. Rapid and often uncontrolled urbanisation leads to flooding,
accelerated sheet erosion, gullying, mass movement and land slides in the cities and in the
vicinity of the cities. This provokes occasionally the death of inhabitants, the removal of
constructions, more frequently the deterioration of streets and networks, and a variety of
pollution damages and health off-sites problems. This dramatic form of erosion has received
little attention in West Africa so far (Mougenot and Timouk, 1994). Owing to the burgeoning
population, it is anticipated that urban and peri-urban erosion would severely increase in the
next decades whatever the climatic changes if no appropriate measures are taken to combat it.
It is postulated that any increase in high intensity rainfall of even a small magnitude events
would greatly worsen the situation, increasing markedly flooding and water erosion in
severity, frequency and extent.
The major gaps and research priorities.
Objectives. The previous section has pointed out a variety of areas where research has been
neglected and should receive more attention in the next decades: wind and urban erosion.
Research on wind erosion should be intensified since atmospheric dust production appears to
be both cause and consequence of droughts. Other limitations of current erosion assessment
approaches in the region include insufficient emphasis on the spatial and temporal variability
of erosion factors and processes. Most management units are not restricted to runoff plot size,
but are of landscape or watershed size or larger. The ability to capitalise on the possible
beneficial effects of global change, and to mitigate adverse consequences, requires an
improved predictive capability. Since erosion processes are commonly threshold exceedance
related, emphasis should be put on the determination of such thresholds, on reversibility of
processes, and on soil resilience. Another goal should be the assessment of potential feedbacks
of soil erosion to the physical climate system. Changes in albedo resulting from crusting and

267

erosion necessitate a multidisciphnary approach at a regional scale, permitting linkages to
General Circulation Models (G.C.M.).
Possible approaches. The already large archive of air-photos and satellite data has not been yet
sufficiently used as a retrospective basis for predicting models. Information on longer timespan erosion, related to climatic changes, could be derived from the numerous data on Late
Quaternary. In particular, the use of lake sediment cores collected in Lake Chad basin (22)
seems most promising. Pollen, charcoal, chemical, physical, magnetic mineral and radiocarbon
dating (14C) along with archaeological record, and local documentary evidence could be
interpreted in the light of models of climatic change. New techniques like 137Cs measurements
could also provide information on recent erosion rates. Radioactive fallout caesium-137
deposited across the landscape from atmospheric nuclear tests performed in the Sahara. Since
it is strongly absorbed on soil particles, most 137Cs movement in the environment result from
physical processes. 137Cs can be therefore considered as a precious tracer for studying erosion
and sedimentation (66, 67, 68, 69). Lead-210 offers a potential for the dating of sediment
movements (70). Although this new technique has not been yet tested in West Africa, a
reasonable amount of field data is now available in the arid belt to allow interpretation of past
environmental changes. In the last 20 000 yr, the tropical southern margins of the Sahara
(Sahel) successively underwent major changes in their latitudinal range, from Saharan
environments down to 14°N (18 000 yr) to Sahelian environments up to 22-23°N (7-8 000 yr).
Since approximately 4500 BP, another expansion of the Sahara has taken place (9). It should
be essential to define the respective part played by man and climate in long trend variations
and compare them with shorter term observations. For instance, recent observations (71)
suggested that forest clearance and tillage in the early 14th century in central Europe have led
to a moderate rates of sheet erosion whilst the main factor causing gullying was exceptional
rainfall. Similarly, Petit-Maire (9) considers that the land degradation of the arid belt in West
Africa would be the result more of a climatic trend than of anthropic factors even though
overgrazing and other land abuse would locally emphasize the trend. However helpful as they
are, the use of paleoclimatic analogues should be pursued with care as it is not clear that they
are realistic for the mid-twenty-first century.
To assess what will happen if climate and land use change we need to know the extent,
frequency and rates of past and present day erosion. We need also models which should
possess a great sensibility to predict possible changes in soil erosion brought about by slight
climatic changes and also a sufficient flexibility to be relevant under the largest range of
conditions. The recent soil erosion process-based model, WEPP (Water Erosion Prediction
Process) (72) is highly sensitive to precipitation (73). However, it is clear that considerable
developments are ahead in linking global climatic models with more detailed erosion models
accounting for interactions between physical and human factors. Some attempts have being
made in this direction, but not yet in West Africa. Brklacich et al. (74) used a modified version
of the Universal Soil Loss Equation to estimate long-term erosion in Ontario, whereas an
altered climate was derived from a general circulation model. Crop productivity models were
used to estimate the impacts of modified environmental conditions on yields. Mathematical
programming models were used to estimate economic viability and food production capacity
given these changed conditions. Physically based simulation models such as the erosion
productivity impact calculator (EPIC; 75) allow us to link climate with other factors in order to
estimate erosion and to examine the impact on crop yields. Skidmore and Williams (76)
developed a wind erosion interface with EPIC. The parameters of the EPIC model were
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manipulated to represent a set of proposed future technologies used to affect crop yield
response to climate changes in the Great Plains of USA (77). These models have a useful role
to play in forecasting the likely effects of climate change, but their data-intensive nature does
give rise to problems of widespread application (78). Approaches as Expert Systems may be an
effective alternative. The rules generated by the Expert System may be used to predict erosion
rates at a different scale across the landscape under varying climatic conditions. It seems
therefore a promising predictive tool over large areas as recently shown (79) in East Sussex
(UK). Either physically-based models or expert systems require relevant data sets.
Furthermore monitoring erosion is essential to observe possible transient and not equilibrium
responses to climatic and land use changes. For theses reasons, data need to be collected in a
steady network of long-term monitoring stations, like those implemented by the SALT project
(Savannas in the Long Term) involving five countries in West Africa along two perpendicular
gradients of increasing aridity, from Ivory Coast to Mali, and increasing continentality from
Senegal to Niger. Field experiments and observations should be combined to remote sensing
data and integrated into GIS.
Conclusion. In West Africa, sufficient information has been collected at the present time to
make some assessment of the likely effect of climate change on erosion, even though the
climatic models are still unsatisfactory. However, erosion results from complex interactions of
physical and human factors. The observations during the recent drought suggest that stresses
caused by human activities are potentially more damaging than the direct effects of climate
change on soils. Erosion under global change cannot be isolated therefore from the broad
context of the sustainability of agricultural systems. Human-induced change, and probably to a
lesser extent climatic change, need to be accounted for planning near- and medium- term
management strategies in West Africa. Future management of soil and water resources would
need modification of past policies with more emphasis on efficiency and intensification than
further exploitation and expansion. Nevertheless it must be known that despite recent
technological progress such as remote sensing, GIS and computer modelling, the knowledge
gained to prevent and combat erosion has not been put sufficiently to use where it is needed,
i.e. in the field.
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Cropping System and Tillage Effects on
Soil Quality in Semiarid Regions
B.A. Stewart. Dryland Agriculture Institute, West Texas A&M University,
Canyon, Texas 79016
Introduction. A serious question being asked is "Can the semiarid agroecosystems of the world
be managed for productive and sustainable agriculture, given the cyclical nature of weather
patterns and the intensive use of land?" There is no simple or direct answer to this question
because the only thing common to all semiarid lands is sparse and variable rainfall. Everything
else varies so much that it is impractical to think of global solutions. There are, however, general
principles and guidelines for sustaining soil quality.
Arid and semiarid regions contain over 16% of the world's population and comprise over onethird of the land area (El-Ashry, 1989). El-Ashry further stated that the ability of developing
countries to meet immediate food needs is intimately related to their ability to manage their
resources wisely. The challenge becomes even greater when one considers projected population
increases. By the end of the century, it is estimated that the world population will gain an
additional 1.2 billion people, and 20% of the total population will be in arid and semiarid lands.
If the most conservative estimates of population growth prove true, the productivity of
agricultural lands in both dry as well as humid lands will have to increase to meet ever-growing
needs. Agricultural production can only be sustained on a long-term basis if the integrity and
productivity of the land and water resources upon which it is based are not degraded.
A recent book edited by Pimentel (1993) reviewed soil erosion for a number of countries. Two
issues-increasing populations and loss of soil organic matter-stood out.
Hurni (1993), reviewing the conditions in Ethiopia, stated that without family planning programs,
any other development activity is doomed to fail in the long term. While a doubling of the
population and a moderate increase of livestock may still be sustainable with other efforts
performed, unlimited growth will lead to an excessive land resource overuse and an almost
irreversible ecological disaster within a very few decades from today.
Wen Dazhong (1993) stated that the rapidly growing population in China is one reason for
aggravated soil erosion. If the population continues to grow, the serious erosion situation will
not be improved, no matter how many erosion controls are installed. Even though population
control in China is highly successful, it will be impossible to limit the population to less than
1250 million by the year 2000. Unfortunately, population growth rates in the serious erosion
regions are greater than the national average. The recent annual population growth rate in the
Loess Plateau region, for example, is 2.2%, 50% greater than the national average. It is
impossible to control soil erosion without effective population control.
Khoshoo and Tejwani (1993) stated that a very rich civilization has flourished in India for
centuries. Land degradation is a recent phenomenon primarily related to the historical and
political ramifications of the latter half of the 19th century and early part of the 20th century.
They concluded that the human and animal population pressure is the single most critical factor
that determines the rate of accelerated erosion. Given the pressure of human and livestock
population and the consequent misuse and mismanagement of land, the geomorphological,
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geological, and climatic factors play a secondary role in soil erosion, land degradation, and
desertification; they only influence varying rates of erosion and sedimentation.
Several of the chapters in the book edited by Pimental (1993) raised concern about losses of soil
organic matter, particularly in soils of semiarid regions. Organic matter is important because
of its positive effect on water retention, soil structure, and cation exchange capacity. It is also
the source of a large portion of the nutrients needed by plants (Allison, 1973).
Sustaining and Enhancing Soil Quality. Soil quality was the focus of a recent study by the
National Research Council (1993). The report said that soil quality is best defined in relation
to the functions that soils perform in natural and ecosystems.
Soils have three functions. Soils are living systems that are vital for producing the food and
fiber humans need and for maintaining the ecosystems on which all life ultimately depends. Soil
directly and indirectly affects agricultural productivity, water quality, and the global climate
through its function as a medium for plant growth, a regulator and partitioner of water flow, and
an environmental buffer.
Soil as a medium for plant growth. Soils mediate the biological, chemical, and physical
processes that supply nutrients, water, and other elements to growing plants. Soils are the water
and nutrient storehouses on which plants draw when they need nutrients to produce roots, stems,
and leaves. Eventually, these become the food and fiber for human consumption.
Soil as a regulator of water flow. Rainfall in terrestrial ecosystems falls on the soil surface
where it either infiltrates the soil or moves across the soil surface into streams or lakes. The
condition of the soil surface determines whether rainfall infiltrates or runs off. If it infiltrates
the soil, it may be stored and later taken up by plants, move into groundwaters, or move laterally
through the earth, appearing later in springs or seeps. This partitioning of rainfall between
infiltration and runoff determines whether a storm results in a replenishing rain or a damaging
flood.
Soil as an environmental buffer. The biological, chemical, and physical processes that occur in
soils buffer environmental changes in air quality, water quality, and global climate. The soil
matrix is the major incubation chamber for the decomposition of organic wastes including
pesticides, sewage, solid wastes, and a variety of other wastes. Soils store, degrade, or
immobilize nitrates, phosphorus, pesticides, and other substances that can become pollutants in
air or water.
The National Research Council (1993) report further states that soil quality is determined by a
combination of physical, chemical, and biological properties such as texture, water-holding
capacity, porosity, organic matter content, and depth. Since these attributes differ among soils,
soils differ in their quality. Some soils, because of their texture or depth, for example, are
inherently more productive because they can store and make available larger amounts of water
and nutrients to plants. Similarly, some soils, because of their organic matter content, are able
to immobilize or degrade larger amounts of potential pollutants.
Soil quality can be improved or degraded by management. Erosion, compaction, salinization,
sodification, acidification, and pollution by toxic chemicals can and do degrade soil quality.
Increasing the protection the soil is afforded by crop residues and plants; adding organic matter
to the soil through crop rotations, manures, or crop residues; and carefully managing fertilizers,
pesticides, tillage equipment, and other elements of the farming system can improve soil quality.
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Technologies for Increasing Plant Available Water. Sustaining soil quality in semiarid regions
is dependent on returning substantial amounts of organic matter to the soil. Unless manure or
other organic substances are added from external sources, the organic matter must come from
crop residues or cover crops, and these are dependent on water. Crop yields are also dependent
on water. Therefore, the key to crop production and sustaining soil quality in semiarid regions
is to increase plant available water.
Stewart and Burnett (1987) listed three essential components for a successful dryland
management system in a semiarid region. These are (1) retaining the precipitation on the land,
(2) reducing evaporation, and (3) utilizing crops that have drought tolerance and that fit best with
the rainfall patterns.
Retraining Precipitation on the land. Many of the dryland areas are typified by a highly fragile
natural resource base. Soils are often coarse-textured, sandy, and inherently low in fertility,
organic matter, and water-holding capacity and easily susceptible to wind and water erosion.
Runoff losses during rainfall events commonly exceed 50% (Parr et al. 1990). Therefore, the
first priority for utilizing precipitation is to prevent or greatly minimize runoff. El-Swaify et al.
(1985) reported that the traditional rainy season fallow system on Vertisols utilized only 39% of
the rainfall for evapotranspiration during the cropping season. About 28% of the precipitation
was lost as runoff, 24% evaporated from the bare fallow soil, and 9% was lost by percolation.
On Alfisols, the traditional system is to grow crops during the rainy season. For this system,
they reported 41 % of the rainfall was used for evapotranspiration, 26% was lost as runoff, and
33% percolated below the root zone.
Runoff from cropland in the U.S. Southern Great Plains can be quite high due to high intensity
convective thunderstorms and is highly variable both geographically and seasonally. Other
factors such as topography, soil type, and soil surface conditions are also important. Runoff
from cropland on Pullman clay loam (fine, mixed, thermic, torrertic Palenstoll) at Bushland,
Texas, where the average rainfall is 470 mm, has averaged about 40 mm annually (Jones et al.
1985). However, runoff occurred in only about one-half of the 26 years studied, so the amount
was very significant in some years. Furrow diking (tied ridges), conservation bench terraces,
and land leveling have proven very effective. These practices not only result in additional water
for crop production but provide an effective means for controlling water erosion. Jones et al.
(1985) describe these system in more detail and summarize the results.
Reducing Evaporation. Evaporation from the soil surface during periods when a crop is not
growing results in a major loss of water in water-deficient areas. This is illustrated in Table 1,
which summarizes long-term data at Bushland, Texas. The amount of precipitation lost during
the rotation as evaporation during the non-growing (fallow) season ranges from 36% for the
continuous wheat system to 61% for the wheat-fallow system. In the wheat-fallow system,
where the fallow period is 15 to 16 months, only about 15% of the precipitation that occurs
during the fallow period is stored in soil for later use by a growing crop. Even under the
continuous wheat system, where the fallow period is only 3 to 4 months, the fallow efficiency
is less than 20%. However, in spite of the very low efficiency of water storage during fallow
periods, fallow is practiced widely because of the importance of sustaining crop yields under dry
farming conditions. In this climatic region, there is no period during the year when average
precipitation is as much as 50% of the potential evapotranspiration. Therefore, without a
substantial amount of stored soil water present at seeding to supplement the growing season
precipitation, the chance of a crop failure increases sharply. The annual precipitation in the area
ranges from a low of about 50% of average to a high of about 200% of average, and crop yields
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Table 1. Water balance for various cropping systems at Bushland, Texas.
CONTINUOUS WHEAT (ONE CROP ANNUALLY)3
Wheat
Fallow

Precipitation
Evapotranspiration
Soil water change
Evaporation (and runoff)

-mm202

256
293
-37

458
293

37
165

165

TWO CROPS IN THREE YEARSb
Wheat
Fallow
Sorghum

Precipitation
Evapotranspiration
Runoff
Soil water change
Evaporation

256
329
13
-86

462
25
86
351

mm
241
286
27
-72

ONE CROP IN TWO YEARSC
Wheat
Fallow

Precipitation
Evapotranspiration
Soil water change
Evaporation (and runoff)

mm
660

256
354
-98

98
562

Total

Fallow

Total

416

1375
615
108

•

43
72
301

652

Total

916
354
562

SOURCE: O. R. Jones, personal communication; Johnson and David, 1972.
a
Fallow period between crops is three to four months. Runoff was not measured but would
be minimal under annual cropping.
b
Fallow periods between crops are about eleven months.
c
Fallow period between crops is fifteen to sixteen months. Runoff was not measured but
was a minor portion of the total.
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range from 1 to about 3 times average. Again, referring to the data in Table 1, soil water
storage during a four-month fallow is only 37 mm, compared with about 80 mm for an elevenmonth fallow and almost 100 mm for a fifteen-month fallow. This additional stored water leads
to a significant increase in crop yield. Stewart and Steiner (1990) summarized long-term grain
sorghum studies at Bushland, Texas, and found that there is a threshold of about 110 mm
seasonal evapotranspiration required before any grain is produced, and for every mm additional
evapotranspiration, 15.5 kg ha' of grain are produced. This relationship, coupled with the water
use data for sorghum shown in Table 1 suggests that grain sorghum yield would be 1.35 Mg ha"1
if only seasonal precipitation was available for evapotranspiration. The 72 mm of use from
stored soil water would increase the yield by 1.12 Mg ha'. Therefore, any practice that
increases the amount of water stored in the soil at crop seeding time can result in significantly
higher yields and improved water use efficiency.
The use of mulches to conserve water and to reduce soil erosion is an age-old practice. The
"Dust Bowl" of the 1930's in the U.S. Great Plains led to the development of stubble mulching
in the region. Stubble mulching uses v-shaped sweeps or blades that are pulled flat about 10 cm
beneath the soil surface. This under-cutting operation severs plant roots and kills weeds, but
does not invert the soil. Therefore, most of the crop residue is left on the surface where it can
serve as a mulch to control wind and water erosion, reduce runoff, and slow evaporation losses.
Only about 15% of the residue is buried by a sweep tillage operation, so there is substantial
residue remaining on the surface even after three to four operations normally required between
the time a crop is harvested and a subsequent crop is seeded. The rodweeder, consisting of a
square rod about 2.5 cm thick that turns about 5 to 10 cm beneath the surface as it is pulled, is
another tool that is sometimes used to kill weeds without intensively tilling the soil. A
rodweeder operation can sometimes bury less than 10% of the residue present on the soil
surface. In recent years, to maintain most or all residues on the surface, herbicides have been
used to partially replace tillage (reduced tillage) or to completely replace tillage (no-tillage).
Although stubble mulching was developed to address the wind erosion problem, it soon became
evident that mulches had beneficial effects on soil water storage. The increase in soil water
storage is generally attributed to increased infiltration and reduced evaporation. The data
presented in Table 1 and discussed above illustrate the combined effect of these processes on soil
water storage. The degree that each of these factors contributes varies with specific conditions.
It is clear, however, that water storage efficiency values increased sharply with increasing mulch
levels.
The most practical way to create a residue mulch is to reduce tillage. Greg et al. (1979)
summarized more than 60 years of progress in wheat production in fallow systems in the central
U.S. Great Plains. In the early years, moldboard plowing and harrowing were common
practices and only 19% of the precipitation occurring during the sixteen-month fallow period was
stored. During the years, as the number of tillage operations was decreased, and the intensity
of tillage was decreased by using stubble mulch plows and some chemicals, storage efficiency
increased to 33%. In recent years, minimum and no-tillage practices have resulted in storing
40% of the precipitation and marked increases in wheat yields. These positive effects tend to
accumulate because higher yields result in more residue and increased residue results in more
water storage, which translate into higher yields, creating an upward spiral. Soil physical
properties are also improved.
Unger (198), working on a clay loam soil in the southern U.S. Great Plains, also found very
significant increases in soil water storage when crop residues were maintained on the soil
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Table 2. Straw mulch effects on soil water storage during an 11-month fallow, water
storage efficiency, and dryland grain sorghum yield at Bushland, Texas.

Mulch rate
(mg ha1)

Water
storage"
(mm)

Storage
efficiency"
(%)

Grain
yield
(Mg ha1)

Total
water use
(mm)

WUEb
(kg m"3)

0

72 cc

22.6 c

1.78 c

320

0.56

1

99 b

31.1 b

2.41 b

330

0.73

2

100 b

31.4 b

2.60 b

353

0.74

4

116 b

36.5 b

2.98 b

357

0.84

8

139 a

43.7 a

3.68 a

365

1.01

12

147 a

46.2 a

3.99 a

347

1.15

From Unger, 1978
Water storage determined to 1.8-m depth. Precipitation averaged 318 mm.
b
Water use efficiency based on grain produced, growing season precipitation, and soil
water changes.
c
Column values followed by the same letter are not significantly different at the 5 % level
(Duncan's multiple range test).
a

surface. The residues enhanced water infiltration and suppressed evaporation, thus providing
more water for the subsequent crop (Table 2). Soil water storage values continued to increase
with each additional amount of residue. However, even relatively small amounts of residue
results in significant increases in soil water storage. Following the eleven-month fallow period,
dryland grain sorghum was grown and the yields reflected the increases in soil water storage.
Reduced tillage is also important, particularly in semiarid regions, as a means of maintaining
organic matter. Cultivation increases biological activities in the soil. Cultivation also exposes
fresh topsoil to rapid drying and, after each drying, a burst of biological activity occurs for a few
days follow rewetting. This is because the drying process releases organic compounds, probably
from the breakdown of soil aggregates that are bound together by humic materials. Considerable
organic nitrogen is mineralized as ammonia and later oxidized in large part to nitrates. Other
nutrients are also made available from the decomposition of organic matter. This is particularly
true for phosphorus since much of the phosphorus in soils is present in organic forms. The
nutrients released as a result of tillage are readily available to growing plants and increased
yields are generally obtained. Tillage also increases the infiltration rate of most soils and this
reduces runoff and often increases storage of water in the soil profile so it can be used later for
plant growth. However, unless the organic matter supply is replenished, the system is not
sustainable. This is the situation for many soils of the world in arid and semiarid regions, and
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increased attention to the problem is critical. The moldboard plow, and other intensive tillage
implements, were developed in Europe where soil organic matter content of soils is high, and
the organic matter level can be maintained at a high level because of favorable precipitation that
produces large amounts of biomass and cool temperatures that slow the rate of decomposition.
In arid and semiarid regions, high temperatures accelerate the rate of decomposition and the lack
of precipitation severely limits biomass production so organic matter loss can be rapid and severe
soil degradation occurs.
Crop Calendars. Traditional cropping patterns have evolved, in part, to match the growing
patterns of common crops to average climatic patterns. However, many other factors besides
climatic limitations to growth, such as labor limitation, conflicting demands for inputs,
unavailability of desirable crops or genotypes, lack of markets, and others, have determined the
evolution of commonly used crop calendars. If these constraints can be alleviated, then crop
calendars can be designed to more efficiently exploit the climatic potential. Objectives of
designing an efficient crop calendar might include shifting cropping seasons to cooler, more
humid periods of the year to improve the transpiration efficiency, sowing to avoid probable stress
during antithesis of the crop, or by manipulating the ratio of early-season to late-season water
use.
Crop models can be useful for evaluating crop calendars. Stewart and Steiner (1990) used the
SORKAM crop model to conclude that the most favorable time to seed grain sorghum at
Bushland, Texas is about June 10. Although growing season rainfall decreased with time after
May 24, the model indicated two apparent reasons why the increase in growing season rainfall
with early seeding did not result in higher yields. The first was that the growing season potential
evapotranspiration was higher for early seeded grain sorghums. A second reason was that the
model simulations showed significant differences in the ratios of transpiration to
evapotranspiration for the various seeding dates and soil water levels at time of seeding. This
indicated that a considerably higher percentage of the total evapotranspiration was lost as
evaporation for the early than for the later seeded grain sorghum. The model also compared two
levels of plant available soil water and indicated that there was a higher loss from evaporation
when grain sorghum was seeded into a soil with intermediate soil water storage level than when
seeded into a soil with a high soil water storage level. This suggests that plant canopies formed
quicker when the plants were seeded later in the season, particularly when seeded into a soil
containing a high level of stored soil water.
Socioeconomic Incentives for Sustaining Soil Quality. The quality of soils used for crop
production in semiarid regions can be sustained. However, unless these soils are managed
carefully, serious degradation can occur quickly and with devastating consequences. Soil
degradation is a complex phenomenon that is driven by strong interaction among socioeconomic
and biophysical factors (Lai and Stewart, 1990). It is fueled by increasing population, fragile
economy, and dismal farm policies; and propelled by fragility of soil and harshness of climate.
We must realize that this complex problem has no quick and easy solutions. Soil scientists must
work closely with scientists from other disciplines, particularly economists and social scientists,
to develop productive, profitable, and sustainable agricultural systems. The use of economic
incentives or government policies may be necessary.
In some cases, the use of
restrictive/preventive policies may be required in semiarid regions where marginal lands and
ecosystems are especially vulnerable to degradation when they are used beyond their capacities.
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Summary. Agricultural production in semiarid regions will play a major role in providing
increased food production to meet world food needs in the face of rapidly increasing population.
Technologies are available or are being developed that provide greatly increased food and fiber
production efficiencies of both precipitation and irrigation water.
For drylands, increased efficiencies are obtained using three technologies. The first technology
is to retain precipitation by minimizing runoff. This can be accomplished by using residue
management with reduced or no-tillage systems to increase infiltration rates; by using tillage to
control weeds and roughen the soil surface and destroy runoff-inducing soil crusts; and by use
of specialized soil management practices such as furrow diking or land leveling to retain all
precipitation on the land.
The second technology, applicable to both irrigated and dryland areas, is to reduce evaporation
in relation to transpiration. This can be accomplished by using more intensive cropping systems
to eliminate or reduce the long fallow periods often associated with semiarid agriculture; by
adopting improved residue and tillage management practices to maintain mulches on the soil
surface that will reduce evaporation and increase soil water storage; and by applying
supplemental irrigation at critical plant growth stages using deficit irrigation principles. Use of
supplemental irrigation (if available) allows for more intensive cropping, for use of longer season
crops, and for increased residue production, thus providing for more efficient use of both
precipitation and irrigation water.
The third technology is to use drought resistant or tolerant crops that fit the rainfall pattern.
Crop selection is aided by the use of crop calendars to match cropping patterns with the climate.
While application of a single technology may not greatly improve production, adoption of a
combination of the technologies along with use of adequate fertility programs and use of crop
cultivars with improved genetic potential will enable producers in semiarid areas to make a
highly significant contribution towards providing future world food needs.
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Introduction. The semi-arid tropics (SAT) is an extremely difficult environment for farming.
The climate is highly variable with periods of drought often alternating with flood rains. Major
soil types (Vertisols and Alfisols) have several constraints and are hard for farmers to manage;
they are also prone to soil erosion. There is therefore a high degree of risk associated with
production in the short term and sustainability in the long term.
The aims of soil management are to reduce risk for short term crop production (that is, to
maximise productivity each season) and to maintain stability of productivity over the long term.
Farmers are usually most concerned with the first of these aims. Expanding populations are
putting greater pressure on what are often marginal land resources, and new technologies are
being developed and applied. The pressure for change and the variability of climate makes it
extremely difficult to evaluate the impact of particular management practices. If general yield
trends are used as indicators of unsustainability, downward trends in yield potential may be
masked by yield increases due to new components in the technology. If field experiments are
used, they need to be run for long enough to collect data in a representative sample of the
climate. This may take so long that the technology being tested is bypassed and becomes
obsolete. Under these conditions, simulation modelling of farming systems and components is
an obvious approach to indicate if a system is unsustainable. We have found that a fairly simple
approach can provide useful indications under a range of soil and climatic conditions.
Materials and Methods. The system simulation model Production, Erosion, Runoff Functions
for Evaluating Conservation Techniques (PERFECT) (Littleboy et al. 1992) was used to evaluate
long term trends in important soil factors on five soils of the semi-arid tropics: two Vertisols one in India and one in Australia, two hardsetting Alfisols - one in India and one in Australia,
and one non-hardsetting Alfisol in Australia. An essential part of any modelling study is
validation. Validation of PERFECT was undertaken using experimental runoff, soil loss and
yield data from northern Australia and India. Model validation provided a set of model
parameters that were coupled with historical climate data to extrapolate short-term experimental
data to long-term trends.
Results and Discussion. PERFECT provided acceptable predictions of runoff, soil moisture, soil
loss and crop yield for a range of Vertisols and Alfisols. In northern Australia, PERFECT
usually explains between 75% and 85% of the variability of daily runoff volumes, soil water and
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crop yield. Validation of PERFECT using runoff and erosion data collected in an experiment at
ICRISAT near Hyderabad in India (Smith et al. 1992) shows that PERFECT also explains
between 75% and 85% of the variability in runoff and soil water for a wide range of surface
management treatments. Subtle differences in runoff due to tillage and large differences in
runoff due to surface amendments were accurately predicted.
What does PERFECT tell us about unsustainability of soil management systems? Using an
Alfisol at ICRISAT in India as an example, the model shows that on a soil with 5% slope, yield
will decline by about 20% due to soil erosion by water after 100 years of cropping using current
conventional practices. In contrast, on a 15% slope this soil will be completely eroded away
after only 35 years. The yield decline is caused by erosion reducing the soil's capacity to store
plant available water. In the simulation it is assumed that nutrient supplies are not limiting
yield. These results indicate that cropping systems based on current practices are unsustainable
in the long-term. The results also show that soil erosion by water and yield decline due to
erosion, can be dramatically reduced by reducing tillage and applying a surface cover of rice
straw at the time of sowing.
Soil management practices have implications for other natural resources such as groundwater
recharge. In some cases increasing the volume of deep drainage may provide a valuable water
resource for irrigation; in other cases it may lead to water table rise and soil salinisation. The
simulation casts light on these aspects.
Conclusions. The PERFECT simulation model successfully predicts runoff, deep drainage, soil
water, erosion and yield for cropping systems and sites in Australia and India. The validated
model, coupled with historical climatic data, can be used to examine risks to production from
soil erosion and the possible mitigating effects of management practices. Extrapolation of model
simulations to look at combinations of a range of soils, slopes and management practices (such
as tillage and surface amendments) provides a cost-effective and powerful "Crystal Ball" to
indicate unsustainable soil management practices in the variable and risky environment of
marginal cropping lands. Since no model is perfect, improved modelling capabilities will
increase confidence in, and application of, computer simulation. An improved system simulation
model (APSIM) being developed by the QDPI-CSIRO Agricultural Production Systems Research
Unit in Toowoomba, Australia, is just one example of improved modelling technology.
Literature Cited.
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Water Erosion Effects on Soil Physical Properties
of Tepetates and its Relation with Productivity.
J. L. Oropeza Mota,* E. Huerta Martinez and J. D. Rios Berber.
Department of Soil Sciences, Colegio de Postgraduados, 56230
Montecillo, Edo. de Mex. Mexico.
Abstract This article reviews the effects of erosion on soil physical properties of tepetates, how these
changes in properties can cause problems in crop yields, the effects of erosion on hydraulic properties, and
the relation of soil properties to productive potencial of tepetates. Five soils profiles representing two
series were selected from Lomas de San Juan and Chapingo's area for discussion here. They were selected
to provide a range of soil used for rupture and induce three treatments and two cultures: straight row,
contoured row and check row; (bean and corn) production and subject to water erosion. Using several
simple models, we shown that root-zone water- storage capacity can be changed materially by erosion.
Losses in available water-storage capacity can result in significant reductions in crop yields. The
discussion in this topic shows how crop production can be affected by erosion induced change in soil
hydraulic properties. Erosion often degrades soil hydrologie conditions and decreases plant available
water capacyty. Runoff is increased and the amount of water available for plant growth is decreased, thus
lowering crop productivity. We calculate too the relative productive potential of select series of soils
(Lomas and Chapingo) using an approach described by Pierce. In general,the method determines the
relative productive potential of soil in terms of the environment the soil provides for root growth based on
the soil's avalilable water capacity AWC.

INTRODUCTION
In the central region of Mexico tepetates are volcanics soils that consists of a duripan
exposed through erosion of overlying soil. This kind of soil present in theirs profiles
horizons indured located at variables depth. Such features indicate a complex regime of
water percolation with infilling and plugging of the horizon by various types of material
which has been flushed down from above. The part of the soil affected first by erosion is
the surface few centimeters, which is generally highest in organic matter and plant
nutrients.
Water erosion is the detachment and movement by water of soil particles from their place
of origen. Soil productivity is the capacity of a soil, in its normal environment, to produce
a particular plant or sequence of plants under a specified management system. Water
erosion and productivity is generally expressed in terms of yields (ton/ha/year) Oropeza,
(1990)
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Probably the most serious loss in long-term productivity from soil erosion is loss in
plant-available soil water capacity. Using several simple models, we shown that root-zone
water- storage capacity can be changed materially by erosion. Losses in available water
capacity are most serious on soils with unfavorable subsoils. Losses in available
water-storage capacity can result in significant reductions in crop yields.
This article reviews the effects of erosion on soil physical properties of tepetates, how
these changes in properties can cause problems in crop yields, the effects of erosion on
hydraulic properties, and the relation of soil properties to productive potencial.
DESCRIPTION OF SOILS
Five soils profiles representing two series were selected from Lomas de San Juan and
Chapingo's area for discussion here. They were selected to provide a range of soil used
for rupture and induce row-crop (bean and corn) production and subject to water erosion.
The sols and some selected general information are show in table 1.
Table 1. Classification, erosion factors and organic matter content of select series.
Soil series

Lomas de
San Juan

Chapingo

Classification

Erosion factors
K
Y
(MJ.mm/ha.h)
(Ton/ha/yr)

Andisols:
Duraquand. These soils may have
fragments od a duripan in some horizonts
within a depth of 0.5 m. Fine and mesic.
Haplaquand. These soils have an ustic
moisture regime. The pan is mostly massive
and inpenetrable by roots but is not so
strongly indurated, fine and messic.
Lithic Haplaquand. These soils have a
litle contact, normally with pahoehoe lava,
within 50 cm of the soil surface. They are
otherwise like typic in the area. Fine, mixed
and thermic.
Incentisols:
Hydraquentic: Have clay that dehydrates
irreversibly into aggregates of silt, sand,
and gravel size. Do not have a placic
horizon within 1 m of the soil surface in
half or more of each pedon.
Aqucpts These are formed in piroclastic
materials or that have an exchange
dominated by amorphous materials and a
low bulk density 1.1 g/cm3 in some
horizon. Have a depth of 35 cm to a lithic
contact.

K = Soil erodibility factor
Y = Sediment yield from the subbasin
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Organic
matter

(%)

0.37

7.5

1.5-2%

0.43

8.0

0.5 - 1 %

0.32

7.8

0.7 - 1 %

0.27

8.3

0.9 - 1 %

0.28

7.6

0.9 - 1 %

EFFECTS OF SOIL EROSION ON HIDRAULIC PROPERTIES
The following discussion shows how crop production can be affected by erosion induced
change in soil hydraulic properties. Erosion often degrades soil hydrologie conditions and
decreases plant available water capacity. Runoff is increased and the amount of water
available for plant growth is decreased, thus lowering crop productivity.
Hydrologie condition and runoff.
Runoff for daily rainfall is predicted by the equation of Runoff Curve Number (USDASCS, 1972).
(P - 0.2S)2
P > 0.2S
(1)
(P + 0.8S) '
Where:

Q = Direct runoff (mm)
P = Storm daily rainfall (mm)
S = Watershed storage parameter (mm).

Williams et al. (1983), showed that the retention or watershed storage parameter S is
related to the soil water content by:
c = S m a x (UL-SM)
UL

(2)

In which:
Smax = Is the maximum value of S (mm)
UL = Is the upper limit of soil water storage in the root zone (mm)
SM = Is the soil water content in the root zone (mm)
The maximum value of the retention parameter S^x for the select practices is shown in
table 2. To calculate S,^ we obtained runoff numbers for the hydrologyc soil-cover
complex from table 9 in USDA-SCS (1972) for antecedent moisture condition II. We then
used the relationship given by Arnold and Williams (1989) to cover from curve numbers
for antecedent moisture condition II to curve number for antecedent moisture condition I.
Then:
S

=254

100
CN,

10

Where:
CN] = Is the curve number for antecedent moisture condition I (dry)

288

(3)

Table 2. Maximum values for retention parameter Smax for specified conditions of
tepetates management practices used for rupture and induce row-cropped land
(bean and corn).
PRACTICE
Contoured
Contoured
Contoured and terraced
Contoured and terraced

HYDROLOGIC
CONDITON
Poor
Good
Poor
Good

HYDROLOGIC SOIL GROUP
A
B
C
D
254
155
114
84
310
201
132
99
297
208
150
132
351
244
170
142

Values of CN, and CN3 corresponding to CN2 are tabulate in the SCS Hydrology
Handbook, For computing purposes, CN, and CN3 were related to CN2 with the
equations:
CN, = CN2

20(l00-CN 2 )
100-CN 2 +exp [2.533 + 0.063 (l00-CN 2 )]

CN3 = CN2 exp [0.00673 (l00-CN 2 )]
Hydrology ga i B and C are soils having moderate and slow rates of water
transmission, respectively. If the soils in hydrology group B with contoured row crops
degraded from good to poor hydrology condition (table 2), the maximum value of the
retention parameter would change from 201 to 155 mm, and, if they further degraded to
hydrologie soil group C, the resulting retention parameter is 114 mm.
The lower retention parameter caused by degradation of hydrologie conditions increases
runoff as shown in eq. [1] and eq. [2]. This reduces the quantity of water available for
crop production.
The influence of soil removal from the surface on the upper limit of soil water in the root
zone (UL) and the available water capacity (AWC) was evaluate. The UL and AWC for
each horizon of Lomas Serie Soils down 1000 mm was calculated, where UL is porosity
minus water content at 1.5 MPa and AWC is water content at 0.33 MPa minus 1.5 MPa
water content. The input data were determined from the Soil Physics Laboratory of
CEDAF for one pedon of each soil.
A depth weighted factor (Wj) was computed for each depth increment using the Arnold
and Williams (1989) method:
W =1.016 e

IRDJ
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„

-e

(ml

(4)

Where:
Dj = Is the depth to the botton of the storage depth (mm)
RD = Is the total rooting depth (mm).
Using the weighting factor, the mean weighted UL and AWC were calculated from
UL = £ w , U L ,
1=1

and
AWC = £ W, AWC,
where,

Calculations were repeated by separately disregarding the upper 25, 51, 76, 127, 203, and
305 mm, and including a corresponding depth at the lower end of the soil depth
considered. Results are shown in table 3.
Table 3. Influence of tepetate removal on mean weighted upper limit water capacity (UL)
and mean weighted available water capacity (AWC).
" S U R F A C E TEPETATE REMOVED (in mm)
SOIL
Duraquand
Haplaquand
Lithic H.
Hydraquentic
Aquepts

SOIL
PROPERTY
UL
AWC
UL
AWC
UL
AWC
UL
AWC
UL
AWC

0

25

51

76

127

203

305

(m3/m3)

(m3/m3)

(m3/m3)

(m3/m3)

(m3/m3)

(m3/m3)

(m3/m3)

0.331
0.157
0.364
0.233
0.331
0.165
0.285
0.162
0.327
0.154

0.229
0.154
0.359
0.229
0.337
0.166
0.282
0.160
0.323
0.150

0.286
0.150
0.355
0.226
0.334
0.166
0.279
0.158
0.318
0 148

0.272
0.147
0.349
0.222
0.351
0.167
0.276
0.155
0.315
0.144

0.261
0.148
0.337
0.212
0.386
0.169
0.268
0.149
0.310
0.137

0.238
0.151
0.313
0.200
0.378
0.168
0.257
0.142
0.295
0.123

0.252
0.168
0.282
0.190
0.376
0.164
0.240
0.140
0.255
0.119

AVAILABLE WATER CAPACITY AND RELATIVE YIELD
Afterwards, we prepared some hipothetical situations to illustrate how changes in AWC
are affected Andisols (Duraquand, Haplaquand and Lithic haplaquand.) and Inceptisols
(Hydraquentic and Aquepts) soils.
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The connecting link between AWC and production is the manner in which AWC
influences relative evapotranpiration. In accord with Larson et_ al, (1985), the generalized
influence of water deficit on crop production is:
^ - = k yy 1 - - ^ - 1
ET„ '
Y„
Where:
Ya
Ym
ETa
ETm
ky

=
=
=
=
=

Actual yield (ton/ha)
Maximum yield (ton/ha)
Actual evapotranspiration (mm)
Maximum evapotranspiration (mm)
Yield-reponse factor

Maximum yield is the harvested yield of a high-producing variety well-adapted to the
growing environment under conditions where water, nutrients, pest and diseases do not
limit yield. The equation (5) shows four groups of crops according to their sensitivity to
water stress. Crops with ky < lare less sensitive to water stress than those with ky > 1.
The stage of plant growth also affects sensitivity to water stress. Generally, the order of
sensitivity sccording to growth stage is flowering > yield formation > vegetation >
ripening.
Likewise, actual evapotranspiration equals ETm when available water AW is greater than
(l-p)AWC, but, when AW is less than (l-p)AWC, we obtain:

ET. = ET

AW
( l - p ) AWC

(6)

where:
p = Is the soils water depletion fraction

We assumed three levels of AWC (60, 140 and 200 mm) which correspond to low,
medium, and high AWC for a 1000 mm root zone, and the other condition give in table 4.
We calculated relative evapotranspiration and relative yield decrease. The relative yield
decreased 60, 20, and 6 % when AWC was 60, 140, and 200 mm, respectively, and initial
available water IAW equaled available water capacity.
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Table 4. Influence of avalilable water capacity AWC and initial available water IAW on
relative yield decrease RYD for specified conditions.
CONDITION

1

2

3

4

AWC
(mm)
60
140
200
60
140
200
60
140
200
60
140
200

IAW
(mm)
60
140
200
60
60
60
60
140
200
60
60
60

ETa/ETm
0.40
0.80
0.94
0.40
0.36
0.32
0.92
1.00
1.00
0.77
0.63
0.53

RYD
0.60
0.20
0.06
0.60
0.64
0.68
0.08
0.00
0.00
0.23
0.37
0.47

The outstanding common feature is that the sufficiency of the AWC of a soil for maximum
crop production can be interpreted best with the respect to the adequacy of soil water to
supply the needs of the crop. Rainfall distribution, potential evaporation, runoff, and plant
water requirements must all be evaluated simultaneously.
RELATION OF SOIL PROPERTIES TO PRODUCTIVE POTENTIAL FOR
BEAN
We calculate the relative productive potential of select series of soils (Lomas and
Chapingo) using an approach described by Pierce et al. (1983). The method determines
the relative productive potential of soil in terms of the environment the soil provides for
root growth based on the soil's avalilable water capacity AWC, resistance to root growth
and development, and adequacy of pH to a depth of 1000 mm. The equation used by
Pierce et al. (1983) is:
r

PI = £ ( A , x B, x C, x WF,)
Where:
PI
A[
B;
Cj
WFj
r.

=
=
=
=
=
=

Is the productivity index
Is the sufficiency of AWC
Is the sufficiency of bulk density (BD)
Is the sufficiency of pH
Is the weighting factor
Is the number of 100 mm increments in the rooting.
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The productivity index (PI) increaces directly with productive potential from 0 to 1, as
does each sufficiency factor. The weighting factor (WF) expresses an ideal bean root
distribution to 1000 mm depht. It is normalized so that the areas under the WF depth
curve is equal to 1 Langdale, (1982)
The AWC, soil bulk density BD, field capacity FC, permanent wilting point WP, pH and
texture data by horizons used in the PI calculations for these select series of soils were
taken in the subbasins 1 and 2 and we are shown in table 4.
Table 4. Soil physics properties of the subbasins 1 and 2 of select soil series.
SOIL
Duraquand
Haplaquand
Lithic H.
Hydraquentic
Aquepts

AWC
(m3/ m 3 )
0.331
0.364
0.331
0.285
0.327

BD
(g/cm3)
1.64
1.57
157
1.58
1.38

FC
(0.3 atm)
22.77
19.66
19.67
21.26
20.55

WP
(15 atm)
10.51
8.98
8.97
10.11
9.94

pH
7.3
7.3
7.2
7.2
7.3

Sand

Slime

(%)

(%)

(%j

54.76
59.04
59.08
57.40
56.32

22.52
21.88
21.88
24.24
24.25

22.72
19.08
20.72
19.44
19.45

Clay

Because of variation in soil properties and in the rooting characteristics of plants, there are
usually spatial variations in the available water content of a given field. Thus, to
characterize the available water content, soil water samples were taken at several locations
within the field.
The PI indices for these selected soils (tepetates) are shown in table 5 respectively.
Table 5. Productivity index (PI) for the series soils of Lomas and Chapingo.
Soil series
Lomas
Andisols:
Duraquand.
Haplaquans.
Lithic H.
Chapingo
Inceptisols:
Hydraquentic.
Anquepts

Erosion classification
Slight
Moderate
High
PI
0.22
0.31
0.19

0.59
0.82
0.51

0.74
0.89
0.88

0.17
0.21

0.41
0.43

0.85
0.88

RELATIONSHIP BETWEEN BEAN, CORN YIELD AND PI
The estimated row-crop yields expected for various erosion phases of Lomas and
Chapingo series of soils are given in table 6 and figure 1. Even with high level
management, the effect of topsoil loss is greater on Lomas than on Chapingo series.

293

Table 6. Erosion classification and crop yields for selected soils of Lomas and
Chapingo series.
Series of soils

Erosion
Classification
Slight
Moderate
Severe

LOMAS
(2 % slope)

CHAPINGO
(2 % slope)

Beans
Corn
(Ton/ha)
1.6
2.3
1.3
1.8
0.6
0.7
1.9
1.6
0.9

Slight
Moderate
Severe

2.8
1.9
0.8

w
?=

CM

o

O
P1 Corn P1 Beans P2 Corn P2 Beans
Cultures

Figure 1. The influence erosion classification and crop yields for selected soils of Lomas
and Chapingo series.

The results measured and computed hydrologie components by SWRRB provided
acceptable predictions. We show the annual rainfall, sediment yield, runoff, crop yield and
some statisticals parameters from the three treatments.

Treatment 1: Straight row
YEAR
1990
1991
1992
1993

P
(mm)
857
670
741
590

Qobs
(mm)
517
184
230
153

Qcal(l)
(mm)
380
233
215
201

Qcal(2)
(mm)
506
288
326
158

Aobs
(ton/ha)
6.8
4.7
5.1
3.9
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Acal
((on/ha)
7.5
5.3
6.1
4.4

Corn
(ton/ha)
1.9
1.8
1.9
1.7

Beans
(ton/ha)
1.4
1.3
1.5
1.0

R2

EF

(%) (%)
93
96
97
92

88
89
88
87

Treatment 2: Contoured row
YEAR
1990
1991
1992
1993

P
(mm)
857
670
741
590

Qobs
(mm)
502
127
218
119

Qcal(l)

Qcal(2)

Aobs

(mm)
365
193
215
133

(mm)
491
223
316
123

(ton/ha)

6.1
2.7
3.1
3.7

Corn
(ton/ha)

Beans
(ton/ha)

R2

7.1
3.3
3.5
4.2

2.1
2.6
2.9
1.9

1.8
1.7
1.9

98
97
97
96

EF
(%)
89
90
91
89

Corn
(ton/ha)

Beans
(ton/ha)

R3

EF

(%)

(%)

1.2
0.9
1.1
0.9

0.8
0.6
0.9

97
98
96
, 98

89
89
90
90

Acal
(ton/ha)

1 5

(%)

Treatment 3: Check Plot
YEAR
1990
1991
1992
1993

P

(mm)
857
670
741
590

Qobs
(mm)
528
268
352
194

Qcal(l)

Qcal(2)

Aobs

(mm)
410
293
2X5
145

(mm)
533
341
356
201

(ton/ha)
9 1

Acal
(ton/ha)
10.8

7.4
8.1
4.7

7.6
8.8
4.9

0.6

Qcal(l) = Q Traditional model from SCS. USDA (1972) Qcai(2) = Q Model SWRRB
A
obs = Observe soil loss.
EF = Nash coefficient of efficiency.
^cal = Calculate soil loss.
R2 = Determination coefficient.
CONCLUSIONS
The results of this research have practical utility as well as provide a starting point for
further on-site erosion control research. The results show the benefits and limitations of
tepetate reclamation by using a bulldozer for conforming soil surface.
Probably the most serious loss in long-term productivity from soil erosion is loss in plan
available soil water capacity. Using several simple models, we have shown that root zone
water storage capacity can be changed materially by erosion. Losses in available water
capacity are most serious on soil with unfavorable subsoils (Lomas). On soils with
favorable deep (Chapingo), losses in available water capacity can result in significant
reductions in crop yiels.
The relative productive of select soils was estimated using a model that calculates the
environment the soil provides for root growth and available water capacity. Using this
model, relative reductions in crop yield are estimated using simulating erosion. Erosion is
shown to reduce the productive potential on soils with unfavorable subsoils.
We conclude that the PI is generally related to corn yield. However, PI is sensitive to the
actual measured characteritics of the pedon within a soil series. Since soil physics
characteristics vary along the subbasins, a general yield loss for that series is difficult to
estimate. Last, the corn yield values used in table 6 maybe are not precise estimate and,
hence, probably contribute considerable error to the general relationship.
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Stabilization and Reclamation of
Acidic Coal Mine Spoil in Appalachia
T.J. Logan and R. Lai. Department of Agronomy, The Ohio State
University, 2021 Coffey road, Columbus, Ohio, 43210, USA.
Introduction
One of the major coal reserves in the U.S. is in the Appalachian region of the NE, covering
parts of Pennsylvania, Ohio, Kentucky, and West Virginia. Associated with some of the
coal seams and alternating sedimentary layers are sulfitic minerals such as pyrite (FeS2).
Surface mining of these deposits prior to the federal Surface Mining Act resulted in air
exposure of mine spoil containing pyrite and biological oxidation of pyrite to sulfuric acid.
Mine spoil pHs are often around 3, and can not be vegetated because of high levels of toxic
metals, primarily Al. These lands were abandoned by the mining companies and represent
several million hectares in the region. Kentucky, Ohio, and Pennsylvania each have more
than 40,500 hectares of unreclaimed coal-mined land, and West Virginia has about half that
much (Sopper, 1992). The Surface Mining Act of 1977 required that spoil be buried with
soil set aside when overburden was removed to expose the coal seams. Set aside soil is
often a mixture of surface and subsurface horizons, and amendments are required for
establishment of permanent vegetation. Reclamation of abandoned mine lands, and to a
lesser extent currently mined lands, in Appalachia has been the subject of considerable
research. That research will be summarized here, and two specific studies highlighted.
Limitations to Acidic Mine Spoil Reclamation
Abandoned acidic mine spoil is a mixture of overburden soil and soil parent materials, and
coal fragments. Because of the oxidation of FeS2 to H2SO4 by oxidizing bacteria, these
materials are low in pH, nutrients, exchange capacity and organic matter, and high in
soluble salts, soluble Al and Fe, and selected trace elements. The spoils are also coarse
textured, unstructured and prone to erosion, particularly on ungraded slopes. These
materials are also very low in biological activity. Given these conditions, standard
agronomic approaches can not be used to reclaim these devastated landscapes.
Chemical Limitations. The primary chemical limitation to reclamation through
revegetation of acidic mine spoil is the high acidity itself and the associated impacts of
acidity. Spoil pHs < 4 are common, and pHs < 3 are often encountered. These pHs are
buffered by the large amount of oxidizable FeS2 remaining in the spoil. Total acidity of
minespoil (estimated on the basis of total S content or by base neutralization) can exceed 2
x 106 molc/ha, although the reactive fraction may be considerably less. Most vegetation will
not tolerate soil pH < 4, but the indirect effects of mine spoil acidity may be more
important. These include phytotoxic levels of Al and, to a lesser extent, Fe, low levels of
exchangeable K, Ca, Mg, and reduced P availability (Armiger et al., 1976). Dissolution of
spoil and soil minerals under highly acidic conditions can result in soluble salt levels that
are phytotoxic. Trace elements may be deficient or phytotoxic, depending on the
geochemistry of the mine spoil and overburden.
Physical Limitations. There are several soil physical limitations to reclamation of acid
coal mine spoil. However, these limitations are locale-specific and difficult to generalize. A
principal limitation arises from the nature of the spoil material. It is a heterogeneous mixture
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of sub-soil and underclay, and decomposed rock with variable level of topsoil. Principal
limitations of this heterogeneous mass are related to textural composition, lack of structural
attributes, compaction and low permeability, and low available water holding capacity. The
spoil is generally devoid of organic matter content and is poorly structured. Consequently,
it is easily compacted, has a low infiltration capacity, and generates excessive runoff even
during low-intensity rains. The concentrated flow from an uneven and an undulating terrain
can lead to severe gullying (Sidle et al., 1993). Although bulk density of most spoils is
generally less than 1.5 Mg nr 3 , it is the lack of structure and transmission pores that lead to
low infiltration rate, poor aeration, and lack of biotic activity.
There are approximately 0.6 million ha of coal mine land in the eastern U.S.A. which has
no legal reclamation requirement (Sopper, 1992). It is estimated that Kentucky, Illinois,
Ohio and Pennsylvania each have about 40,000 ha of unreclaimed land. These vast areas of
disturbed land are not only unsightly and unproductive, but have severe limitations due to
formations of deep gullies that contribute large amount of runoff and sediments into the
natural waters of the region.
The first step in reclamation of these lands involves land forming by use of heavy earth
moving equipment. Once the land has been shaped into a manageable terrain, lack of soil
structure and poor edaphiological environments are the major constraints to establishment
of vegetation cover. Bringing about meaningful improvements in soil structure substantially
and rapidly is hindered by the lack of bioreactive soil organic matter content and virtually
absence of the activity of soil fauna.
In addition to soil physical limitations, there are other limitations with severe constraints on
reclamation of mine spoils. Some of these limitations were described by Paone et al. (1978)
and include (i) poor terrain and lack of access roads, (ii) instability of landscape with severe
problems of settling, subsidence, landslides, and mass movement, (iii) lack of water
control in terms of runon and runoff, and (iv) lack of or poor vegetation cover. Combined
with poor soil physical conditions, these factors require careful evaluation and thorough
planning for an effective and a long-lasting reclamation program.
Biological Limitations. Acidic minespoils are poor environments for biota. They are
usually very low in organic matter (Sopper, 1992) other than coal residues, and soil
microbiology is often dominated by the Fe and S oxidizers such as Thiobacillus spp.
Heterotrophic activity is low in the absence of organic matter and vegetation, and N-fixing
bacteria are not adapted to very low pHs. Soil fauna are also likely to be low where large
areas have been abandoned after mining because of the limited range of migration of soil
faunal species. Sopper (1992) believes that biological activity is so important to ecosystem
recovery that microorganism activity should be used as an index of reclamation. Another
way of viewing reestablishment of biological activity in acidic mine spoil is to substitute a
carbon-based system for one that is based on sulfur and iron oxidation-reduction.
Use of Organic Wastes For Acidic Mine Spoil Reclamation. Organic wastes
have been used for acidic mine spoil reclamation as a substitute for replacement soil,
nutrients and, in some cases, lime. Widely available waste materials include livestock
wastes, sewage sludge, sludge compost, alkaline stabilized sewage sludge, paper mill
sludge, and brewery biomass. Sopper (1992) lists 61 studies of land reclamation with
municipal sewage sludge alone, a large number of which were coal mine spoil areas.
Sludges have been used in the digested form, as sludge compost, or as N-Viro Soil, a
trademark product of the patented N-Viro alkaline sludge stabilization process. Other
materials used with varying degrees of success for reclamation include papermill sludge
(Hoitink et al., 1982) and municipal solid waste (Mathias et al., 1979). More recently
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produced materials likely to be used in the future for reclamation are municipal solid waste
compost and yard waste (green waste) compost. Important characteristics of selected
organic wastes for acidic minespoil reclamation are summarized in Table 1. Unique among
the important characteristics is the supply of organic matter, in various stages of
decomposition. While other amendments like lime and fertilizer can substitute for some of
the attributes of the various organic wastes, supply of organic matter appears to be highly
beneficial for successful establishment of vegetation and a viable biological system.
Improving bioactive organic matter content is crucial to set in motion the reclamative trends
in acidic mine spoil. In addition to its beneficial effects on chemical and nutritional
properties, addition of organic material is also essential to improvements in physical and
hydrological properties e.g. structure, porosity and pore size distribution, and water
transmission and retention properties.
There are three principal types of organic material with practical and economic feasibility in
reclamation of acid mine spoils. These are (i) municipal sludge, (ii) farm yard manure and
compost, and (iii) crop residue mulches. Since 1970s, a large amount of research has been
conducted on the usefulness of municipal sludge for revegetation and reclamation of mine
spoils (Schaller and Sutton, 1978, Sopper, 1972; Dunker et al., 1993; Skousen and
Clinger, 1993). The high organic matter of sludge can improve soil structure, reduce soil
bulk density, and enhance water transmission and retention properties of the spoil.
However, large quantities of sludge applications are required to bring about notable effects
in these properties (Hinsley et al., 1982; Peterson et al., 1982; Hornick, 1982; Joost et al.,
1981; 1987; Urie et al., 1982; Griebel et al., 1979; Topper and Sabey, 1986). The effects
on moisture retention properties are often contradictory because of improved vegetation
growth and high losses due to transpiration (Haghiri and Sutton, 1982). Application of
municipal sludge in large quantities, however, may lead to contamination of soil and natural
waters by some heavy metals and other pollutants. Fertilizers and organic amendments are
essential to enhancing productivity (Schoenholtz et al., 1992).
Because effective and long-lasting reclamation of mine spoils require applications of
organic amendments in large quantities, it poses some practical problems in terms of
availability and transport of compost and crop residue mulches. Being bulky, transport of
residue mulches can be a serious limitation. However, if applied in adequate amount
mulches can reduce sediment transport and erosion hazards in these harsh environments.
Consequently forages and legumes are increasingly being used for reclamation of mine
spoils (Chichester and Hauser, 1991).
•

Case Studies. Two studies are presented in which organic wastes were used alone or in
combination with other treatments for revegetation of acidic mine spoil. These include
studies with sewage sludge, and an alkaline stabilized sewage sludge (N-Viro Soil).
N-Viro Soil: A new patented process, the N-Viro Soil technology, which is classified by
U.S. EPA as a Process to Further Reduce Pathogens (PFRP), uses alkaline admixtures to
pasteurize and stabilize dewatered sewage sludge (Burnham et al., 1990). The process
results in a dry, granular product that contains limestone, nutrients and organic matter
(Logan, 1990). The combination of "soil-like" physical properties and lime, nutrients, and
organic matter make N-Viro Soil an excellent material for use in reclamation of acidic mine
spoils. A greenhouse study was conducted to evaluate the use of N-Viro Soil to revegetate
acidic abandoned mine spoil from eastern Ohio (Logan, 1992b). Mine spoil was collected
from the Moxahala Creek abandoned mine reclamation project in Perry County. The
material had a 1:1 soil:H20 pH of 2.9; Bray PI available P (Olsen and Sommers, 1982) of
< 2 kg/ha; exchangeable Ca, Mg and K of 210, 147 and 44 kg/ha, respectively; CEC was
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Table 1. Important characteristics of organic wastes for mine reclamation (Adapted from
Logan, 1992a).
Material

Types

Characteristics

Role in Reclamation

Plant residues

Straw
Leaves
Wood chips
Shredded bark
Sawdust

High in degradable
organic matter

Mulch
Stimulate biota
Improve physical
properties

Manure

Beef
Dairy
Poultry
Swine
Horse

High in degradable
organic matter
Nutrient source

Stimulate biota
Add nutrients

Sewage Sludge

Anaerobic
Aerobic
Lime stabilized
Waste activated
N-Viro Soil

Nutrient source
Lime source (lime
sludges)
Soil substitute (N-Viro
Soil)

Stimulate biota
Add nutrients
Increase pH (lime
sludges)
Improve physical
properties

High in degradable
organic matter; may be
a source of lime, clay

Improve physical
properties; may
increase pH
Improve physical
properties
Stimulate biota
Add nutrients

Industrial Sludge Papermill

Composts

Manure
Sewage sludge
Leaf
MSW
Mushroom

High in stable organic
matter
Nutrient source

MSW

Garbage

High in degradable
Stimulate biota
organic matter
Erratic nutrient
Variable nutrient content supply

Peat

Sphagnum
Muck

High in stable organic
matter

MSW - municipal solid waste
i
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Improve physical
properties
Stimulate biota

18 cmolc/kg and Ca, Mg and K base saturation percentages were 3, 3 and 0.3,
respectively. The N-Viro Soil used in the study was made from City of Toledo waste
activated sludge and CKD was the alkaline reagent. Characteristics of this material are
summarized in Table 2. The experimental design consisted of N-Viro Soil at rates of 50,
100 and 200 mt/ha dry weight equivalent; and NPK fertilizer and CaCC>3 at rates equivalent
to that in the N-Viro Soil, assuming that 20, 50 and 100% of the TKN, P and K in the NViro Soil are available and that the material contains a CaCC>3 content of 88% (Table 2). N,
P and K were applied as Ca(NC>3)2, Ca(H2PC>4)2, and KC1. Four replicates of each
treatment were prepared by mixing the spoil with the amendments and placing 9 kg of each
mix in pots. Pots were wet until saturated, allowed to drain freely, covered with plastic film
and incubated for a week. After incubation, the pots were seeded with a reclamation
mixture of annual ryegrass, orchard grass and birdsfoot trefoil. After 89, 155 and 182
days, the plants were harvested, dried and weighed. The roots were separated from the soil
by washing, dried and weighed. Plant material was digested and analyzed for N, P, K, Ca,
Mg, Al, Cu, Fe, Zn, Na, and Mn. Samples of the soil were analyzed for pH, organic- C,
TKN, and total P, K, Ca and Mg. Selected results will be presented.
In a separate component of the study, 1 kg of each treated spoil mixture was placed in a
plastic bag and wet to 20% H2O by wt. The sealed bags (opened periodically for air
exchange) were placed in the greenhouse next to the pots, incubated, and samples removed
at intervals of 1, 4, 8, 16 and 24 weeks. This was done to study changes in soil solution
chemistry for interpretation of the growth results. The samples were water saturated for 24
hours and the soil solution was then removed by centrifugation and filtration. The filtrate
was analyzed for pH, EC, total C, total organic C, Cl, SO4, NO3, PO4, Ca, Mg, and K.
All analyses were made with standard procedures (Page et al., 1982) and on duplicate
samples. Selected results are presented.
N-Viro Soil and LF gave similar above-ground biomass responses as predicted, but N-Viro
Soil at 200 mt/ha gave greater root biomass than LF (Figure 1). The results for the 155 and
182 day cuttings were generally similar and are not presented. Nutrient levels were similar
for the N-Viro Soil and LF treatments and there were no significant differences between the
two sources. This suggests that the assumptions made as to nutrient availability in the NViro Soil are reasonable.
Analysis of the soil solution showed that all of the lime treatments raised pH in the range of
7.5 (Figure 2) while the N-Viro Soil treatments gave initial pHs that ranged from 11 to
12.5, decreasing to about 8.5-9 with time. This suggests that there was an excess of
CaCC>3 in the lime treatments to buffer pH, while the decrease in pH with the N-Viro Soil
confirms the rapid neutralization of the Ca(OH)2 alkalinity with eventual buffering by
CaCC>3. The rate of pH decline of N-Viro Soil was slower than observed when applied to
agricultural soils, probably because of the low exchange capacity and coarse particle size of
the spoil. A major difference in soil solution composition between the LF and N-Viro Soil
treatments was in dissolved organic C (DOC) content (Figure 3). Levels in the LF
treatments were < 5 mg/L, typical of concentrations found in mineral ground water
environments. Initial DOC in the N-Viro Soil treatments ranged from 200 to 600 mg/L,
generally declining with time, presumably as a result of microbial decomposition. There are
several consequences of this finding. On a positive note, movement of DOC into the
subsoil of mine spoil environments could increase biological activity and help to stimulate
root growth as was observed in this study (Figure 1). DOC could also complex potentially
toxic trace metals. On the other hand, high levels of DOC stimulate denitrification and this
could result in reduced available N levels.
Fulton County. Illinois: A large field experiment was conducted from 1976 to 1981 on the
reclamation of an acidic coal refuse pile in southern Illinois with digested sewage sludge
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Table 2. Characteristics of the N-Viro Soil used in the reclamation study.
All concentrations are on a dry weight basis.
Parameter

Units

Water content
PH(1:1H20)
CaCÜ3 equivalent
TKN
Total P
K
Ca
Mg
Cd
Cu
Ni

%bywt.

Value

%
% by wt.
% by wt.
% by wt.
% by wt.
% by wt.
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg

Zn

Cr
Pb
Mn

o
co -

'

••

50.1
12.5
88.4
0.5
0.24
0.89
33.4
11.1
4.8
49.9
478
262
599
1350
166

Plant biomass (89 days) __
Root biomass (182 days) K

o
~- co-

**
o
a
2
«- o
O)

• =

• * -

•
5

.

X
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Figure 1. Plant and root biomass on acidic mine spoil with N-Viro Soil (NV)
fertilizer (F).
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from the city of Chicago (Pietz et al., 1989 abc). Initial coal spoil pH ranged from 2.6 to
2.8. Treatments included a complete split-plot factorial of gypsum (112 t/ha), limestone (90
t/ha) and anaerobically digested sewage sludge (542 t/ha dry solids). The initial sludge and
limestone applications were 237 and 22.4 t/ha, respectively, in 1975-1976, and 305 and
67.2 t/ha in 1977. The second application was made because insufficient acidity had been
neutralized with the first application to permit germination of the grass-legume seeding.
Selected results of this study are summarized in Table 3.
Sludge by itself was as effective as limestone in raising pH of the spoil and percolate
waters (Table 3). This is because sludges from the central U.S. are usually quite high in
total Ca content and have neutral pHs. Lime (CaO) is also added in some operations to
thicken the sludge for dewatering. The Chicago sludge had a pH of 7.2 to 7.5 and total Ca
content between 2.6 and 2.9 % (Pietz et al., 1989a). The combination of sludge and lime
gave the greatest increase in pH and dramatically reduced water soluble Al; sludge alone
slightly increased water soluble Al. At low pH, water-soluble organic matter from the
sludge may have enhanced Al solubility by forming soluble complexes, while the
significantly higher pH (4.9) with the sludge-lime combination would have resulted in
considerable precipitation of Al hydroxides. Gypsum decreased spoil pH by displacing
exchangeable H + with Ca2+, and this resulted in increased water soluble Al.
Available P was primarily increased by the sludge addition. The Chicago sludge contained
between 2.5 and 3.4 % P (Pietz et al., 1989a). Gypsum also increased P availability, but
the authors offer no explanation for this trend which is counter to normal responses of
available P with pH and reactive Al.
Only the sludge and lime combination produced adequate vegetative cover to qualify as a
successful reclamation (Table 3). Vegetative growth was most likely related to reductions in
water soluble Al and Fe and to nutrient supply (Pietz et al., 1989b). The authors also cite
decreased soluble salts and increased N mineralization with sludge as contributing to better
vegetative growth, and improvements in spoil physical properties, although not monitored,
may have aided in vegetation establishment as well.
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ABSTRACT.
The profitability of tea trade has lead the planters in Sri Lanka to bring considerable areas of the Central
Highland, even ecologically unsuitable locations, under intensive tea cultivation. Some of those were subsequently looked upon as marginal/degraded tea lands due to their poor performances. The rehabilitation of such
lands by introducing conservation measures and mixed cropping systems appears to be complicated as these soils
have been degraded in regard to most soil properties. Specially, the soil acidity which has brought about a
decrease in bases and increase in Al-saturation plays a crucial role in limiting the fertility of these soils. This
has resulted an imbalanced nutrition of agricultural crops grown except for tea which also performs bad.
Two representative catenas of the mid-country were selected in this study for field and laboratory assessments
of the fertility of degraded tea lands. The selected profiles were described in the field and texture, pedogenous
oxides, contents and availability of some important plant nutrients and acidity parameters were determined in
the laboratory. Special attention was given to the determination of Zero Points of Net Charge which facilitated
to ascertain the important statements pertaining to the variable charges of these strongly weathered soils. The
data were used to assess fertility of the soils according to the "Fertility Capability Classification System". This
study showed that an improvement and a sustainable utilization of degraded tea lands in future could be achieved
only by improving the chemical environment of the soils primarily by enriching the organic matter pool. Such
measures seem also to be very much appropriate in accordance with the urgent need of erosion control.
INTRODUCTION.
The contribution of tea export to the foreign trade of Sri Lanka is still significant as in the past. The share
of the tea export was 21 % in 1991 (CENTRAL BANK OF SRI LANKA 1992). However, the land area under
tea has been diminishing over the years. As a general practice, the least fertile segments of the plantations were
neglected for years and the fertile segments were brought under better performing clones.
The neglected lands have undergone a degradation process as a result of inappropriate land use, erosion and
nutrient depletion. These have now been considered as degraded tea lands and are being given mostly to settlers
by dividing those into lots of 1 acre (0.4 ha). This situation is very frequently seen in the mid-country (600 1200 m above msl) of the island.
The settlers are attempting to rehabilitate the lands by introducing mixed cropping systems with the help of
the government as well as of the other non-governmental funding organizations as the improvement seems to
be rather a complicated task. The typical mixed cropping system found in this area is composed of coffee (Coffea), tea (Camellia sinensis) and pepper (Piper nigrum). Leguminous tree species such as Gliricidia and Albizia
are also been introduced to serve as supports for pepper as well as to provide green manure and fodder (Fig.
1). The settlers are generally confronted with the problem of poor crop growth in spite of the numerous efforts
to utilize the lands economically.
Hence, an attempt was made in this study to evaluate the present fertility status of these degraded soils in
view of suggesting conservation and improvement measures. Two soil catenas of the Gurukele Settlement
situated about 20 km south of Kandy (Fig. 2) were selected for this investigation as representative locations for
degraded tea lands of the mid-country of the island.
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1
2
3

Coffea
Camellia sinensis
stone line for erosion control

4
5

Straw covered Gliricidia with climbing Piper nigrum
trimmed Gliricidia tree

Fig. 1. Mixed cropping in Gurukele
MATERIALS AND METHODS.
The Gurukele Settlement is a part of the Nilambe
Oya Catchment of the Central Highland of Sri Lanka. The two catenas selected for the study are situated at an elevation of about 1000 m above msl. The
soils of the area broadly come under Ultisols and the
parent material of the soils represents granulite and
gneiss. The average annual rainfall of 2500 mm is
more or less evenly distributed throughout the year
and the average annual temperature of the area is 23
' C with a narrow fluctuation of less than 5 ' C .
The upper elevation of the Catena [a] exposed to
east was characterized by slopes between 16 and 30
% whereby the slopes of the middle and lower elevations were ranging between 30 and 45 %. This
catena was mainly utilized for mixed cropping. The
upper part of the Catena [b] exposed to the south
was exclusively covered by very poorly established
tea bushes. The lower part was covered with grass
and occasionally with poorly established coffee and
pepper plants. In contrast to the Catena [a], the
slopes of the upper and middle elevations of the
Catena [b] ranged between 45 and 60 % and of the
lower elevation between 8 and 16 %. Each of the
catenas under study were about 100 m in length.
Profile pits were dug along both catenas to repre-

Fig. 2. Situation of research area (X)
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sent the characteristics of upper, middle and lower elevations. The profiles were described in the field and soil
samples were taken from representative depths for laboratory assessments. The soil colour was estimated both
under moist and dry conditions using Revised Soil Colour Charts (OYAMA & TAKEHARA 1989). Air dried
samples were passed through a 2 mm sieve and determinations were conducted as indicated in the following:
Texture of the soils was determined by wet sieving (2000 fim - 63 fim fraction) and pipetting ( < 63 fim
fraction) subsequent to destruction of organic matter with 35 % H 2 0 2 (GEE & BAUDER 1986) and dispersion
with 0.1 M Na 4 P 2 0 7 x 10 H 2 0.
pH-values were measured potentiometrically in 1:2.5 soil : H 2 0 and soil: 1 M KC1 suspensions using a glass
electrode (McLEAN 1982).
The determination of organic carbon was conducted spectrophotometrically by the measurement of reduced
Cr3+ at 578 nm after wet ashing with acidified K 2 Cr 2 0 7 (NELSON & SOMMERS 1982).
Total nitrogen was determinded titrimetrically with 0.1 M NaOH after distillation of NH3 of Kjeldahl
digestion fraction (BREMNER & MULVANEY 1982).
Exchangeable cations were extracted by shaking the soils with 0.5 N NFLCl and by centrifugation (TRÜBY
& ALDINGER 1989). Na and K in the extractants were measured using the Atom Absorption Spectrophotometer (AAS). Ca, Mg, Fe and Al were determined by Inductive Coupled Plasma (ICP) technique with the
assistance of AAS. H + and Al3+ were measured by potentiometric titrations with 0.05 N NaOH using Titroprocessor (TRÜBY 1989).
Available phosphorus was determined spectrophotometrically at 578 nm subsequent to the treatment with 0.03
N acidic (0,025 N HCL) NILF (BRAY & KURTZ 1945).
The Zero Point of Net Charge was calculated by the determination of anion and cation binding depending
upon pH (MARCANO-MARTINEZ & McBRIDE 1989).
Pedogenous oxides were determined by extraction of Fe and Al oxides with Na-dithionite und Na-citrate
according to JACKSON (1958).
Reactive oxides were determined using AAS subsequent to the extraction of Fe and Al with acidic ammonium
oxalate (SCHWERTMANN 1964).
The fertility of the soils were evaluated with the help of the "Fertility Capability Soil Classification System"
(FCC-System) suggested by BUOL and COUTO (1981) and further improved by SANCHEZ et al. (1982). This
system categorises the appropriate soil properties that can be used to draw conclusions pertaining to fertility
assessment of soils.
RESULTS AND DISCUSSION.
According to the Soil Map of Nilambe Oya Catchment (1:63360) prepared by WUESURIYA (1992), the soils
of the area have been described and identified as Red Yellow Podzolic Soils (Tropudults), Reddish Brown
Latosolic Soils (Tropudults) and Wet Immature Brown Loams (Dystropepts). The studied soils of the Gurukele
Settlement come under Acrisols / Lixisols (Typic Kanhapludalfs and Typic Kandiudalfs) in confirmity with the
FAO (1990) and USDA (1990) classification systems.
The Gurukele Settlement had been subjected to severe erosion events resembling to other tea lands in the midcountry of Sri Lanka. Utilization of steep and very steep slopes for cultivation of tea giving only a secondary
attention to soil conservation aspects has lead to a situation where 40 t of soil materials per hectare in average
were eroded down annually (KRISHNARAJAH 1985). The soils of this settlement have also been severely
affected. During the field survey, clay rich subsoil horizons could be observed on surface specially in the upper
elevations whereby colluvial depositions were to be seen at lower elevations. Many profiles of the catenas have
shown more or less high stone contents (Tab. 1). These were partially weathered and as a result of intensive
erosion the weathering was clearly expanded to the entire subsoil. The fine soil fraction was in many instances
clay rich. The clay richness makes invariably a contribution to improve the water holding capacities of the soils.
However, it also could deteriorate the infiltration of water specially at steeper slopes. This could introduce a
significant surface run-off activity increasing the severety of the erosion. Land preparation for agricultural
purposes could also be negatively affected. Reatively high contents of sand as well as stones may modify such
physical processes whereby silt would not play an important role.
The soils under study were strongly to very strongly acidic (Tab. 2). The leaching of bases by heavy
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Tab. 1. Texture of the soils
Particle sizes in mm
Profile/
Horizon

Depth
cm

> 2

20.63

0.630.2

0.20.063

0.063
-0.02

<

0.020.006

0.0060.002

0.002

40.9
41.0
35.7
32.3
36.9
34.3

%

%
a-1/ AhBU
AhBt2
Bl
B2
B3
B4

0- 6
6-30
30-50
50-76
76-126
126-160

32
41
43
49
37
31

19.3
21.2
28.7
26.3
15.1
14.8

16.1
15.0
12.5
13.1
15.0
15.9

9.2
7.9
6.7
8.5
10.1
10.9

5.1
5.6
6.5
6.8
7.3
7.3

4.3
4.3
4.7
6.3
8.2

5.1
5.0
5.2
6.7
8.3
8.6

a-2/ AhBt
Ah
Bl
B2
B3

0- 10
10-29
29-51
51- 89
89-120

31
30
33
50
49

14.2
15.6
18.2
19.4
19.3

15.9
14.3
12.0
12.6
11.0

9.2
8.1
6.8
6.8
5.8

3.1
7.3
9.1
8.8
9.2

5.6
4.4
41
4.9
4.3

7.3
7.0
6.6
5.8
7.0

44.7
43.3
43.2
41.7
42.4

a-3/ Ah
AhBt
Bl
B2

0- 3
3-45
45-68
68-100

38
31
36
41

22.5
15.9
27.1
23.7

22.4
18.2
12.8
12.1

9.6
9.1
6.5
6.5

6.3
4.8
2.3
3.2

3.5
4.0
3.7
4.2

3.9
6.0
5.6
6.0

31.8
42.0
42.0
44.3

b-1/ AhBtl
AhBt2
Bt
B

0- 10
10-30
30-54
54-100

48
50
38
24

12.7
16.5
16.3
11.6

15.8
13.4
13.4
14.3

12.3
9.7
9.4
11.3

3.2
3.5
4.6
6.7

6.4
6.1
7.0
9.0

5.3
5.3
4.7
5.7

44.3
45.5
44.6
41.4

b-2/ Ahl
Ah2
Bl
Bt
B2

0- 15
15-37
37-61
61-110
110-160

37
40
36
56
28

24.1
18.9
23.1
25.2
25.2

27.3
21.1
20.9
15.8
20.3

15.3
13.8
13.5
10.5
13.4

1.9
2.2
3.0
2.6
3.7

5.0
4.9
4.5
3.5
4.0

3.9
4.7
3.4
2.9
2.7

22.5
34.4
31.6
39.5
30.7

b-3/ Ahl
Ah2
Bl
B2
Btl
Bt2

0- 5
5- 12
12-50
50-90
90-130
130-160

14
7
5
6
14
17

18.0
14.5
16.0
16.8
14.3
11.4

28.3
26.0
24.5
21.2
18.8
18.1

15.7
15.0
13.9
11.1
11.1
11.2

3.1
2.1
3.1
2.4
2.7
3.2

3.4
3.7
2.8
3 6
3.4
3.4

3.1
3.4
3.3
3.3
3.8
4.3

28.4
35.3
36.4
41.6
45.9
48.4

7.3

precipitations and applications of ammonium sulphate as a form of N-fertilizer to tea for decades have created
this situation (WICKREMASINGHE et al. 1985). The observed potential acidities (Al + H + Mn) of 0.50 2.17 me/100 g soil specially in topsoils have to be considered as results of such activities (Tab. 3). The values
were some what lower in relatively humus rich surface layers compared to the immediate next layers of the
topsoils, which may have been caused by the better buffering ability of organic substances. In the soil profiles
of the Catena [b], the acidification has spreaded much deeper perhaps as a result of the observed coarse
texture. The potential acidity of a profile of the lower elevation was 1.76 me/100 g soil even at a depth of 160
cm. The subsoil of the profile b-2 showed the highest value of 2.38 me/100 g soil.
The major portion of the exchange complex was occupied by Al 3+ . Al saturations of the topsoil a-1 (AhBt2)
and of the subsoil b-3 (Btl) were 61 % and 74 % respectively. It is obvious to expect nutrient imbalances and
disorders in the plants at such high levels of Al saturations (COCHRANE et al. 1980). However, it appeared
that the tea bushes grown throughout the decades have not been much affected. The tea plant is aluminium
tolerant and it even needs farely high amounts of Al (MENGEL & KIRKBY 1987). The observed poor crop
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Tab. 2. Soil acidity, Organic Carbon (Corg), Total Nitrogen (Nt) and available P in the soils
PH
Profile/
Horizon

Depth
cm

IN KCl

HjO

A pH

Corg

Nt

%

%

C/N

P
ppm

a-1/ AhBtl
AhBt2
Bl
B2
B3
B4

0- 6
6-30
30-50
50-76
76-126
126-160

4.5
4.5
4.7
6.1
6.2
6.2

4.8
4.6
4.6
5.2
4.9
4.7

- 0.3
-0.1
0.1
0.9
1.3
1.5

1.93
1.43
0.60
0.32
0.33
0.22

0.12
0.08
0.04
0.03
0.02
0.01

16
18
15
11
17
22

12.4
7.0
5.2
1.8
2.2
1.8

a-2/ AhBt
Ah
Bl
B2
B3

0- 10
10- 29
29-51
51- 89
89-120

4.5
4.5
4.6
5.0
5.0

4.7
4.6
4.7
4.9
4.6

- 0.2
-0.1
-0.1
0.1
0.4

1.19
1.00
0.61
0.45
0.32

0.07
0.05
0.05
0.03
0.02

17
20
12
15
16

2.9
1.5
0.3
0.2
0.2

a-3/ Ah
AhBt
Bl
B2

0- 3
3-45
45- 68
68-100

4.7
4.6
5.5
5.7

5.2
4.9
5.3
5.4

-0.5
- 0.3
0.2
0.3

1.92
1.06
0.71
0.63

0.15
0.08
0.06
0.04

10
13
12
16

7.6
3.5
2.8
3.9

b-1/ AhBtl
AhBt2
Bt
B

0- 10
10- 30
30- 54
54-100

4.4
4.4
4.4
4.5

4.8
4.8
4.7
4.9

- 0.3
- 0.4
-0.3
- 0.4

1.79
1.21
0.66
0.40

0.14
0.09
0.06
0.04

13
13
11
10

6.3
3.7
4.0
3.3

b-2/ Ahl
Ah2
Bl
Bt
B2

0- 15
15-37
37-61
61-110
110-160

4.5
4.3
4.3
4.4
4.8

5.3
4.7
4.4
4.7
5.1

-0.8
- 0.4
-0.1
- 0.3
-0.3

1.90
1.09
0.91
0.40
0.21

0.13
0.08
0.05
0.04
0.02

15
14
18
10
11

3.7
1.7
1.7
1.7
0.5

b-3/ Ahl
Ah2
Bl
B2
Btl
Bt2

0- 5
5- 12
12-50
50-90
90-130
130-160

4.4
4.4
4.4
4.4
4.3
4.4

5.1
4.9
4.9
4.7
4.2
4.9

-0.7
- 0.5
-0.5
- 0.3
0.1
- 0.5

1.50
1.23
0.66
0.43
0.52
0.49

0.10
0.10
0.05
0.02
0.03
0.03

15
12
13
22
17
16

3.5
1.3
0.7
0.5
0.3
0.3

growth in the area is in fact very closely connected to this phenomenon. Coffee and pepper grown in these
catenas were very weak and the settlers were really dissatisfied about the prevailing situation.
Availability of bases in the respective soils is also correspondingly low. The base saturations of different
horizons of the profiles showed higher values, which have to be observed only as a relative expression. The
Effective Cation Exchange Capacities (ECEC) were extremely low and were ranging from 0 . 2 - 3 . 3 me/100g
soil. This was an indication about the less availability of negatively charged sites for basic cations to be retained
by the soils. High ECEC-values could be only observed in relatively organic matter rich surface soils, where
a little base retention could be expected. Generally, in organic matter poor or free horizons, the mineral
fractions such as clay and oxides play a dominant role in cation retention. In relation to clay contents of the
profiles studied, the adsorption capacities of the subsoils were not increased even by 10 me/100 g clay. Such
very low ECEC-values of clay in the soils indicated about the presence of kaolinite in the clay fraction as the
principle representative. This was also commonly reported for other Red Yellow Podzolic Soils of Sri Lanka
(KALPAGÉ et al. 1963).
The lower adsorption capacity of clay diverts the attention next to free oxides present as those are also
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Tab. 3. Exchangeable Cations, Effective Cation Exchange Capacities (ECEC) and Base Saturations (BS) of
the soils
Profile/
Horizon

Depth
cm

Na

K

Ca

Mg

Al

me /

lOOg

soil

H

Mn

ECEC

ECEC
me /
100g
clay

BS

%

0- 6
6-30
30-50
50-76
76-126
126-160

0.12
0.02
0.02
0.03
0.05
0.07

0.24
0.09
0.05
0.03
0.02
0.05

0.31
0.17
0.19
0.19
0.09
0.21

0.15
0.09
0.10
0.13
0.03
0.05

0.96
1.38
0.59
0
0
0

0
0
0
0
0
0

0.10
0.11
0.14
0.04
0.02
0.02

1.88
2.27
1.09
0.42
0.21
0.40

4.60
5.54
3.05
1.30
0.57
1.17

43.6
16.3
33.0
90.5
90.5
95.0

a-2/ AhBt
Ah
Bl
B2
B3

0- 10
10-29
29-51
51-89
89-120

0.04
0.05
0.05
0.04
0.03

0.10
0.12
0.04
003
0.04

0.26
0.32
0.18
0.24
0.18

0.10
0.13
0.14
0.05
0.02

0.81
1.04
0.64
0.10
0.24

0
0
0
0
0

0.40
0.27
0.14
0.08
0.07

2.16
2.28
1.19
0.54
0.58

4.83
5.27
2.75
1.29
1.37

23.2
27.2
34.5
66.7
46.6

a-3/ Ah
AhBt
Bl
B2

0- 3
3-45
45-68
68-100

0.05
0.06
0.05
0.07

0.16
0.07
0.05
0.07

1.32
0.58
1.57
1.97

1.03
0.27
0.26
0.21

0.28
0.41
0
0

0
0
0
0

0.43
0.09
0.12
0.06

3.27
1.48
2.05
2.38

10.28
3.52
4.88
5.37

78.3
66.2
94.2
97.5

b-1/ AhBtl
AhBt2
Bt
B

0- 10
10-30
30-54
54-100

0.06
0.07
0.09
0.05

0.42
0.27
0.20
0.14

0.50
0.22
0.27
0.16

0.36
0.16
0.21
0.12

1.34
1.23
0.94
0.72

0.10
0.31
0.24
0.27

0.10
0.04
0.06
0.04

2.88
2.30
2.01
1.50

6.50
5.05
4.51
3.62

46.5
31.3
38.3
31.3

b-2/ Ahl
Ah2
Bl
Bt
B2

0- 15
15-37
37-61
61-110
110-160

0.05
0.05
0.05
0.05
0.05

0.42
0.18
0.15
0.26
0.09

1.16
0.36
0.15
0.73
0.98

0.85
0.26
0.10
0.41
0.60

0.41
1.69
1.96
1.01
0.33

0.22
0.42
0.42
0.24
0.33

0.14
0.06
0.08
0.10
0.04

3.25
3.02
2.91
2.80
2.32

14.44
8.78
9.21
7.09
7.56

76.3
28.2
15.5
51.8
74.1

b-3/ Ahl
Ah2
Bl
B2
Btl
Bt2

0- 5
5- 12
12-50
50-90
90-130
130-160

0.04
0.03
0.05
0.03
0.05
0.04

0.30
0.24
0.11
0.13
0.17
0.10

0.77
0.51
0.29
0.35
0.15
0.19

0.65
0.41
0.20
0.37
0.14
0.19

0.75
0.92
1.21
1.72
1.92
1.28

0
0
0
0
0.13
0.48

0.34
0.20
0.13
0.05
0.03
0.02

3.21
2.31
1.99
2.65
2.59
2.30

11.30
6.54
5.47
6.37
5.64
4.75

54.8
51.5
32.7
33.2
19.7
22.6

a-1/ AhBtl
AhBt2
Bl
B2
B3
B4

capable of ionic sorption. The total contents of free oxides in both catenas are very high (Tab. 4). The lower
degrees of activity (Fe,/Fed, MJMJ) are typical for strongly weathered Acrisols and Lixisols. The activities
showed an increasing tendency from higher elevations to lower elevations. In the contrary, the absolute values
were decreasing. These values have certainly reflected the moisture characteristics of the catena. A moist
regime at the lower part of the catenas introduces periodic reducing conditions in the soils thereby solubilising
the metal oxides to create high activities. This was the reason to find lesser amounts of oxides in lower
elevations as those were being transformed to mobile Fe and Al.
The free oxides occupy a very important fraction of the cation exchange capacity, of which the magnitude is
pH dependant. Such variable charges could be closely interpreted as ApH-values, which will be computed as
differences of pH-values measured in KC1 and H 2 0 suspensions (UEHARA & GILLMAN 1981). The ApH
values of the Catena [b] were throughout negative (Tab. 2). This indicated that the majority of negative charges
found in almost all horizons was represented by variable charges. This phenomenon was also applicable for the
topsoils of the Catena [a]. However, in the subsoil, ApH-values give a clue on the presence of more positive
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Tab. 4. Free metal oxides and activities in the soils

•VFe,,

Al„
%

Al„
7,

AVAl d

0.12
0.14
0.14
0.11
0.10
0.10

0.02
0.02
0.02
0.01
0.01
0.01

1.58
1.61
1.46
1.87
2.05
2.03

0.22
0.22
0.14
0.09
0.10
0.10

0.14
0.14
0.10
0.05
0.05
0.05

6.03
6.00
5.88
6.80
6.86

0.18
0.17
0.16
0.15
0.12

0.03
0.03
0.03
0.02
0.02

1.24
1.20
1.14
1.33
1.35

0.21
0.18
0.15
0.14
0.14

0.17
0.15
0.13
0.11
0.10

0- 3
3-45
45-68
68-100

5.25
5.24
5.79
6.25

0.14
0.18
0.14
0.15

0.03
0.03
0.02
0.02

1.18
1.13
1.18
1.22

0.15
0.18
0.12
0.13

0.13
0.16
0.10
0.11

b-1/ AhBtl
AhBt2
Bt
B

0- 10
10-30
30-54
54-100

6.45
6.47
6.68
6.16

0.20
0.20
0.15
0.13

0.03
0.03
0.02
0.02

1.03
0.96
0.82
0.73

0.23
0.21
0.15
0.14

0.22
0.22
0.18
0.19

b-2/ Ahl
Ah2
Bl
Bt
B2

0- 15
15-37
37-61
61-110
110-160

3.49
4.07
3.89
4.12
3.53

0.15
0.24
0.25
0.26
0.16

0.04
0.06
0.06
0.06
0.05

0.52
0.71
0.67
0.72
0.58

0.14
0.22
0.21
0.18
0.13

0.27
0.31
0.31
0.25
0.22

b-3/ Ahl
Ah2
Bl
B2
Btl
Bt2

0- 5
5- 12
12-50
50-90
90-130
130-160

3.40
3.78
3.66
4.07
4.46
4.89

0.23
0.25
0.25
0.28
0.31
0.29

0.07
0.07
0.07
0.07
0.07
0.06

0.68
0.80
0.79
0.91
1.01
1.11

0.17
0.19
0.18
0.21
0.23
0.24

0.25
0.24
0.23
0.23
0.23
0.22

Profile/
Horizon

Depth
cm

a-1/ AhBtl
AhBt2
Bl
B2
B3
B4

0- 6
6-30
30-50
50-76
76-126
126-160

7.39
7.79
8.00
10.20
12.41
12.47

a-2/ AhBt
Ah
Bl
B2
B3

0- 10
10- 29
29-51
51- 89
89-120

a-3/Ah
AhBt
Bl
B2

variable charges.
The determination of the Zero Point of Net Charge (ZPNC) allows to make a more precise assessment
pertaining to the retention capacity (Fig. 3) and their dynamic of pH dependability. ZPNC-values were
ascertained for the profiles of the Catena [b]. Figure 3 shows the Anion and Cation Exchange Capacities (AEC
and CEC) of some typical horizons at different pH-levels and the resulting ZPNC. The values were varying in
a pH range of 2.3 - 3.8 and were lying thus in all horizons below the natural pH-values of the soils. Negative
net charge verified in this manner confirmed the interpretation of the ApH-values and corrected the only positive
ApH value of the Btl horizon of the profile 3 of the Catena [bj. Lowest ZPNC were observed in the topsoils.
The organic substances present in the topsoils may have probably increased the negative charges. Such tendencies were also reported by GILLMAN (1984).
Plant available Phosphorus was very low in all profiles (Tab. 2). The contents were lying between 0.2 and
12.4 ppm. One has to expect that the major portion of available P in an intensively weathered soil like in
Gurukele is to be found in the organic pool.
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Fig. 3 . Anion Exchange Capacities (AEC), Cation Exchange Capacities (CEC) and Zero Points of Net Charge (ZNPC) of topsoils and some subsoils

Fertility assessment
The FCC-system distinguishes the essential soil properties which could be considered for soil fertility
evaluations. Such properties will be then listed according to the soil physical and chemical parameters and
arranged as FCC-Units in relation to the influence on plant growth. The classification of soil fertility is
primarily based on the properties of the topsoil (0-20 cm). However, the subsoil (20-60 cm) properties will also
be considered in the event of negative influences on plant growth. The studied profiles were thus classified as
follows:
Profile

FCC Unit
C" e h i k (30 %)
C' e h k (35 %)
L " C' e h k ( 3 5 %)
C " e h ( 6 0 %)
L " e h (55 %)
L C e h (8 %)

The texture of the topsoils defines the FCC-2^pe which will be marked with a capital letter. A clayey texture
( > 35 % clay in the fine fraction of the soil) was designated as Type C and further profiles received the
designation L in view of the presence of lower clay contents. The subsoil texture of two profiles deviated
immensely from the topsoil and hence the Substrata Type C had to be included into the FCC-Unit. With the
help of the classification system, it is possible to identify the fertility limiting soil properties and make them
prominent as Modifiers of the Unit. The notation of ' / " is the Modifier symbolising high / very high soil
stonyness (15-35 / > 35 %). The low CEC in all topsoils was designated by Modifier e and high proportions
of Al in the exchange complex and acidic reaction were symbolised as Modifier h. High contents of free Feoxides in the profile 1 of Catena [a] let to assume a possible intensive P-fixation and hence was given the
symbol i as a Modifier. Low contents of reserve K in Catena [a] was explained with the Modifier k. Additionally the slopes were also given in brackets for easier understanding about the locations pertaining to the
susceptibility to erosion.
The FCC-system provides an important and an easier interpretation of soil parameters over a usual classification. This classification is easily understandable even for a layman. It categorises clayey to loamy soils (C, L)
as locations with low to moderate infiltration rates, sufficient water holding capacities, potential high run-off at
slopes and with difficulties to till. Only the profile a-1 was taken out of this interpretation and assessed as a
location with higher infiltration, poor water holding capacity and with good properties with regards to tillage
because of the presence of high contents of Fe-oxides coupled with high contents of clay (C i). The strong Pfixation of this profile emphasises on the appropriate application of fertilizers and launching of better management practices. Plant nutrients specially such as K, Ca and Mg and also N have to be splitted by their
application. There is also a danger of overtiming (e). The lower to moderate acidity requires liming in case of
cultivation of Al sensitive plants. Extraordinarily K poor locations (k) of the settlement (a-1 - a-3) are to be
supplied with frequent doses of K specially by cultivation of crops with higher demand for K.
CONCLUSIONS.
The present exploitation of the soils in Gurukele Settlement leans essentially on the cultivation of high
demanding crops as coffee and pepper. The climatic conditions are in fact favourable for those. In case of
coffee C. robusta has to be prefered to C. arabica due to the lower sensitivity. However, coffee as well as
pepper are suffering in these locations as a result of nutrient disorders specially brought about by the very
unsatisfactory chemical environment of the soils. Acidity of these soils plays the decisive role. The low pHvalues observed lead to an introduction of Ca-deficiences and also under special circumstances to heavy metal
toxicities of plants. C. robusta which is better adopted to the climate may exhibit deficiency symptoms related
to K sooner and also obvious inadequacies with regard to P (OCHSE et al. 1961). These nutrients were also less
available in the studied soils so that appropriate measures have to be thought of.
Special attention has to be also given pertaining to erosion control measures in future. The generally
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suggested spacing for coffee monoculture which varies between 2.0 m x 2.5 m and 3.25 m x 3.25 m may not
reduce the magnitude of erosion. Hence, the introduced mixed cropping system in Gurukele offers a better
means to reduce the erosion activities provided the fertility of the soils is improved and maintained.
The FCC-classification could function as a very good instrument in preparing soils as well as land use maps
as it draws the attention of the users on the most essential fertility limiting aspects of the soils under study.
However, the lacking of the aspect of organic matter for soils in this evaluation has to be considered as a
deficiency.
The FCC-system considers that the fertility of a soil is predominantly determined by the topsoil properties.
However, another point of view strongly emphasizes about the importance of the comprehensive effect of soil,
climate and plant (SIOLI 1954). This study has also clearly shown the importance of such comprehensive
approaches for the assessment of the fertility of soils. Cultivation of perannial crops undermines the role of
topsoil as the roots of such crops penetrate frequently to depths > 60 cm occupying a considerable volume of
subsoil for their uptake of water as well as of nutrients. Coffee roots reach even depths up to 5 m. Besides,
very high Al-saturations such as observed in b-3 (Btl) subsoil horizon could seriously influence the plant
growth. These aspects have been not considered by the stare FCC-system.
Apart from the indicated measures to utilize the soils of Gurukele Settlement efficiently, an intensive
application of green or/and other organic manures produced in-situ or ex-situ and an introduction of leguminous
trees such as Gliricidia have to be systematised in view of the improvement and long term sustainability of the
soils for satisfactory agricultural purposes. Such practices may also improve the chemical, biological as well as
physical soil properties in the long run. Incorporation of various forms of organic substances could improve the
root penetration into the soil and thereby the infiltration and water holding capacity. This could periodically
reduce the vulnarability of soils to erosion over the years.
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An Assessment of Rapid Deterioration of Sandy Loam
Soils Following Cultivation of Grassland
T. M. Zobeck*, N. A. Rolong, and B. L. Allen. USDA, Agricultural
Research Service and Texas Tech University, Rt 3, Box 215, Lubbock, Texas,
USA.
Abstract. This study was designed to provide detailed information on the effects of grass sod
on soil properties and productivity in order to more fully understand the impact of placing
retired land back into production. In this study, land that had been in grass sod for about 30
years (GS field) was converted to cotton and sorghum production in 1985. Yields were
measured from 1985 through 1991 on that land (NC field) and land that was continuously
cultivated for 70 years (CC field) and selected soil properties were measured after the study.
The effect of cultivation of the grass sod was evaluated using the soil properties and crop
productivity measurements. This study suggests care must be taken when assessing soil
degradation or rehabilitation using soil properties because the response of the soil properties
to cultivation after grass depended on the soil property evaluated. Silt content, wet aggregate
stability, organic carbon (OC), and infiltration decreased after cultivation. Bulk density and
water retention increased and dry aggregate stability and penetrometer resistance did not show
differences due to cultivation. The rate of change in soil properties also varied among
properties. For example, soil cropped for only 7 years had the same OC as soil cropped for
70 years. However, the wet stability significantly decreased in the order: GS>NOCC. This
study also suggests careful consideration of prior conditions and management is needed to
make reliable assessments of soil condition. The GS field had greater silt content than the
culitvated soils apparently due to previous deposition of wind-eroded sediment. Differences
in water infiltration were associatied with previous deep tillage treatments. The assessment of
crop productivity of each field depended on the crop evaluated. Sorghum biomass yields
were significantly higher on the NC field than the CC field. After application of fertilizer,
the NC and CC fields had the same sorghum biomass yields. Cotton did not show increased
lint yields on the recently converted grassland. After fertilization, the CC field had higher
lint yields in half of the years tested. Higher yields on the CC field after cultivation were
attributed to higher water holding capacity. These results suggest producers must consider
the crop grown when contemplating converting CRP land into row cropping.
Introduction. The Congress of the United States passed the Food Security Act which
established the Conservation Reserve Program (CRP) in 1985. Within the guidelines of the
act, highly erodible land was placed into sod or trees for 10 years. From the first sign-up in
1986 until the eleventh sign-up in 1992, a total of over 14 million hectares had been placed in
the program (10). The primary goal of the CRP was to reduce soil erosion on highly erodible
land. Secondary objectives included protecting the nation's ability to produce food and fiber,
reducing sedimentation, improving water quality, fostering wildlife habitat, curbing the
production of surplus commodities, and providing income support to farmers (10). The actual
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effect of the grass sod planted under this program on crop productivity and soil properties are
unknown. Since the 1986 contracts expire in 1996, farmers will soon be making decisions
about whether or not to return these lands to cultivation. This study was conducted to
provide information regarding the effects of grass sod on crop productivity and soil properties
to assist farmers, conservationists, and policymakers in making informed decisions about
future cropping systems in semiarid regions of the southwestern United States.
Intensive cropping of native grassland can have a profound effect on soil properties (4, 12,
18). In general, long-term cropping results in soil physical deterioration that is often
associated with a decline in organic matter, lower wet aggregate stability, and higher bulk
density (13). These changes in soil properties often lead to reductions in crop productivity,
particularly when erosion is accelerated. Conversely, grass sod and forage crops have been
shown to improve soil structural stability (11).
The USDA, Agricultural Research Service operates a research station in an area of West
Texas that has been under cultivation since the early 1900s. In the mid-1950s a portion of
the station was planted to mixed grasses and never grazed or harvested. Immediately adjacent
to this grass sod was a field of similar soil that was continuously cultivated. These fields
provided a unique opportunity to measure changes in soil properties and crop productivity that
result when previously cultivated land is seeded to grass for a period of time and then brought
back into cultivation. This manuscript assesses the use of grasses in the rehabilitation of a
soil subjected to long-term cultivation using a variety of field and laboratory methods.
Materials and Methods. This study was conducted on an Amarillo fine sandy loam (fine
loamy, mixed, thermic Aridic Paleustalf) at Big Spring, Texas, located in the semi-arid
southern Great Plains of the U.S.A. The site has a mean annual temperature of 17.1°C and
mean annual precipitation of 470 mm. Part of the grass sod (GS) field described above was
cultivated starting in 1985 for comparison to an adjacent area that had been in continuous
cultivation for about 70 years. Grain sorghum (Sorghum bicolor (L.) Moench.) and cotton
(Gossvpium hirsutum L. ) were grown on replicated fertilized and unfertilized plots for seven
years on the newly cultivated (NC) and continuously cultivated fields (CC). Grain sorghum
production was measured as total biomass (kg/ha) and cotton as lint yield (kg/ha). Additional
details of this study have been described by Zobeck et al. (20).
The soils of each field were described in situ using the procedures and conventions
described in Soil Taxonomy (15) and the Keys to Soil Taxonomy (17). Apl and Ap2
horizons were separated primarily on consistence. The Ap2 horizon had considerably greater
consistence in both the moist and dry state, apparently due to compaction. The Ap2 horizon
could be clearly distinguished from the underlying Bt horizon by an abrupt horizon boundary
that reflected the depth of deep plowing.
Several methods were used to describe and characterize the soil properties of the GS, NC,
and CC fields. Most soil samples were collected from the Apl, Ap2, and for some properties,
the Bt horizons at 25 m intervals along a transect across each field. Nine observations were
used on each field to determine particle size distribution by a modified hydrometer method
used by the Soil Conservatoin Service in Texas, wet stability by sieving 1-2 mm diameter
aggregates (8), and organic carbon (OC) by chromic acid oxidation (16). Dry stability was
measured by crushing at least ten 15-mm diameter aggregates collected at three locations in
each field (14). Bulk density was measured from eight soil cores randomly collected from
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each field in each horizon (1). In situ soil strength was measured at 30 locations in each field
to a depth of 0.3 m using an automated Bush cone penetrometer1. Moisture content was
measured gravimetrically at 3 or 4 locations in each field at the time of penetrometer
readings. A double-ring infiltrometer was used to measure infiltration rate (2) at three
locations in each field. Water retention was measured at soil moisture tensions of 0.01, 0.03,
0.1, 0.5, and 1.5 MPa using pressure-membrane apparatuses (9) on samples from 8 locations
in each horizon of each field. Undisturbed, oriented samples were collected to study changes
in the soil fabric using 30-um thin sections. In analyses of variance (AOV), fields were taken
as the main treatment effect followed by depth and the depth by field interaction. All tests of
significance refer to significance at the 0.05 level unless otherwise stated.
Results and Discussion. The unique conditions of this study permit the evaluation of several
aspects of soil degradation and rehabilitation. Prior to the mid-1950s when the grass sod was
planted, the study area was cropped for approximately 40 years, significantly altering the soil
properties that were present in the native grassland condition found in this region. The
differences in soil properties of the GS and the CC fields were attributed to the rehabilitative
effects of approximately 30 years of sod with no crop harvested. Comparisons of the GS and
NC fields demonstrate how rapidly cropping affects soil properties. Finally, comparisons of
crop yields among the CC and NC fields may indicate the relative degree of degradation in
plant productivity produced by continuous cultivation compared with rehabilitated sites.
Soil Properties.
Particle Size Distribution. The surface soils (Apl and Ap2) of all fields were fine sandy
loam with little variation in sand or clay (Table 1). An analysis of variance (AOV) was
performed on the sand, silt, and clay fractions separately to determine if statistical differences
existed among fields, depths, or depth by field interactions. Statistical differences were found
in the sand and silt fractions. No significant differences were found in the clay fraction.
In comparisons of the silt content among the Apl and Ap2 horizons for each field
separately (Table 1), only the GS field had a significantly higher silt content in the Apl. In
addition, the Ap2 horizon of the GS field had approximately one half the silt content of the
Apl, suggesting deposition of wind-transported sediment onto the GS field. An average of
26.5 dust storms per year have been reported for the study area between 1953 and 1979 (5).
The homogeneous silt content of the surface soils of the other fields may be explained by
mixing produced during tillage.
The diffferences in sand content among fields and depths were slight. Only the CC field
had a small but significant decrease in sand content with depth (Table 1). This difference is
attributed to the deposition of loose, erodible, sand-sized material on the soil surface after
rainstorms (19). The effects of water ersoion were assumed to be neglible on the GS field
due to the well-established sod cover
Wet Aggregate Stability. Analysis of variance revealed significant differences among
fields for wet stability. A significant depth by field interaction indicated the wet stability also

'Mention of a trademark name or propriety product does not constitute a guarantee or
warranty of the product by the USDA and does not imply its approval to the exclusion of
other products that may also be available.
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Table 1. Selected soil properties of the selected horizons from three fields.

Horizon

Field
NC

GS

CC

Sand Content (%)
Apl
Ap2

82.0ax
81.3ax

80.3axf
84.0ax

82.6ax
80.3ay

Silt Content (%)
Apl
Ap2

7.9ax
3.7ay

5.9bx
6.lax

4.9bx
5.6ax

Wet Stability (%)
Apl
Ap2

46ax
42ax

33bx
19by

Ilex
21by

Organic Carbon (%)
Apl
Ap2

0.78ax
0.58ay

0.34bx
0.35bx

0.42bx
0.44cx

Bulk Density (Mg/m3)
Apl
Ap2
Bt

1.54ax
1.65ay
1.53ax

1.45ax
1.75by
1.62bz

1.50ax
1.74by
1.66by

t Means with the same first letter within a row and soil property are not
significantly different at the 0.05 level. Means with the same second letter within
a column and soil property are not significantly different at the 0.05 level.

depended on depth within fields. Both NC and CC fields had significant reductions in wet
stability compared with the GS field (Table 1). The wet stability of the Apl decreased in the
order GS > NC > CC. Aggregates of the GS field were approximately 4 times as stable as
the CC field. Samples collected after 7 years of row cropping in the NC field had a 25%
reduction in wet stability compared with the GS field but were still three times as stable as
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the CC field. The reduction in wet stability of the Ap2 was approximately 50% in both the
NC and CC fields.
These results support the observation that row cropping reduces wet stability. In addition
they suggest that the rate of change depends on depth. The Ap2 horizon of the NC field had
the same wet stablity as the CC field after only 7 years of cropping while the wet stability of
the Apl horizon of the NC field was still much higher than the CC field.
Dry Aggregate Stability. The measurement of dry aggregate stability by crushing 15 mm
diameter aggregates was not particularly useful to separate differences among fields in this
study. An AOV showed no significant difference in crushing energy among fields. The
average crushing energy was 28 J/kg. It was possible to detect a significantly higher
crushing energy for the Ap2 horizon (35 J/kg) compared with the Apl horizon (23 J/kg). The
lack of separation among treatments was attributed to the high degree of variablity in the
method. The coefficient of variation of the mean crushing energy varied from 50% for the
GS field to 105% for the cultivated fields.
Organic Carbon. The OC of the surface horizons was also significantly modified by
cultivation. Significant differences were found among the fields, depths and their interactions.
The OC was significantly lower in the cultivated fields than in the GS field for both the Apl
and Ap2 horizons (Table 1). The OC of the Apl for the GS field was almost twice that of
the other fields. There were no differences in the OC of the Apl horizons in the cultivated
fields.
However, the OC of the Ap2 horizon was lower in the NC fields than in the Ap2
horizon of the CC field. The reason for this difference is not known but may be due to
sampling variability. Comparisons of the OC between the Apl and Ap2 horizons were also
made for each soil separately. Only the GS field had significantly lower OC in the Ap2 than
the Apl horizon. Mixing was assumed to cause the similarity in OC between the Apl and
Ap2 horizons in the cultivated fields.
Since the OC found in the Apl and Ap2 of the GS field was significantly higher than that
found in the corresponding horizons of the cultivated fields, the differences in OC between
the GS field and the cultivated fields cannot be fully explained by mixing caused by tillage.
Mixing alone would produce an average OC content between the GS mean OC of the Apl
(0.8%) and the GS mean OC of the Ap2 (0.6%). Skidmore et al. (12) found a reduction in
OC of over 40% in fields that had been cultivated for 60 years in Kansas. In this study, OC
of land that was cultivated for only 7 years was reduced to the same level as that found in
land that had been cultivated for 70 years.
Bulk Density. Samples for bulk density analyses were collected from the Apl, Ap2, and
the Bt, immediately below the Ap2. An AOV testing the effects of field and depth revealed
no significant overall difference in BD among fields. Significant differences were found with
depth and the depth by field interaction (Table 1).
An examination of the BD change with depth suggests a long-lasting influence of tillage.
The Ap2 had a higher density than the Apl in «very field (Table 1). The difference in
density continued in the Bt of the NC and CC fields but not in the GS. Moreover, an
analysis of the BD by horizon revealed no significant differences among fields for the Apl
(Table 1). The BD of Ap2 and Bt horizons of the GS field were lower than in corresponding
horizons of the NC and CC fields, which were statistically the same. The higher BDs in the
NC and CC fields are primarily attributed to compaction produced during tillage. The higher
BD of the Ap2 horizon of the GS field is associated with tillage that occurred before the land
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was seeded to grass in the 1950's. The Bt was not compacted in the GS field because lighter
equipment that did not cause compaction to the depth of the Bt was used prior to that time.
These results suggest tillage pans may persist for many decades after grass sod is established
in some semi-arid regions. Little freezing and thawing, which may loosen the soil, occur at
the depth of the subsurface horizons in this region.
Penetration Resistance.
Penetration resistance readings
taken at field capacity showed
no significant differences
among the fields. Although at
least 30 observations were
made every centimeter on each
cu 4 •
field, a large amount of
Q_
5
variability in the data
precluded any meaningful
•5 3 separations among fields in
CO
<0
this study. The mean cone
UL
B
penetrometer readings by
o 2depth for each field are shown
p
in Figure 1 as an example of
the type of data this method
GS Field
provides. Extreme care must
NC Field
be taken when interpreting the
• CC Field
data. Penetration resistance is
influenced by soil moisture
10
20
30
40
50
content, bulk density, soil
Depth (cm)
compressibility, soil structure,
and other factors (3). The
Figure 1.
P e n e t r a t i o n r e s i s t a n c e of each
readings shown in Figure 1
field,
were collected when the field
moisture was at field capacity.
Infiltration Rate. The mean infiltration rate after two or three hours of infiltration was
used to compare fields in this study. The infiltration rate in the GS field (61 mm/hr) was
three times greater than in the NC field (18 mm/hr) (Figure 2). The infiltration rate in the CC
field (33 mm/hr) was about one-half that in the GS field but statistically the same as both
other fields. The higher infiltration rate in the GS field suggests the presence of more large
conducting pores in the GS field compared with the NC field.
It is not obvious why the infiltration rate in the CC field would be greater than in the NC
field. Deep chiseling is sometimes used in the region of the study area to break up the tillage
pan and improve infiltration. It is possible that the CC field was deep-chiseled prior to this
study while the NC field was not. Detailed records of prior tillage operations were not
available for the study area. The recent cultivation of the NC field disrupted the connection
of conducting pores present when it was in grass sod and reduced the infiltration rate. If deep
chiseling was performed on the CC field, the data also suggest resulting improvements in
infiltration may persist for many years.

1/
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Water Retention. Water retention
measurements were made at several soil
moisture tension levels to determine the
a
90effect of the treatments on water
80characteristics. Significant differences
were found for fields, depths, and their
frointeraction at all tension levels observed.
£
The gravimetric water content data at 0.03
•to
a. » MPa tension presented in Table 2 is
c
.2 40representative of the results.
2
S 30Analyses among depths by moisture
20level and field showed the Apl and Ap2
horizons had the same moisture content,
10which was significantly lower than the
sandy clay loam Bt horizon. These results
GS Field NC Field CC Field
indicate the Ap horizons are similar and
Figure 2. Infiltration rate
hold less water than the more clayey Bt
by field. Bars with the same
horizon. For most tensions studied, the
letters are not significantly
NC field had a significantly lower
different at the 0.05 level.
moisture content in the Bt horizon than the
other fields.
This water retention information was used to estimate the amount of water available to
plants in the upper 0.5 m of soil. The
available water, also called the water
holding capacity, was defined as the
water held between moisture tensions of
0.03 MPa and 1.5 MPa. In order to
14make the calculation, it was first
necessary to calculate the water content
\
on a volume basis. When the bulk
£ 124)
density of an horizon is known, it is
•£
o
possible to calculate water content on a
O
0> 1 0 volume basis using equation [1]
0)
'o
2

8-

l
6-

—•— GS Field

e, = (p b /p.)e m

\ *

—•— NC Field
—•— CC Field

V ^ * ^
V.

40.01

0.03

0.10

0.50

1.50

Soil Moisture Tension (MPa)

Figure 3. Mean water content at
five soil moisture tensions for 3
fields.
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[i]

where pb is bulk density of the soil, pw
is the density of water, 9m is the water
content on a mass basis, and 0, is the
water content on a volume basis (6).
The total amount of water in meters held
within the upper 0.5 m of each field at
tensions of 0.03 and 1.5 MPa is listed in
Table 2. The difference in these values
is the water holding capacity of each

Table 2. Soil moisture retention data of the selected horizons from three fields.

Comparison
Horizon
Apl
Ap2
Bt
Tension (MPa)

Field
NC

GS

CC

Gravimetric Water Content at 0.03 MPa Tension (%)
9.1axf
7.9ax
13.3ay

9.7ax
9.4ax
10.3by

9.3ax
9.7ax
15.7ay

Total water (m) in a depth of 0.5 m

0.03
1.5

0.084
0.054

0.079
0.042

0.099
0.053

Difference

0.030

0.037

0.046

t Means with the same first letter within a row and soil property are not
significantly different at the 0.05 level. Means with the same second letter within a
column and soil property are not significantly different at the 0.05 level.

soil. Statistical analyses of these results are not possible but comparison of the trends is
instructive.
In this study, tillage increased the soil water holding capacity over 50% in the upper 0.5
m of soil. The water holding capacity increased approximately 20% after only 7 years of
cultivation. This change in water holding capacity was attributed to changes in porosity
accompanying tillage. This hypothesis is supported by an examination of the change in water
content at different soil moisture tensions in the fields as shown in Figure 3.
Water held at relatively low values of tension (less than about 0.1 MPa) depends
primarily upon the capillary effect of soil pores and the pore-size distribution (7). The CC
field held more water at tensions less than or equal to 0.1 MPa than either the GS or NC
fields (Figure 3) indicating that more pores are available to hold water. Furthermore, the
CC field held more water than the GS field at every soil moisture tension, except at 1.5 MPa.
Part of the additional porosity needed to hold the water in the CC field must have come from
a reduction in the larger pores (those that drain at tensions less than 0.03 or 0.01 MPa)
present when the soil was in grass sod. Observations of the soil micromorphology further
support this hypothesis.
Micromorphology. Micromorphology observations showed a significant rearrangement of
soil particles in all Ap2 horizons studied, suggesting strong compaction processes. Sand
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grains coated with thin, moderately oriented clay films were observed in close contact with
each other. The Ap2 horizons in both the CC and NC fields exhibited dense packing
compared to the Ap2 of the GS area. Comcomitantly, the amount of macropores were
drastically reduced in the NC and CC. The presence of planar voids in the CC Ap2 horizons
apparently result from compaction. Conducting channels, often occupied by roots, were
common in the GS Ap2 layer.
Many sand particles were coated with oriented clay in the Ap2 horizons in all three soils.
The coated grains seem to be constituents of domains derived from the clay-rich, underlying
Bt horizons. The presence of the Bt domains would increase the susceptibility to compaction
of the cultivated fields. Some illuviation of clay from the Apl horizon cannot be precluded,
however. Illuviation of the clay would be enhanced by destruction of aggregates through
repeated cultivations of the Apl horizons.
Crop Productivity. Another method of assessing soil degradation is to compare crop
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productivity of similar soils at various levels of degradation. In this study sorghum and
cotton were grown with and without fertilizer on the NC and CC fields as described by
Zobeck et al. (20).
Sorghum yields were measured as total biomass production excluding the grain heads. It
was not possible to measure sorghum grain yields due to bird predation and poor head filling.
The mean sorghum biomass was significantly higher in the NC field (3140 kg/ha) than in the
CC field (2950 kg/ha), suggesting some rehabilitation of the site by the grass sod. Higher
sorghum biomass yields persisted even after 7 years of cropping (Figure 4). In most years
fertilizers improved biomass production in both CC and NC fields (Figure 4A and 4B) and
removed any differences in sorghum yields among fields (Figure 4C). The latter result
suggests the main limit to sorghum production primarily may be attributed to nutrient
deficiencies.
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In contrast, no difference was found in the cotton lint weight comparing the NC field to
the CC field (Figure 5). The CC field produced a mean yield of 480 kg/ha and the NC field
produced 450 kg/ha. Ferilization increased yields in half of the years in the CC field but
produced no difference in the NC field (Figure 5A and 5B). Comparisons of fertilized plots
revealed that the CC field actually outproduced the NC field in half the years tested (Figure
5C).
An assessment of soil degradation based on the cotton lint yields would be much different
from an assessment based on sorghum biomass yields. The cotton yield data suggest planting
grass sod for about 30 years produced no improvement in productivity. In addition, fields
that remain in continuous cultivation may have even higher productuvity when fertilized than
soils rehabilitated with grass sod. Conversely, the sorghum biomass data suggest planting
grass sod will improve productivity and the increase in productivity may last many years.
Conclusions. The effects of converting an area formerly in grass sod into row cropping on
selected soil properties and yields in West Texas sandy loam soils were investigated in this
study. Some soil properties and yields of an area formerly in grass sod and cropped for 7
years were considerably different from an adjacent area that was in continuous cultivation foi
70 years. Other soil properties showed little variation.
Assessment of degradation of soils using soil properties is difficult because the response
of soils to cultivation and other management depends on the soil property studied. For
example, in this study silt content, wet aggregate stability, organic carbon, bulk density,
infiltration, water retention, and micromorphology showed significant differences that may be
attributed to the effects of cultivation. Dry aggregate stability and penetrometer resistance
showed no differences among fields.
Assessment of degradation should probably be compared only within a specific soil
property because the rate at which soil properties change differs among properties. For
example, organic carbon content was essentially the same for the NC and CC fields,
suggesting a rapid loss of organic carbon when a soil is returned to cultivation. However, the
wet aggregate stability of the NC field was closer to that of the GS field than that of the CC
field. Thus, although both soil properties were measured after being under cultivation for the
same length of time, the relative amounts of change of each soil property from the conditions
found in grass sod were different.
Careful consideration must also be made of prior conditions and management of fields
being compared in degradation studies. The research area of this study had experienced
considerable wind erosion in the past that may have affected the results. The data that most
strongly support this conclusion was the silt content of the surface horizons. The Apl of the
grass sod had over 30% more silt than either cultivated field. The difference in surface soil
silt content between the grass sod and the cultivated fields can be explained by mixing caused
by tillage. In addition, deep-chiseling may have been responsible for increasing the
infiltration rate of the CC field.
An assessment of soil degradation or rehabilitation using crop productivity should also
restrict comparisons within crops because yield results may also depend on the crop grown
and yield measurements taken. The yield measurements described in this study represent
different plants and plant products that have different physical and chemical requirements for
optimum production. For example, rainfall during flower production greatly affects cotton
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yields because stress produced during flowering will have in important impact on the product
of the flower, cotton lint and seeds. Detailed analyses of the yield data are beyond the scope
of this study; however, several trends have been noted (20).
Sorghum biomass yields on land recently converted to cropland from grass sod were
significantly higher than on continuously cultivated land, even after 7 crop years. After
application of fertilizer, the CC and NC fields had the same sorghum biomass yields. Cotton
lint yields showed no consistent correlation with prior management. Yields were the same in
the NC field as in the CC field. Fertilization produced no significant differences in yields
among the NC and CC fields in half the years tested. In the other years, lint yields were
higher in the CC field than in the NC field.
The latter result also points out the need to include soil properties with crop yields when
assessing soil degradation to more fully understand the system. The water retention data
showed that the CC field had a higher water holding capacity than the NC field. Therefore,
the lower yields of the NC field in some years may be the result of less plant-available water.
This effect may be very important but only occurs when fertility is no longer limiting in
cotton.
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Abstract. Soil degradation is the culmination of one or
more
processes leading to partial or total loss of soil
productivity as a result of man's explotation of the soil
or phenomena of a physical, chemical, or biological nature;
a combination of all these factors is frequently the case.
Land under continual agricultural use in the Pampa region
has
suffered
considerable
damage
from
degradation,
resulting in
deterioration of its structure and loss of
fertility. The aim of the present work was to carry
out a
diagnostic inventory of the principle processes of soil
degradation over an area covering 5,000,000 ha in the
northern Pampa region (north of the Province of Buenos
Aires, south
of Santa
Fé, southeast
of
Cordoba
and
southwest of Entre Rios), where the land is used for
agriculture and livestock farming. The methodology is based
on
the
application
of
descriptive
and
quantitative
equations synthesizing the results of the laboratory and
field work and linking soil use to its state of degradation
by means of physical and chemical
parameters obtained
through sampling on the basis of soil maps. The results
indicate
that
physical
degradation
is
a
generalised
phenomenon throughout the area, with significant relative
losses of
over
46.77. in the
soil's organic
matter,
structure and
percolation rate. Chemical degradation is
manifest
in
the
high
losses
of
total
nitrogen
and
assimi latable phosphorus (4S.37. and 76.07., respectively)
with respect, to the levels in non-cultivated soils. Water
erosion as measured by
the diminishing depth of the A
horizon has seriously affected a total of 1,280,000 ha (327.
of the sample area),
resulting in a soil loss of between 5
and 20 cm. Estimates show 1,300,000 ha (327.)
to be
affected by moderate to high levels of erosion, with soil
losses of between 20 and 71 tn/ha./yr.
Evident signs of
this erosion are
the formation of surface crust, pools,
erosion gullies and
soil compaction, changes in soil
color, and sedimentation.

Introduction. Water erosion is apparent throughout most of
Argentina, though it causes the most serious damage in the
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humid zone. Studies undertaken in 1975 by the Soil Science
Institute of I NT A (1) showed that even at that stage, of
the 4,696,798 ha pertaining to the various basins of the
Undulating Pampa Region, .1,660,806 ha (35.67.) were already
affected by varying degrees of erosion. Although such
erosion is at its most patent in areas on an incline,
structural degradation and loss of fertility are general
phenomena which characterize the soils throughout
the
entire region, whether the land is sloping or flat.
According to 'a similar study over a 1,500,000 ha sector of
the Undulating Pampa (north of Buenos Aires and south of
Santa Fé) , the loss of organic material in soil under
continual agricultural use with respect to non-cultivated
land ranges from 21"/. to 56'/., whereas structural stability
is reduced by between 40"/. and 647. (9). On land continually
used for crops such as maize, wheat and soya the loss of
fertility is due fundamentally to a reduction in the levels
of
organic
carbon,
total
nitrogen
and
assimilatable
phosphorus. The average content, of these three elements in
soils not seriously affected by erosion is 2.687., 0.2877.
and 61.17. respectively, whereas in soils which have been
under continual cultivation for a period of ten years the
respective contents ^re 1.857., 0.1797. and 26.67. ppm (10).
By providing
a diagnostic
inventory
of the
principle
processes of soil degradation within the study area it is
hoped to lay the foundations for the planning and efficient
execution of soil conservation measures.

Materials and Methods. Description of the Area. The study
area covers 5,000,000 ha of land designated by INTA as the
Project for Conservationist Agriculture and comprising pary
of the north of the province of Buenos Aires, south of<
Santa Fé, southeast of Cordoba and southwest of Entre Rios..
It is located between latitudes 31°40' and 34°30' south ancj
longitudes 59°30' and 63°00' west. The relief is undulating
with a network of water courses. The gradients of the
predominant slopes range between 0.57. and 37., though in
areas close to rivers they can exceed 57.. The predominant
soils &r& typical Arguidolls and Hapludolls, are deep and
fertile, and have a medium texture. The Ares lies within a
temperate zone with mean temperatures varying between 10°
and 12°C in winter and 23° and 25°C in the summer. Mean
annual rainfall varies between 1.000 mm towards the east
and 800 mm towards the west, with a spring-summer regime
(7). The land is predominantly used for agricultural and
livestock farming, the main crops being wheat, soya, maize,
sunflower and sorghum.
Sample units based on soil maps (scale 1/50.000
provinces of Buenos Aires, Cordoba and Santa
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for
Fé

the
and

1/750,000 for the province of Entre Rios) (5,6) were used
for the
identification, geographical
distribution, and
evaluation of the intensity and/or quantification of soil
degradation. Land within soil capability classes I to III
in accordance with the system utilized
by
the Soil
Conservation Service of the U.S.A. (5,6), and within each
unit,
plots
with
representative
physiographic
and
productive characteristics, were selected. Samples were
taken
of
i) soils
which
have
been
under
continual
agricultural use for over 10 years; ii) soils on which
agricultural and
livestock use has been rotated; iii)
control,
or
virgin
soils
exhibiting
virtually
no
alteration. A sampling density of one observation
every
6,400 ha for a scale of 1:200,000 was chosen to conform to
the criterion of one observation every 16 cm • Tfc_ . ,,„
'
. The number
of observations takes into account the entire process of
prior data collection, sampling and verification.
The following factors were assessed in each sample plot: a)
present management and history over the past 16-20 years;
b) gradient and length of the slope; c) depth of the A
horizon, determined either directly or indirectly according
to the depth . of B »j d) two composite samplings of 10
subsamples each
from the arable layer
(0-20 cm) for
subsequent. chemical
and physical
analysis as follows:
organic carbon, (Wak ley-Black ) ( S ) , pH (in paste), total
nitrogen (Kjeldahl) ( 8 ) , assimilatable phosphorus (Bray and
Kurtz)
( 8 ) , percolation
rate
(Henin)
( 4 ) , structural
stability (De Boodt and De Leenheer) ( 2 ) , and texture
(Pipeta de Robinson) (3); e) cartographic representation of
the
descriptive equations on a scale of 1/200,000 to
indicate the degradation processes and their magnitude.
The last stage in the methodology involved the analysis and
interpretation of the field and laboratory results and
their synthesis into descriptive and quantitative equations
for each cartographic unit. Each descriptive equation links
soil use to its state of degradation by means of physical
and chemical parameters indicating the level of degradation
as follows:
Mm

Pp

Ii

X>:

U S G

H

h-_

where U shows
current soil use; S: soil type in terms of
taxonomie subgroup; ("/.): G: relief and slope gradient; M:
organic matter content ("/.); m: relative loss of organic
matter with respect to control (7.); P: total nitrogen ("/.)
(first. subscript)
and
assimi latable
phosphorus
(ppm)
(second subscript) content; p: relative loss of nitrogen
and phosphorus with respect to control ("/.); I: structural
stability
index
(mm); i relative
loss of
structural
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stability
with
respect
to
control
(mm); X:
rate of
percolation
(cm/hr); x: relatives reduction in rate of
percolation with respect to control (cm/hr); H: mean level
of water erosion in terms of diminished A horizon (cm); h_,
present rate of water erosion and h": potential rate, both
calculated in acordance with the Universal Equation for the
Prediction of Soil Loss (tn/ha/year) (12). The value of
each parameter (letter) in the equation is expressed as a
subscript (numerical figure) in accordance with the tables
drawn up for this purpose (11). All the data are presented
1/200,000)
showing
the?
corresponding
in
maps
(scale
descriptive equation for each cartographic unit.
Results and Discussion. The diagnostic inventory of the
process of soil degradation in farming areas was drawn up
on the basis of the field and laboratory analyses of around
900 soil samples. The resulting descriptive equations are
included in 7 maps and 54 tables (11). By way of example
the map showing sector VI is shown and the corresponding
descriptive equation pertaining to cartographic unit no. 50
is presented below.

3

Us.

S x a. G

Bl 3

..

P 3i

p 33

H x.

x

h *
3

I 3 :i. 3

..

X

3

X 3

This
unit
appears
in
Map
6
and
corresponds
to a
predominantly agricultural area (U 2) with a stream and
associated water courses. The principle soils are
typic
Arguidolls (S n ) . , and the relief is gently undulating with
a gradient of 0 to 1"/. (G x)« Average organic: matter content
is 2.847. (M 3 ) , with a high relative loss in the order of
52.3 (m 3 ) . Total nitrogen content is low (0.149'/.) and
assimi latable phosphorus is high (21.3 ppm: P 31).. Relative
losses of nitrogen and phosphorus are
high (53.0"/. and
80.07., respectively: p 3 3 ) . The structural index is 3.29
mm,
indicating
poor
structure
(I 3 ) , and
relative
structural
loss is high
(73.87.) (i 3 ) . The rate of
percolation is moderate, at 15.4 cm/hr (X 3.), though this
is relatively low with respect to the control (64.37.) (x
3 ) . Soil loss through water erosion is slight, less than 5
cm (H i ) „ The potential rate of erosion is low,, at 56.4
tn/ha/yr, and the current rate of erosion is moderate (20.6
tn/ha/yr ( h 2 , ) ,
A spatial variation in the parameters of the descriptive
equation for the whole area is apparent from east to west,
reflecting fundamental changes in climate and soils. The
land is predominantly used for agricultural and livestock
farming, with alternating continual agricultural use in the
central
area. The soils vary
from Hapludolls in the
southwest, typical Arguidolls in the centre, to vertical
Arguidolls
in
the east. The
relief
is
predominan1ty
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undulating, with gradients ranging between 0.57. and 37. but
rising to over 57. in sectors close to rivers.
Average organic matter content in the control soils is high
(5.77.; coefficient of variation (CV) = 16.87.) and in soils
where agricultural and livestock use is rotated or soils
under continual agricultural use it is moderate (3.137.; CV
= 9.77. and 2.707.; CV == 1.1.97., respectively). The average
relative loss of organic matter in these latter two cases
is 37.37. and 46.77., respectively. Average total nitrogen
content in the control soils is high (0.277; CV = 14.57.);
in rotated lands it is moderate (0.1677.; CV = 11.27.); and
in soils under continual
agricultural
use it is low
(0.1417.; CV = 13.17.). Average total nitrogen loss in the
latter two categories is 38.8% and 48.37., respectively.
Average content of assimi1atable phosphorus is high in
control soils (100.1 ppm, CV = 27.37.) and also in soils
under rotation or continual agricultural production (32.5,
CV == 43.27. and 24.1 ppm, CV = 51.37., respectively). Average
losses
for
the
latter
two
£^r& 67.57. and
76.07.,
respectively. The average structural index for control
soils indicates wel 1-structured soil (1.36 mm, CV = 22.67.).
Soils under rotation or continual agricultural use
are
poorly structured, with indices of 2.56 (CV = 13.77.) and
3.11 mm (CV == 3.27.), respectively. Average structural
losses for the latter two categories are 45.57. and 66.37.,
respectively. The average rate of percolation is high in
control soils (36.3 cm/hr, CV = 35.77.), moderate in rotated
soils (13.5 cm/hr, CV = 30.47.) and slow in soils under
continual agricultural use (13.8 cm/hr, CV = 32.37.), the
relative drop in the latter two categories with respect to
controls being 497. and 62.07., respectively..
Measured in terms of the reduced depth of the A horizon,
water erosion is in general moderate (5 to 10 cm) to slight,
(less than 5 c m ) . In the proximity of rivers and streams
severe erosion occurs (between 10 and 20 c m ) . Of the total
study area
of around 4,000,000 ha, approximately 1,280,000
ha (327.) are affected by moderate to severe erosion, with
soil losses of between 20 and 70 tn/ha/yr,
and the
remaining 2,720,000 ha (687.) exhibit only a slight degree
of erosion or none at all, with losses at less than 20
tn/ha/yr. The estimated rate of potential erosion is low in
control soils (51.2 tn/ha/yr, CV = 56.67.) and moderate in
rotated soils and soils under continual agricultural use
(71.8 tn/ha/yr, CV 54.57. and 76.3 tn/ha/yr, CV = 54.57.,
respectively). Twenty-eight percent (1,100,000 ha) of the
sample area
present a moderate to high rate of potential
erosion, with values of 60 to 195 tn/ha/yr. The current
rate of erosion in control soils is practically nil, at 0.4
tn/ha/yr (CV = 59.67.); in rotated soils it is low (18.2
tn/ha/yr, CV
=» 54.37.) and
in soils under
continual
agricultural use it is moderate (28.4 tn/ha/yr).
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The evident signs of degradation in areas under continual
agricultural use include the formation of surface crust,
pools and erosion gullies, soil compaction and changes in
soil color. Though most farmers are aware of the existence
and gravity of the problem of degradation, they continue to
use? inadequate management techniques such as the burning of
stubble, overgrazing, and excessive cultivation in areas
favored
by slopes. There is very
little evidence of
conservationist measures being put into practice in the
art?a.

Conclusions. The following general conclusions can be drawn
from the present study:
1. A general process of physical degradation thoughout the
area
has resulted in losses of over 46.77. in organic
matter, structural stability and percolating capacity
in
soils under continual agricultural use. This has led to an
increase in the susceptibility
of the soils to water
erosion.
2. Actual recordings show water erosion to be moderate to
slight in most parts, with A horizon losses of less than 10
cm, but increasing in severity in the proximity of rivers
and streams. A total of .1,230,000 ha (327. of the sample
area) are affected by moderate to severe water erosion.
3. According to current estimates, an ar&a of 1,300,000 ha
suffers from a
(approximately 327. of the sample area)
moderate to high rate of water erosion, with soil losses of
between 20 and 71 tn/ha/yr.
4.
Chemical
degradation
of
soils
under
continual
agricultural use is made evident by the high losses of
total nitrogen and assimi latable phosphorus (43.37. and
76.0%,
respectively).
Though
the
level
of
phosphorus
remains high despite this loss, that of total nitrogen
drops to critical levels (less than 0.1507.).
5. Estimated values of physical and chemical degradation of
the soils are
corroborated by clear evidence of surface
crust
and
pool
formation, soil
compaction,
erosion
gullies, changes in soil color, and sedimentation.
6. The application of conservationist measures is extremely
limited and despite a general awareness of the consequences
of
degradation,
farmers
continue
to
use
management
techniques which exacerbate the-? problem.
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Sugarcane
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Productivity

and

A. Cabrera. National Sugarcane Research Institute, Ave. Van Troi ft 17203, C.P.
19210, Havana, Cuba.
Introduction. During the last decades, agriculture specialists have directed their attention to
the search of higher crop yields and profits.
As a result, significant productivity increases have been achieved which, in many cases, have
come together with environment degradation and the arise of social problems(2).
It is already known that land use has always had important effects on the environment. In the
"indigenous" agriculture, agronomic management was kept almost unalterable for centuries and
in some cases with an unexpected concept of environment protection as was the case with the
Incan Empire(22). Because of this, environmental changes occurred quite slowly.
The sudden technological expansion and demographic explosion that took place in the XX
century impetuously increased energy and food demand, and this led to important changes in
land use, which, in turn have had an important impact on agroecosystems and have also
contributed with more intensity to the climatic changes at a global scale. Biogeochemical cycles
of nutrients have been modified owing to fertilization, cropping systems, reutilization of
agriculture wastes, erosion, sedimentation and surface water and particles flow(14). It has been
revealed an evident environment degradation reflected on serious and important troubles such
as the annual increase of soil erosion(12), deforestation 19), environment pollution provoked by
the excessive utilization of pesticides, irrational use of mineral fertilizers, emission of trace gases
to the atmosphere through the burning of fossil fuels and biomass(5,9,15,16). It has been
recognized nowadays that agricultural practices affect water supply quantity and quality , air
quality, and food and fiber quantity and quality(20,24).
Sugarcane agroecosystems are complex owing to the variations found among and within them
caused by differences in land use and tenency, varieties used, agronomic technology utilized,
energy consumption, production level, time required for obtaining the production and its further
use.
Complexity is still greater when the crop plays an important role in the economic development
of the country.
Among 13 and 15 million ha of sugarcane are annually harvested in the world, a fact evidencing
the importance of these agroecosystems in the global context. Enormous efforts have been
devoted to increase sugarcane production and yield, among them deserve to be mentioned the
increase of sugarcane area, the intensive fertilizer use, the exploitation of more productive
varieties resistant to disease, pests and stress, chemical control of weeds in sugarcane
plantations, mechanization and increase of irrigation and drainage utilization introducing several
techniques.
All these techniques have produced benefitial results but, together with them, they have caused
negative effects on the ecological environment.
Nowadays it is necessary to obtain high yields in harmony with nature; but to achieve this goal
it is required to take into consideration several aspects; this paper refers to some of them and
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is an attempt to contribute to the obtention of a high productivity of sugarcane with a minimum
environmental impact.
Land Preparation. Land preparation is a factor markedly influencing the final result at harvest
and soil preservation. A proper land preparation is the basis for ensuring a suitable germination
and emergence, the obtention of an adequate production with as less environmental degradation
as possible and an efficient energy consumption with the different agronomic managements.
Minimum tillage is the main technology utilized for this purpose nowadays(25). In South Africa,
it is mainly recommended for those soils with a high erosion and a poor drainage where it has
been successful increasing yields and minimizing erosion(23).
This technology offers other important advantages, such as, reducing time spended in land
preparation, maintenance of soil fertility and resources and energy saving (TABLE 1). It could
be taken as a disadvantage the necessity of applying chemicals, such as Roundup, for eliminating
old crops from some soils which could have a negative effect on the environment. For this
reason scientists are now looking for methods to erradicate old crops and controlling weeds
which frequently increase with minimum tillage.
TABLE l. Land preparation systems (Modified from Perez, 1991).
system

Duration
days

Yield cane
Cost Fuel Consumption
t ha-1
$ ha '
L ha

Minimum tillage
on furrow

15

109

90.20

111.40

Minimum tillage on all
surface

20

110

96.12

116.12

Minimum tillage with
soybean precedent

21

128

95.15

116.56

Conventional tillage

65

108

114.32

173.33

Seedcane density and planting distances. These represent the relationship among the planted
area and the total available area. Both management systems have a marked influence on
sugarcane production.
The most recent results of studies developed in Cuba show the feasibility of reducing planting
density from 15 to 12 seedcanes per linear meter.
It has also been demonstrated the advantages of reducing planting distance from 1.60 m among
furrows (utilized in production areas) down to 1.00 m in those areas where harvest is completely
mechanized; when harvest is carried out manually, this distance could be reduced to 0.90 m(18).
This management allows to make an optimal land use, increases yields (FIGURE 1), makes
possible a more efficient control of soil erosion, weeds and soil moisture through an earlier
canopy close. All these contribute to a reduction in the number of weeding labors decreasing,
in consequence, herbicide consumption, contributing to the environmental sustainance.
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Mineral Fertilization. Mineral fertilization of sugarcane is considered as an important link in
the agronomic management of the crop directed it to increase yields(FIGURE 2); however, the
excessive and indiscriminate use of these products negatively affect ecological environment
through soil acidification, water table pollution due to nitrate leaching and the emission of trace
gases to the atmosphere.
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Such evidences have led to a definition of the basic principles and criteria for fertilizer
recommendation.
In general, N recommendations are based on the soil type, crop cycle and expected yield,
resulting in a suitable application of 1.0 - 1.2 kg N per ton of stalks produced. This
recommendation is improved when soil potential of N mineralization is known.
Phosphorus recommendation is carried out according to the P availability of the soil. An
important element to be taken into account which contributes to carry out a more rational and
effective fertilization is the P adsorption capacity which could be related to P in the soil solution
(TABLE 2) or P soil desorption(21).
TABLE 2 . Phosphorus requirements by F e r r a l s o l s
a c c o r d i n g t o phosphorus i n
soil
s o l u t i o n . (Data from Cabrera, 1 9 9 1 ) .
Category
High Fixer
Medium Fixer
Low Fixer
Very Low Fixer

P solution
ppm
< 0.016
0.016-0.025
0.026-0.038
> 0.038

Dose P205
kg ha'1
100
50
25
0

Potassium is applied according to the exchangeable K content of soil. It is frequently taken into
consideration the crop cycle to be fertilized and the expected yield.
The improvement of these principles based on the experimental results obtained, will contribute
to an optimal mineral fertilizer use increasing yields with less environmental deterioration.
Alternative Fertilizers. Considering the present environment deterioration and the role
agriculture has played in this connection, new practices and management systems reducing
adverse effects of the conventional ones are anxiously seeked. In this regard, alternative
fertilizers have arose which are able to maintain or increase yields, improve soil fertility and
decrease ecological damage bringing economic benefits.
Among the alternative fertilizers are the biofertilizers.
Within biofertilizers are grouped those living organisms which are beneficial to plants,
especially to those of economic interest(ll).
A biofertilizer prepared with the dinitrofixer bacteria Azospirillum sp. is being used in
sugarcane agriculture with promising results(l,26).
This biofertilizer has been tested under experimental and production conditions in Cuba (TABLE
3) with positive results in 70% of the 30 harvests carried out, with almost null effect on plant
cane.
The most effective doses have been those of 75 and 100 l.ha', which have given cane yield
increases among 17 and 50%, with partial and in some cases total replacement of nitrogen
fertilizer, mainly in Phaeozems soils.
Biofertilizer results are incipient, thus there is still much to be studied in this regard. At
present, Azotobacter biofertilizers are being tested together with different Azospirillum strains,
biofertilizer mixtures of different dinitrofixer bacteria known as mixture inocula which first
results have already been obtained (Table 4), phosphorus solubilizer microorganisms and
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vesiculo-arbuscular mycorrhyzes.
TABLE 3. Effect of Azospirillum sp. biofertilizer on sugarcane
yield.
-Treatment-

Azospirillum
1

N

L ha

P2O5
k g ha" 1

K20

0
50
50
50
50
0
0
0
0

0
100
100
100
100
0
0
0
0

0
50
100
50
100
0
0
0
0

0

100
100
25
50
75
100

Cane

t

Yield
ha" 1

Increase

%
—

5 0 . 5d
60.4bc
63.5,bc
66.6,b
55.8cd
60.1bc
63.4,bc
70.7'
70.4"
Sx= =
Fc= =

9.9
13.02
16.15
5.37
9.64
12.92
20.21
19.90

2.51
6.55

TABLE 4. Effect of mixed biofertilizer on sugarcane yield.
Treatment
Azotob'"
N
p2o5
L ha-1
kg

Azosp"
0
50
100
100
0
0
0

0
50
100
0
100
0
0

0
0
0
0
0
60
120

25
25
25
25
25
25
25

K20
ha" 1

Cane
t

160
160
160
160
160
160
160

Yield
ha" 1

5 8 . 3b
71.4'
62.8'b
71.3'
65.3'b
63.3'b
61.5'b
Sx= 4 . 3 3
Fc= 3 . 3 5

Increase

%
—
13.0
4.4
13.0
7.0
5.0
3.2

* Azospirillum
** Azotobacter
Soil amendment. The most utilized soil amendment in sugarcane agriculture is lime application
with the objective of neutralizing exchangeable soil Al or for supplying nutrient requirements
of Ca and Mg to sugarcane( 17,27). Under cuban conditions this amendment is applied when the
soil exchangeable Ca is equal to or less than 3 me 100 g 1 , incorporating among 3-6 t ha"1 of
phosphatized limestone or 6 t ha'1 of calcium carbonate to the soil.
Where Mg status of soil is deficient, dolomitic limestone could be applied to the soil surface.
Promising results have been obtained with Zeolite, mineral increasing exchange capacity and
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improving hydrophysical properties of soils and increasing cane yield (TABLE 5).
TABLE 5. Effect of Zeolite on sugarcane yield.
(Modified from Bouzo et al., 1992)
Sugarcane yield, t ha.,
Ferralsol
Gleysol

Dose
t ha-i

38. 0C
1
3
4
6
7
15

58.0°
62. 4"°
62. I*
59. 9*
60. S1*
71.6"
67 . 0"b

75.4"
110.9*

Management of agricultural wastes. Plant cane harvested at 12 months old is capable of
accumulating in the first 6 months 8% of the total dry matter and 20% of total nutrients; in the
other hand, the 1st ratoon accumulates 43% of the dry matter and 60% of nutrients (FIGURE
3).
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FIGURE 3. CRY MATTER AND NUTRIENTS ACCUMULATION IN SUGARCANE

In both crop cycles the aerial biomass (over the soil) formation percentage is lower than the
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nutrient absorption percentage, being this more evident during the first months after crop
emergence when the plant accumulates a nutritional reserve for completing its life cycle.
When the latter is complete, a huge quantity of aerial biomass is produced (TABLE 6) which
would depend on soil type, variety, crop cycle, fertilization, and harvest age, among other
factors.
TABLE 6. Aerial biomass production of sugarcane.
Yield, t ha"' (as dry matter)
Dry leaves
Stalks Green
(straw)
leaves (tc p)

Soil type

Crop cycle

Age,
months

Ferralsol

Plant cane
Ratoons

16
12

40.8
33.9

5. 1
3.2

9.8
12.4

Pheozem

Plant cane
Ratoons

16
12

48. 3
35.0

7.5
6.4

12.3
6.0

Agricultural wastes represent 25-30% of the total aerial biomass produced and could be utilized
in sugarcane agriculture. When a mulch layer is formed in the field by these wastes, a
significant fraction of its nutrient content (TABLE 7) is slowly incorporated into the soil through
the mineralization of this organic matter and will be absorbed by the next crops and by soil
biota contributing to decrease fertilizer applications for satisfying crop nutrition requirements.
TABLE 7. Agricultural wastes yield and its nutrient content.
(Modified from Cabrera, 1993).
Soil type

Crop
cycle

Waste

Yield(DM)
kg t'stalks

Nutrient content
kg f'stialks
K
N
P

C

Plant
Cane

Phaeozem

top
straw
total
Ratoons top
straw
total
Plant
top
straw
Cane
total
Ratoons top
straw
total

42.9
82.7
125.6
45.5
177.2
222.7
52.4
85.4
137.8
64.8
106.2
171.0

0. 32
0.33
0.65
0.31
0.60
0.91
0.42
0.26
0.68
0.52
0.38
0.90

0.06
0.05
0. 11
0.06
0.08
0.14
0.05
0.03
0.08
0.09
0.06
0.15

0.64
0. 12
0.76
0.71
0.23
0.94
0.32
0.11
0.43
0.81
0.24
1.05

18. 4
35.. 5
53. 9
19.,5
76.. 1
95.,6
22.,5
36..7
59..2
27. 8
45.,6
73. 4

Average
(of total)

Plant cane
Ratoons

131.7
196.8

0.67
0.91

0.10
0.15

0.60
1.00

56.,6
84.,6

Ferralsol

(DM) i s d r y m a t t e r .
Preservation of the mulch layer formed by agricultural wastes leads to increases in sugarcane
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yield, it allows to achieve a better weed control reducing herbicide, labour, materials and energy
consumption (TABLE 8).
Unalterated cover also keeps soil moisture and contributes to decrease soil erosion in those
highly erosionable soils.
In spite of the advantages carried on by this practice, it must not be practiced in those soils with
poor drainage because of the risk to lose nutrients and the maintenance of a reducing medium
adverse for crop development.
TABLE 8. Integrated weed control system.
(Modified from Hardy, 1990)
System
Conventional:
Integrated:
without
with
trash blanket
trash blanket

Component

Evaluated surface, ha
Herbicide cost/ha, $
Mechanical cultivation cost/ha, $
Manual labor cost/ha, $
Total cost/ha, $
Sugarcane yield, t/ha

84 000
26.8
6.2
11.6
44.6
59

7 900
23.8
5.2
10.7
39.7
66

Sugarcane harvest. Burning is an integral part of the harvest process in almost all sugarcane
producing countries(lO). In some of them, burning is carried out after harvest for eliminating
agricultural wastes, but in most of them it is performed before harvest in order to reduce the
quantity of material to be managed in this process; in a few countries sugarcane is burnt before
and after harvest. In spite of the beneficial effects attributed to this practice regarding pest
control, harvest simplification and although it is recognized as economic advantegous for
farmers, it has also some degradative effects on environment which are reflected on a decrease
of the organic matter content of the soil, (FIGURE 4) and the emission of solid particles and
trace gases to the atmosphere (TABLE 9).
However, green cane harvest reduces environment pollution and ensures the maintenance of
agricultural wastes preserving all its beneficial effects.
Conclusions. Sugarcane intensive cropping provokes adverse environmental impacts owing to
the different managements given to the crop with the objective of increasing yields. Soil fertility
deterioration and trace gases emission to the atmosphere are events reflecting environmental
degradation.
The modification and improvement of the agricultural practices will allow the ecological contour
preservation or at least its minimum damage, obtaining high sugarcane yields. The utilization
of minimum tillage, the reduction of planting distances, the establishment of those principles
and criteria ruling mineral fertilization which are known to contribute to an optimal and rational
utilization of these products, the development and utilization of alternative fertilizers such as
biofertilizers, soil amendment, agricultural wastes preservation and green cane harvest ensure
the sustainable production of sugarcane in harmony with nature.
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TABLE 9. Global estimates of annual amounts of sugarcane
agricultural wastes burnt in the fields and carbon
released to the atmosphere.
(Data from Cabrera et al., 1993).
Region

Sugarcane countries
Tropical®
World0'

Waste burnt1"
Tg year"1
min
max
average

C released
Tg year"1
min
max
average

30

185

74
420
850

20
—
—

80
—
<—

37
190
380

44

17

10

42

19

21

10

Percent:
Sugarcane countries
Tropical
Sugarcane countries

22

World
" As dry matter
m
Modified from Andreae (1992)
l
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Manejo de la Fertilización en Plantaciones de Cana de Azücar
(Sccharum spp.) en Andisoles de Ladera de Costa Rica
Marco A. Chaves; Alfredo Alvarado.

uson
El area cultivada con cana de azücar en suelos de origen volcanico es importante en Costa Rica, razón por la cual
el presente trabajo evidencia algunas caracteristicas de los Andisoles de ladera cultivados con esa graainea y la
influencia que éstos ban ejercido en el nanejo agronónico y la fertilización conercial. Las diferencias edafoclinaticas
presentes en un piso altitudinal que va de 700 a 1.600 asnni, inducen inportantes variaciones que afectan los patrones
de productividad agroindustrial y rentabilidad econónica de la actividad azucarera. De acuerdo con las pruebas
experinentales de nutrición y fertilización realizadas en ese tipo de suelos, la respuesta de los nutriaentos es en orden
de inportancia el siquiente: N>P»Ca>K>Hq>Zn>S>B. Las necesidades (Kq/ha) de fertilización conercial se han establecido
en 120-250 Kg de H, 130-200 Kg de P205, 120-250 Kg de K20, 500-2000 Kg de CaC03, 30-40 Kg de MqO, 20-30 Kq de Zn, 40-70
Kq de S cono S04 y 10-15 Kg de B203, respectivaienter con respuesta diferencial seqün sea en condición de planta o retono,
duración del ciclo vegetativo, variedad cultivada, altitud, caracteristicas fisico-quinicas y topoqraficas del suelo.
La fertilización constituye un factor de productividad de caiia y azücar fundanental, que provee inportantes beneficios
econóiicos a un costo de inversion relativanente bajo.

nmoDöcaoM
La aqroindustria del azücar ha representado históricanente para Costa Rica, una actividad de trascendental inportancia
por su deteminante desenpeno socioeconónico. El azücar constituye un rubro cuyo aporte se ha ubicado entre 4,0 y 6,04
del Producto Interno Bruto Aqropecuario (28), y una participación aproxinada de 5.000 productores con estratos variables
de representatividad en lo que respecta a area cultivada, predoninando la fiqura del pegueno agricultor cuya érea senbrada
es inferior a 20 hectireas.
La estructura productiva actual revela que del total de la carta procesada en el pais, un 52,8* es producida en el
propio ingenio, en tanto que, un 47,21 procede de productores particulares, lo cual evidencia el equilibrio existente
entre productores privados y entreqadores particulares. En el ano 1993, el pais nantenia cultivadas con caiia para fines
apenas azucareros (no paneleros) un total de 43.314 hectireas, de las cuales un 57,44 se ubican en el Pacifico Seco representado por las provincias de Guanacaste y Puntarenas, reqión nas inportante y en activa evolución tecnológica (27,28).
La caiia de azücar se sienbra en Costa Rica en un piso altitudinal que va desde los 0 hasta los 1.600 msna, lo que
induce fuertes variaciones en las condiciones edafoclinaticas y de nanejo que predoninan en las areas geogrcificas y
localidades involucradas. El cultivo se encuentra establecido en suelos de diversas caracteristicas fisico-quimicas y
nicrobiolóqicas, tipificadas por los siguientes órdenes de suelo predoninantes en orden de inportancia: Inceptisol,
Andisol, Ultisol, Hollisol, Vertisol y en lienor grado Alfisol y Entisol. Existen diferencias inportantes en los reginenes
de hunedad presentes, que obligan al enpleo del riego o aplicación de nedidas de avenaniento, segün sea la condición
predoninante.
Un hecho inportante gue conduce a nodificación profunda de las practicas de nanejo agricola, lo constituye la gran
variación existente en la topoqrafia de los terrenos, lo que liiita severaiente las posibilidades de «ecanización al haber
pendientes que van de 0 a 501 y nayores en casos extrenos, lo cual prevalece nayoritarianente en las éreas superiores
a los 900 asnn.

353

•>

la caiia es un cultivo que tradicionalnente ha denandado poco iertilizante, cono lo denuestra el hecho que para el
ano 1990 el café utilizó el 31$ del fertilizante producido en el pais y el banano un 24%, lo que conjuntanente signified
un 55} del total; la caiia entanto, apenas consuiiió en ese nisno periodo el 3,8%. Durante los aiios 1992 y 1993 la caiia
utilizó un volunen de 14.700 y 14.070 TH, equivalents al 51 en aubos casos; para 1994 se proyecta un consuno de 15.155
TM con iqual representatividad, lo que es bajo para la tendencia de increnento que nantiene la aqricultura costarricense
respecto al uso de fertilizantes.
Con el objeto de superar las limitantes y naxinizar la eficiencia téenica y econónica de la aqroindustria azucarera
costarricense, persanentenente se adoptan nedidas de diversa naturaleza, intensidad y alcance, que pretenden fundauentalnente hacer la actividad conpetitiva y rentable. Para la naterialización de esta pretención, las caracteristicas del
entorno son deteriinantes, en virtud de que proveen elenentos (favorables o desfavorables) que segün sea su naturaleza,
intensidad, duración, efecto antaqónico o sinérgico inducido, etc, pueden capitalizarse couo una "ganancia" o una
Uiaitante" intrinseca de la localidad o region especifica. La fertilidad natural de un suelo aunada a otras caracteristicas del medio, couo elenento potencial de productividad, constituye un renglón diferenciador deteniinante y de gran
iuportancia en la obtención de altos rendinientos agroindustriales en el cultivo de la caiia en forna sostenida y sin
deterioro del nedio anbiente.
En vista de lo anterior, se pretende a través del presente docuaento, aostrar alqunas caracteristicas de los Andisoles
de ladera cultivados con caiia de azücar en Costa Rica, y la influencia que ban ejercido en el uanejo agronónico y la
fertilización conercial.
A. DKSARSOUO
Para la satisfacción del objetivo planteado se identificó y seleccionó en principio, una inportante region cultivada
con caiia de azücar, que posee fuerte influencia volcanica y suelos clasificados segün criterio del SOIL SGRVEY STAFF
(1990i, cono pertenecientes en su nayor parte al orden Andisol. Conplenentarianente, se recavó infornación téenica
correspondiente a factores de aanejo y respuesta de las plantaciones de caiia a la aplicación de fertilizantes, todo lo
cual se expone a continuación.

i.i Lociuaao»
Costa Rica es una nación de fuerte influencia tectónica que posee varios volcanes con actividad variable, que se
concentran principalnente en la Region (Vallei Central del pais, las faldas de la Cordillera de Guanacaste y la Region
de Coto Brus en la Zona Sur, que han dado origen a suelos tipificados cono Andisoles. El area cultivada con caiia de
azücar nayoritariauente ubicada en ese tipo de suelos, se encuentra en el ïalle Central del pais en las provincias de
Alajuela, Cartago y Heredia.
Cna de las areas seleccionadas se encuentra en un piso altitudinal que va desde los 700 hasta los 1.550 nsnn y se
localiza entre las coordenadas 10=00' - 10=08' latitud norte y 84=07' - 84=25' longitud oeste, que ubica las areas
productoras del Valle Central Occidental influenciadas por los volcanes Poas (2.704 msnn) y Barva (2.906 nsnni, denoninada
en adelante Region 1. Asinisno, las coordenadas 09=53' - 09=56' latitud norte y 83=43' - 83=48' longitud oeste ubican
la zona productora del ïalle Central Oriental, identificada cono Region 2 y que va de 860 a 1.600 nsnn, la cual ha sido
influenciada a su vez por los volcanes Irazü (3.432 nsna) y Turrialba (3.328 «snni.
La Region 1 incluye areas tradicionalaente cultivadas con caiia de azücar cono son los cantones de Grecia, Valverde
Vega, Haranjo, Atenas, Poas y San Ranón de Alajuela, asi cono Santa Barbara de Heredia. Por su parte, la Region 2
incluye los cantones de Paraiso, Jinénez, Alvarado y parte de Turrialba pertenecientes a la provincia de Cartago,
respectivanente.
A.2 UPORTAKIA SOaO-KDHOHia
El area seleccionada es inportante desde la perspectiva socioeconónica por su representatividad nacional, puesto que
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incluye un total de 8.915 hectareas cultivadas con caiia lo que significa un 20,6% del area nacional, en las cuales se
produjeron y procesaron durante la zafra 1992-1993 (cuadro 1) un total de 643.893 TK de caiia que periitieron fabricar
63.855,5 TH de azücar, con base en un rendiniento industrial pronedio de 109,18 Kq de azücar (96' de polarización) por
tonelada de cana (29, 30).
La inportancia social de la caiia en albas zonas es grande, COBO se evidencia a través de las entregas de nateria prina
efectuada a los ingenios, donde del total procesado en la Region 1 un 38,4? correspondió a caiia proveniente de plantaciones propias de los ingenios, en tanto que, el 61,65 restante fue entreqada por productores particulares. En esta region,
la caiia es cultivada conpleientariaaente con el café, cultivo con el cual ha establecido un "binoiio agricola" que asocia
anbas actividades en razón de la secuencia de practicas agricolas que proporcionan continuidad y sostenibilidad productiva, optinizando y naiinizando la eficiencia técnico-econónica de la e«presa. En el caso de la region 2 la proporción
de las entregas es nas desequilibrada, puesto que un 925 de las nisnas correspondió a caiia propia del ingenio y apenas
un 81 a lateria prina aportada por agricultores particulares.
CUADRO 1. INDICES DB PR00UCCI0H DE CAKA Y AZÜCAR DE LOS IHGEHIOS DEL VALLE
CENTRAL D8 COSTA RICA DURANTE IA ZAFRA 1992/93
ALTITGD
IHGEKIO

m

CANA
PROCESADA

m

REMMGEHTO P800ÜCCIOK
AZÜCAR
FABRICADA1/ INDÜSTRIAL2/
CAS A
ïq Azucar/T
ÏH/WANO
(TK)
4.466,6
108,35
75
5.587,2
122,82
35
5.356,4
115,20
90
105,07
6.860,3
80
7.303,6
103,05
110
19.700,9
111,62
90
14.580,5
101,13
85
63.855,5
86
109,18

SAX RAKM
1.040
45.050
PROVIDENCIA
700
49.717
PORVEHIR
600
50.724
COSTA RICA
800
71.067
760
ARGENTINA
77.074
VICTORIA
1.000
192.694
JlMVffl'AS
1.165
157.568
TOTAL
643.893
PROHEDIO
POINTE: ( 2 7 , 28)
l / I n f o n a c i ó t dade i en "Tel-Ouel';
2/Infornaciai ( iada en 96' pol

Puede asegurarse sin lugar a dudas, que el cultivo de la caiia ha representado históricamente una alternativa agricola
de gran prioridad para estas localidades, cow) lo revela la evolucion sufrida, con lo cual la agroindustria azucarera
se nantiene cono fuente de trabajo directo e indirecto constituyendo el principal rubro de ingreso y nanutención de nuchas
faiilias.
A.3

om

Este aspecto es de vital inportancia valorarlo en virtud de su deterninante influencia sobre los rendinientos
agroindustriales de la caiia. Dicho factor nuestra grandes diferencias en alqunos de sus componentes, que inducen canbios
inportantes en el conportaniento y nanejo de las plantaciones conerciales (42). El cuadro 2 resune las principales
caracteristicas clinaticas de algunas localidades representatives de anbas regiones.
Segün la infornación contenida en ese cuadro, la zona de Juan ïiiias posee un nivel de precipitación nuy superior
respecto al resto de las localidades de la Region 1 que aparecen citadas; las diferencias son siqnificativas no solo en
volunen total sino tanbién en distribución, en razón de que la Jeqión 2 presenta lluvia durante todo el aiio con niveles
no inferiores a los 200 m , voluoen que se alcanza durante los neses de narzo, abril y aayo que corresponde al periodo
nas "seco" del aiio. En el caso de la Region 1 la precipitación disninuye sustancialnente durante los neses conprendidos
entre dicienbre y abril, siendo enero, febrero y narzo tradicionalaente secos. Esas diferencias son deteruinantes sobre
la eficiencia de las labores de cosecha y posibilidades de necanización del cultivo (25).
La presencia de hunedad en forma pernanente favorece el creciniento veqetativo de la planta, aunque afecta la fase
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de naduración y con ello la concentración de sacarosa en los tallos, lo cual es contraproducente a los intereses de
producir azücar. Desde esta perspectiva, pareciera que la Reqión 2 carece de condiciones adecuadas para la concentración
óptina de sacarosa, lo cual sin enbargo, se ve favorecido por el efecto que las tenperaturas inducen al contrarrestar
ese coiiportaiiiento y pronover el acünulo de sacarosa. Coao se anota en el cuadro 2, las teaperaturas ainiaas son en
qeneral bastante bajas, principalnente en el periodo anterior a la zafra (novieabre - dicienbre) y durante la aisna en
los aeses de enero-abril (100 dias) en la Reqión 1 y enero - julio (160 dias) en la Reqión 2; la fluctuación (diaria)
entre teuperatura naxina y ninina, que en el presente caso es superior a IPC en todos los casos, se constituye en un
importante y deterainante eleaento inductor de naduración (15, 25, 42, 47).
La nubocidad represents un factor diferenciador inportante debido a que las zonas nas altas poseen por lo general nayor
nubocidad, exibiendo la Reqión 1 un periodo de nayor luninosidad que influye aarcadaaente sobre la eficiencia fotosintética, la duración del ciclo vegetativo y los indices de productividad aqroindustrial y rentabilidad econónica potenciales.
Es definitivo que las diferencias observadas en los elenentos clinaticos, principalnente entre las reqiones 1 y
2, se traducen en siqnificativas variaciones en los patrones de conportamiento, manejo y eficiencia del cultivo. El
cuadro 2 incluye otra inforaación de iaportancia que ubica y tipifica las reqiones estudiadas, en lo referente a factores
de caracter edafocliaaticos.
CUADRO 2 .

CAÏACmmCION AOOaiHATICA DS ALGÜHAS L0CAHDAD8S CÜI.TIVADAS OOI CANA DE A2UCAI 0 1 EL VALLE CHmAL
DKC0ST1 ÏICA
VARIABLE

UNIDAD

REGION
Latitud
Longitud
Altitud estaciOn meteorolügica
Precipitacion total anual
Temperatura Maxima

grados norte
grados oeste
msnm
mm

Amplitud maxima -minima
Meses secos
Meses con alta humedad
Règimen de humedad dei sueio
Ragimen de temperatura del suelo
Brillo Solar
Zona de Vida (Holdridge)
Sueio principal
Suelos asociados
Relieve
Altitud Dlantaciones de cana
Indice produccion potencial de cana

Indice climatico de madurez
Limitantes fisio-edafica
Uso de Riego
Ciclo vegetativo cana

LA
ARGENTINA

1

1

io*or

10*02'
84*21'
760
2.115
29,3
23,6
17.7
12.1
4
0
USTICO
A

USTiCO
A

-

-

84*16'
S40
1950
23,4

•c
*c
•c
*c

Temperatura Media
Temperatura Minima

EEFBM

23
17.8
10.3
4
0

< 35 mm/mes
> 500 mm/mes

USTICO
A
6.6
bmh-P

horas

PILAS
NARANJO

Piano
S00-350

TlWht

BUENO

concentración
sacarosa

BUENO

rf
SI
12-14

meses

EEFBM = EstaciOn Experimental Fabio Baudrit Moreno
Zonas de Vida segün Holdridge
bmh-P = Bosque muy hümedo premontano
bmh-MB = Bosque muy hümedo premontano bajo
Règimen de temperatura del suelo: A = isohipertermico

356

JUAN
V'INAS

I

!

•

1

2

10*06'
84*23'
1042
2.411
23,5
21,5
14,6
13.9
3
0

10*03'
04*20'
1250
2.973
30

03*50'
33*47'
1165
4.112
26,5

23
17

20.7
14,9

bmh-P
bmh-P
ANDISOL
ANDISOL
ANDISOL
ALFISOL INCEPTISOL INCEPTISOL

msnm

LA LUISA

13
11.6
3
0
0
2
USTICO USTICO
A
A
5.2
4,1
bmh-MB bmh-MB
ANDISOL ANDISOL

-

-

ondulado/sua ondulado/sua
Quebrado Quebrado
ve
ve
600-325
BUENO

BUENO
f
SI
11-16

1000-1250
BUENO

11200-1550 350-1600
BUENO

BUENO

BUENO

BUENO

BUENO

Pf
SI
12-16

Of
SI
12-24

Pf
No
12-26

Limitantes fisio-edaficas
r = fragmentos rocosos
f = fertilidad
p = pendiente

A.4

SÜÏLOS

Costa Rica pese a ser una nación pequena (52.000 K r ) posee qran variación en las caracteristicas de sus suelos,
fundanentada en la variabilidad que presentan los nateriales parentales existentes en un relieve heteroqéneo, sonetido
a la influencia en el tieapo de los eleaentos cliaaticos y biolóqicos. En el pais es factible encontrar 9 de los 11
órdenes de suelos (391 que considera la taxononia de suelos preconizada por el SOIL SEKVEY STAFF (19901, siendo los
órdenes Inceptisol y ültisol los que aayoritarianente predoainan COBO lo revela el cuadro 3; suelos de los órdenes Oxisol
y Aridisol no han sido aün identificados. Por su inportancia aqropecuaria, los tipos de suelo sobre los que se sustentan
las actividades productivas nacionales son los pertenecientes a los órdenes Inceptisol, Cltisol, Andisol / ïertisol.
CUADKO 3.

Ordenes de suelo de nayor inportancia aqricola,
presentes en Costa Rica seqün taxononia del üSDA.

ORDEK

PORCENTAJE

J

i

! Inceptisoles
; Ultisoles
' Andisoles
Entisoles
1 Alfisoles
! Vertisoles
I Kollisoles
Histosoles
! Espodosoles
Oxisoles
Aridisoles
L

39
21
14
12
10
2
1
1
<1

•>
•>

FüEHTE: (39)
Nutricionalnente se considera (9, 10) que el 1004 de los suelos presenta linitantes respecto a su contenido de N, un
741 es deficiënte en P, el 221 evidencia escasez de K, el Ca y el Hq son bajos en el 35? de las nuestras analizadas.
Entre los nicronutrinentos esenciales, el B constituye el nas liaitante, sequido por el Zn (2651, el Hn (23?) y con un
6? el Fe; el Cu ( l \ \ no es liaitante puesto que no presenta deficiencias iaportantes. Se encontró que a nivel nacional,
el 43*< de las nuestras analizadas tenian valores de pH inferiores a 5,5, un 201 una acidez intercanbiable nayor de 0,5
Caol (t)/l, un 29% con una suna de cationes iqual.o inferior a 5,0 Caol (+)/l y un 2\ con una saturación de acidez del
10? o superior.
Por su estratéqica ubicación qeoqrafica, los Andisoies sostienen la producción de la actividad cafetalera, incluyen
una parte inportante del area canera nacional (20,6?), asi cono tanbién hortalizas, qanadaria de leche y cultivos no
tradicionales coao helechos, flores, fresas, esparraqo, entre otros.
El naterial volcanico presente en los suelos de Costa Rica es variable en su coaposición, puesto que en la Reqión de
Guanacaste el vulcanisno es de naturaleza riolitica del cuaternario-terciario, en tanto que, el resto del pais incluyendo
la zona bajo estudio, presenta un vulcanisno holocénico de coaposición Andesitico - basaltico, cono lo anotara (6). Ese
nisao autor cita coao alqunas de las variables que deterninan la qénesis y el nanejo de esos suelos:
1)
La separación por taaano y por peso de las particulas eyectadas, la cual es orientada por los vientos doainantes,
2)
Las qradientes de tenperatura y huuedad presentes, cono resultado de los canbios en altitud.
3)
Variación de la cobertura veqetal seqün piso altitudinal.
Por esos notivos, es factible encontrar en las areas nas bajas del relieve subqrupos andépticos de alfisoles, ultisoles
e inceptisoles, en tanto que, los tipicanente volcanicos cono son los Dystrandepts e Hydrandepts ocupan las laderas de
las nontanas, y los suelos volcanicos de cenizas qruesas (ïitrandepts) los alrededores de los conos (5, 6).
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A.4.1

PROPIKDADRS HIHHIALOGICAS

Estudios realizados revelan que la conposición nineralóqica de las cenizas volcanicas de Costa Rica nuestran
diferencias inportantes en la distribution de los ainerales priuarios, en particular feldespatos y vidrios aunque
quiiiicaiiente poseen una conposición nuy sinilar (61. Se ha encontrado adenas, que el K y el Na reducen sus contenidos
originales con el tienpo hasta en un 75%, siendo en el caso del Hg y el Cu de un 501; la aateria organica y la capacidad
de intercanbio de cationes, nas bien elevan sus valores con los arios (12, 36).
La fornación de diferentes tipos de arcillas, son a su vez dependientes de las condiciones de neteorización
prevalecientes. Se ha concluido en general, que los ninerales volcanicos priuarios neteorizan a geles anorfos de silice
y aluninio, los que a su vez pasan a netahaloisitas, haloisitas y finalnente a Gibbsita, caolinita o aontaorrillonita,
segun sean las condiciones de neteorización presentes (8, 35).
Los estudios seiialan que en la section superior de una fornación volcanica, doainan los ninerales priaarios cristalinos
con alofana, en la parte nedia se encuentra alofana y haloisita, en tanto que la parte baja de la pendiente contiene
haloisita con gibbsita - caolinita; al pie de la pendiente se ban identificado predoninantenente arcillas del tipo 2:1
(11, 29). Se ha deterninado asinisno, que en condiciones de sequia (verano) prolongada, las arcillas anorfas tienden
a cristalizarse en foraa irreversible. La alofana cono principal coaponente de las cenizas, es un naterial aluninosilicatado de caracteristicas coloidales, anorfo hidratable y nuy inestable, lo que le confiere gran actividad y reactividad.
Al hidratarse en busca de nayor estabilidad, se liga con la nateria organica fornando organoainerales que conf ieren buena
estructura al suelo y alta capacidad de retención de aniones en especial fosfatos.
A.4.2

PROPIHMDeS FLSICAS

Al igual que acontece con otras caracteristicas de las cenizas volcanicas, las propiedades fisicas de los Andepts de
Costa Rica son bastante variables. Se ha encontrado valores de densidad aparente utilizando el aétodo del cilindro, que
noraalnente oscilin entre 0,4 y 1,1 g/cm siendo inferiores a 0,85 g;cr en las secciones nas altas. La densidad de
particulas es a su vez relativauente baja al variar de 2,1 a 2,4 g/cr; la porosidad es por lo general superior al 50*.
U canbio potencial de volunen del suelo llega segün (4) a niveles crlticos (valores entre 4,0 y 6,0).
FORSYTHE (1972) citado por (6), seiiala que la dispersion de Andepts secos al aire es dificil, lo cual se asune al
secado irreversible que presentan algunas arcillas anorfas, que pasan a fomar agregadps conocidos cono "pseudoarenas",
particulas identificadas y descritas en Costa Rica por (8). Se coaenta (29) sobre el caracter anfotérico de las arcillas
anorfas, anotandose que algunas dispersan en nedio basico y otras en nedio acido.
Conparativaaente con otros órdenes, los Andisoles son suelos que ofrecen nayor facilidad para el laboreo necanico con
naquinaria ligera, lo que favorece su preparación y acondicionaniento para uso agricola, propiedad que aunada a su
profundidad y buen drenaje perniten ia obtención potencial de rendinientos agroindustriales elevados en el caso de la
caiia.
A.4.3

rernuBAö

La fertilidad natural de un suelo cono elenento inductor de productividad, constituye un factor de suna inportancia
que aerece especial atención y analisis, lo cual en el caso de los Andisoles adquiere relevancia por las particularidades
que presentan.
El estudio (10), resume las principales caracteristicas definitorias del estado de fertilidad de los principales suelos
de uso agricola de Costa Rica, los cuales se presentan en el cuadro 4 especificanente para algunas localidades caiieras
representativas de la region del Valle Central. Se observa en ese cuadro, que la nayoria de localidades incluidas
presentan una condición catalogada (aas del 40t de las nuestras) cono de fertilidad deficiënte, en lo que respecta a
variables cono: pH, acidez valorada a través de la concentration de Al intercanbiable, saturation de acidez, contenidos
de P y en algunas localidades de Ca y Hg, lo que se traduce en fuertes desequilibrios catiónicos; contrariaaente, se
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verifican altas concentraciones de K y Fe en casos twy especificos. Con base en la infomacion recavada, la fertilidad
de los suelos caneros del V'alle Central puede cataloqarse cono de nivel aedio con tendencia a baja, por la presencia con
intensidad variable de las linitantes apuntadas anteriornente.
Al desaqreqar la zona en las areas de estudio inicialnente enaarcadas, puede concluirse que la fteqión 1 posee una
fertilidad natural liqeranente superior a la que presenta la Beqión 2, pese a lo cual en anbos casos la fertilidad es
noderada. Couo apoyo y verificación de lo senalado, el cuadro 5 presenta infornación especifica de contenidos quiaicos,
pertenecientes a suelos cultivados con cana de azücar en varias localidades del "alle Central. El docunento (10) resure
las uetodoloqias enpleadas en el analisis quinico y la quia de interpretación correspondiente, para valorar el estado
de fertilidad de un suelo.
Al evaluar la respuesta de plantas de tonate al efecto individual de nutrinentos utilizando 15 nuestras de suelo del
Valle Central, se encontró (40) que la liaitación decreció de P>N>Ca> Elenentos Menores>S>K>Mq y en subsuelos de
P>H>Elenentos Nenores>Ca>Hq>S>K, respectivanente. Kesultados sinilares determine (9), indicando que el P es nucho nas
linitante que todos los otros elenentos, no hallando respuesta a la adición de S y B.
Alqunos investiqadores indican, que el contenido de Al intercanbiable en KC1 no desenpena un papel relevante en este
tipo de suelos (9), debido a que la saturación de Al en la licela es nuy baja, lo que repercute consecuenteïente en una
baja extracción del elenento por la planta (38).
üno de los nutriaentos esenciales que nas linitado se encuentra en los Andisoles lo constituye el P, el cual es retenido en altos porcentajes cono lo corrobora el 86,44 que se obtuviera con Andepts de Costa Rica (32); otro estudio (38)
deteminó una retención del 82,4Ï del P adicionado en las foraas de Al-P (82,55), Fe-P (14,41), Ca-P (1,61) y un 2,95
cono P soluble en HH.C1. La retención de P seqün (7) es en promedio de un 501 en Andisoles de textura qruesa y puede
Ueqar al 995 en aquellos aas aeteorizados.
La altafijación de aniones en especial fosfatos, constituye una de las linitantes aas inportantes que presentan los
Andisoles, lo cual es atribuido al efecto de 'carqa variable" que poseen y que hace que su carqa superficial varie en
naqnitud y siqno con los canbios en el pB, fuerza iónica y conposición de la solución del suelo (41). Dicha carqa
variable procédé basicanente de la existencia en la fracción arcilla de ninerales que poseen superficies anfóteras, entre
las que destacan los óxidos de Fe y Al. La nateria orqanica presente en altos contenidos, posee tanbién qran cantidad
de carqa variable neqativa, lo que tanbién ocurre con las células de nuchos nicroorqanismos.
Al estudiar la fijación de P en Andepts de Costa Kica, se deteminó (7) que el P retenido variaba con la altitud y
el réqinen de huaedad, siendo nenor la retención con el aunento en elevación debido a la existencia de texturas nas
qruesas y qrados de neteorización nenores por la baja tenperatura del suelo. Esos investiqadores encontraron a su vez,
que la uayor retención de fosfatos se ubicaba en las zonas nedias del area influenciada, donde hay presencia de cantidades
considerables de arcilla anorfa aconpanada de nateria orqanica.
La literatura indica, que en qeneral los Andisoles poseen elevados contenidos de fósforo totai aunque el nutriuento
es sienpre deficiënte para los cultivos, debido a la eievada estabilidad de las uniones quinicas fomadas entre el anión
fosfato y las superficies anfóteras de los coloides del suelo. La recuperación del P proveniente del fertilizante por
parte de los cultivos es sunanente baja en Andepts, cono lo asequra (6). Al evaluar diferentes fuentes de fertilizante,
se encontró (47) respuestas diferenciadas notables; deterninando (46) que las particulas de fertilizante nas qrandes
dieron aayor efecto residual, lo que ha qenerado actualnente polénica, sunada a la existente sobre la aplicación del P
en banda o al voleo.
La practica conercial ha verificado, que la aplicación de fertilizantes fosfatados aün en dosis elevadas no loqra
resolver satisfactorianente su deficiencia, razón por la cual, la valoración profunda de los diversos factores del nedio
que influyen sobre la retención es realizada para alcanzar una aayor eficiencia en el uso de los fertilizantes al suelo;
por ello, el enpleo de correctores de acidez constituye una practica aqricola de qran valor, cono se conentara nas
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txiADRO «.

FERT1UDAD DE LOS SUELOS DE ALGUNAS LOCAUDADES
CANERAS D E COSTA RICA INTERPRET A D O S E G U N
PARTICJPACION PORCENTUAL POR CATEGORlA

VARIABLE

pH

Actdez
Saturaaón
acidez

CICE
Suma
Cationes

Ca

Mg

K

P

2n

Cu

Fe

Mn

Ca/K

Ca/Mg

Mg/K

Ca»Mg/K

A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C

JUAN VINAS
n- 43

GRECIA
n - -123

NARANJO
n « 306

POAS
n - 176

ATE NAS
n - 499

SAN RAMON
n - 148

53
47
0
68
23
19
72
21
7
2
75
23
M
63
23
23
56
21
12
65
23
30
68
2
96
5
0
35
65
0
12
70
18
19
14
67
7
91
2
0
58
42
11
84
5
5
70
25
5
66
39

84
16
0
49
42
9
40
54
6
60
40
0
69
31
0
77
23
0

80
20
0
58
25
17
58
34
8
30
69
1
47
52
1
54
46
0
64
34

67
33
0
81
18
1
74
26
0
34
66
0
42
58
0
54
46
0

78
22
0
67

80
20
0
74

18
15
76
23
2
10
74
16
14
70
16
20
70
10

13
13
68
27
5
24
76
1
37

61
39
0
18
68
14
71
20
9
12
84
4
0
90
10
0
36
14

14
57
29
14
42
44
68
20
12
37
59
4
2
89
9
4
57
39
4
74
22
8
61
31
18
78
4
19
66
16
17
58
26

39

76
23
1
14
66
20
78
16
6
26
70
4
0
73
27
1
62
37
8
83
9
36
61
4
7
77
16
74
25
1
68
40
2

2
6
42
52
72
18
10
11
82
7
0
41
59
0
55
46
6
76
18
39
56
6
4
63
33
79
20
1
67
30
3

FUENTE: (10)
CATEGORIAS:
A= Fertilidad Baja C= Fertilidad Atta
B - Fertilidad Medic n - Numero de muestras analizadas
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16
82
2
10
83
7
3
61
36
53
47
0
25
73
2

62
i
44
56
1
58
3
28
32
40
74
16
10
9
36
5
0
61
39
1
53
46
1
44
56
20
60
20
7
84
9
41
53
6
34
61
15

ddelante. La experiencia aqricola ha establecido respuestas nuy positivas de la carta de azücar, a la adición de ouros
nutriaentos "no tradicionales" COBO Kq, S y eleaentos nenores, principalaente B y 2n, en suelos de esta reqión.
En lo que respecta a la profundidad de los suelos del ïalle Central, autores cono (5, 6, 34, 43) indican que la
evolución de los Andepts puede verse nodificada por la deposición reciente de lavas, altitud elevada o baja tenperatura,
asi cono la presencia de capas de aluvión conpactadas por debajo de la ceniza. Agreqan que por lo general, la
neteorización en suelos de reqiones altas es lenta por la baja teuperatura, cataloqandolos cono poco profundos. Se
considera al respecto, que los suelos de las secciones nedias y bajas del relieve volcanico son profundos.
Es facil observar diferencias en la coloración del suelo, debido a la variación que existe en el réginen de huuedad
y los contenidos de nateria organica presentes. En las zonas nas altas, los suelos son de color oscuro y en los nas bajos
de color pardo-rojizo. Es coaün encontrar en la region suelos viejos cubiertos (perfil oculto) por capas de ceniza
recientes con nenos de 50 cm de espesor (5, 6).
CDAD80 5. CAKACTHUÏACIOM FISICO-OOmCA Dg ALGUKS SOHiOS C0LTIÏ1D0S COK
CAHA DE AZBCAÏ EU LA JEGIOÏ DEL VALLE CfflïlAL DE COSTA ÏICA.
VARIABLE

UNIDAO

pH
C m u l (•)/!

Ca
Mg
K

A

e

5.1
2,4
0.5

VICTORIA

GRECIA

A

A

ATE NAS

SAN
RAMON

A

A

4.9
3

A

B

•4.9

5.2

5.2

5,3

5,1

4.6

3.2
0.76

3

2.8

2,2

0.7

0,95

1.1

0.58

0.47

0.52
0.17

2
0,4

0.11

1.4
0.34
0.07

0.29

0.35

0,54

Al

•

0.5

0.16

0.55

0.52

0.45

1.3

0.4

0.7B

P

ug/rnl

3,6

2,1

3.3

7

1.8

12

7.5

6.8

Zn

•

0,9
5

2.3
6 3

2.1
5.3

1.4

2

Cu

2.1
6.7

1

•

7.8

13

19.5

5.6
17.7

21

13.9

•

Mn

«•

5,7

5

7.7

6,3

6.8

10

1.81

4.54

4.17

3.5

4.64

16.62

20.26

10.81

11.09

3.96
11.42

2.69

Saturación Al

C m o l (•)/!
C m o l (.)/l

3.01

32.58

10.26

14.07

ace

Crnol {-)fl

3.61

2.26

5.09

4,69

4.71

3.99

3.9

5.4

21

20

6

3

7
5

6

a

6
4

8

5

6
4

2

3

6

5

1

2

2

1

3

2

27.-1

25.9

7.8

8.3

10

6.6

4

13

B.9
11

12

A

9

11

n

franco

Iran c o
ercilloflo

franco

franco

franco
ercilloso

franco
nrcilloso

10
franco
nrenoso

'/.

16.3

13.5

14.7

12,5

'i~

B.7

5.1

S u m o d e bases

Co/K
Ca/Mg
Mg/K
Ca-Mg.K/K
100K/Ca-Mg-K
Textura
Materie urqénict

Profundidad:

A.5

LALUISA

JUAN VINAS

12
arciHoso
7.3

A - 0 - 20 cm
Q - 20 - 40 cm

VARIEDADES COLTIVADAS

Los clones cultivados conercialnente varian principalnente por altitud, nanteniendo las areas de nayor elevación
(H.000 nsnn) nateriales genéticos de oriqen hawaiano entre los que se tiene en orden de iuportancia los siquientes:
H 60-8521, H 57-5174, B 68-1158, H 61-1721, H 62-4671, B 70-0144, H 44-3098, B 32-8560 y en nenor qrado B 56-4848r hay
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adenas presencia de clones de otros oriqenes, coao son Q 96 (variedad nas cultivada en el pais), B 70-355, SP "1-3149
BJ 70-03 y Hex 57-473 entre otros. En las areas inferiores a 1.000 ssnn se cultivan en orden de inportancia los siguientes clones: Q 96, SP 70-1143, SP 71-5574, SP 72-4790, Hex 57-473, CX 61-01, B 70-355, LAICA 82-135 y SP 71-i406,
como lo refieren (25, 27, 28).
En razón de la altitud y naturaleza genetica, los clones hawaianos poseen por lo general ciclos vegetativos aas
prolonqados que llegan hasta los 26 neses de edad para ser cosechados COBO sucede en la Region 2, en tanto que, los clones
de otros origenes presentan un periodo vegetativo nas corto por lo general inferior a 16 neses, cono sucede en la Region
1, lo cual es condicionado en todos los casos a si se trata de ciclo planta o retono. Actualuente se procura en el pais,
trabajar comercialaente con variedades de naduración tenprana e intermedia, que pernitan su pronta cosecha y retorno de
la inversion efectuada.
En materia de nejoraniento genético, se procura COBO estrategia de investiqación, identif icar y adaptar clones pronisorios que superen desde la perspectiva técnico-econónica a los empleados actualuente, cono lo denuestran los trabajos
realizados por (13, 25, 27, 28, 30, 31, 44).
i.6

KBCALADO Y FHWIUIACIOK t* PLAKTAClOireS COHKRCIAU3

En materia de fertilidad de suelos caiieros, son numerosos los estudios (3, 9, 10, 26, 37, 43, 48) que se nan realizado
en Cocta Rica, procurando caracterizar sus propiedades basicas y valorar su potencial productivo. Como se indicó,, los
Andisoles del Valle Central son suelos por lo general de fertilidad noderada que requieren necesarianente de la adición
de fertilizantes, para generar y sostener niveles de productividad de caiia y azucar elevados. En este sentido hay que
destacar, que la fertilización de las plantaciones comerciales se ba ajustado y calibrado con base en los resultados que
la investigación ba qenerado.
Para optimizar el potencial productivo que la fertilización puede inducir, es necesario en primera instancia,
acondicionar el suelo para que los nutrimentos adicionados cumplan su función de nanera exitosa. En este sentido y con
fundamento en el grado de acidez y pH que ese orden de suelos presenta, la incorporación de correctivos de acidez
constituye una practica casi obligada. La aplicación de CaCO, principalmente al uoaento de preparar el terreno para la
sienbra, ha brindado resultados muy satisfactorios en razón de que ha pronovido incrementos inportantes de producción;
a su vez, la adición de cal sobre el surco de sienbra en ciclo de retofio ha taabién elevado las producciones y recuperado
plantaciones en franco proceso de decadencia.
El cuadro 6 presenta los resultados de una prueba (19) donde se incorporó CaCO. en cuatro dosis a 1.150 nsnm, notandose
que los tratamientos donde se encaló elevaron significativamente los rendiaientos agroindustriales, siendo la dosis de
1 IK la mas idónea luego de su optimización técnico-económica.
Los Andepts poseen como se indicó, una elevadisina capacidad de retención de fosfatos que ocasiona su deficit aün cuando
se aplique en dosis elevadas, razón por la cual, el encalado constituye una practica de acondicionamiento del suelo y auaento de la disponibilidad del fósforo asiailable para la planta. Con tal objeto, se realizó un experiments (1) a 1175 asnn
donde se evaluó la interacción de tres dosis crecientes de CaCO, y P,0,, resultando que el enpleo de 2 TH de CaCO, y 200
Kg de P,0Jha, era en pronedio el tratamiento aas eficiente desde perspectiva técnico-económica, puesto que superó en producción de caüa y azücar (TK/ha) a todos aquellos tratamientos sin cal o carentes de fósforo, como lo seiiala el cuadro 7.
En otro estudio efectuado en La Luisa a 1.300 nsnm (16), donde se evaluaron proporciones porcentuales Ca-S (100-0, 75-25,
50-50 y 0-100, respectivamente) en dos dosis (1 y 2 TK/ha), que simulaban la adición de yeso agricola cono enmienda al
suelo, se determine que el eapleo del CaCO, sin «ezcla (1004) a 1 TK/ha proporcionaba los uejores resultados en producción
de azücar/ha como promedio de dos cosechas, mientras que la proporción Ca 754 - S 254 era la mejor en tonelaje de caüa.
Fue evidente el efecto favorable de los tratamientos sobre la concentración de sacarosa en los tallos.
Algunos investigadores (16, 19, 24, 26) estiman, que la importancia y beneficio del encalado no se restringe apenas al
efecto corrector que sobre la acidez ejerce en el suelo, sino adeaas, a la incorporación de calcio que promueve, elenento

362

que cono se indicó es deficiënte en la nayoria de los Andisoles. En Costa Rica a la qran parte de las plantaciones
cultivadas en suelos volcanicos se les aplica (incorporado) la cal couo practica habitual de nanejo nutricional, lo que
se efectüa principalnente durante la preparación del terreno para la sienbra, con CaCO, a una dosis pronedio de 1 TH/ha,
aplicado antes (15-22 dias) de la sienbra (25). En ciclo de soca, el encalado se aplica en plantaciones de sequndo retono
con el objeto de solubilizar fosfatos y acondicionar el suelo, lo cual se realiza con base en la iniornación proporcionada
por el analisis de suelo.
OJADRO 6.

DOSIS
CaC03
TH/ha
0
1
2
3
PROHEDIO
CV (»)

EFECTO DE LA INCORPORATION DE DOSIS DB CAKBONAÏO DE CALCIO,
SOBRE LOS RENDIHIEHTOS ACROINDÜSÏRIALES DE CAJfA ï AZUCAS EH
JUAN VINAS, COSTA RICA. CICLO PLAHTA
1
CALCIO
(8-10)

PRC'DCCCION

RENDIXIEHTO
IUDCSTRIAL

TH/lia
AZÜCAR

PUREZA

Kq Azucar/t

0,15
0,27
0,19
0,22

93,21
92,00

100,96
128,41
115,77
140,06

11,88

93,51
92,74

116,95
111,59
117,79
112,04

0,21
13,10

92,80
1,02

114,59
3,82

121,30
10,96

13,92
9,12

CANA

14,48
13,54
15,77

FUENTE: (19)
Fertilización base: 160 Kq de N y K20 y 150 Kq P205/ha, respectivanente
Variedad cultivada: H 57-5174 cosechada a los 21 y 13 neses de edad.
lino de los nutrinentos que nayor increnento productivo induce en una plantación de caiia es el N, el cual ba denostrado
coaercialnente requeriaientos nayores conforne el ciclo veqetativo auaenta; asinisao, clones de oriqen ha»aiano presentan
respuestas elevadas a su adición, lo cual sin embarqo, debe realizarse con criterio técnico para evitar efectos detrinentales sobre la calidad de los juqos, los cuales pueden verse severanente afectados (22, 25), lo que repercute en la
rentabilidad econónica percibida por el productor en razón de que la caiia se paqa en Costa Rica con base en su calidad,
representada por la concentración de sacarosa en los tallos.
El cuadro 8 nuestra el resultado de tres cosechas, correspondiente a una prueba (22, 30) realizada en Juan ïiiüas a 1.050
Bsnn, donde se evidencia que en promedio la dosis«de 200 kq de K/ha fue la aas idónea desde la perspectiva técnico-econónica, ai qenerar la nayor tasa de retorno «arqinal por unidad invertida. En altitudes superiores a 1.000 nsnn la respuesta
a la adición de H ha sido predoninantenente sinilar, lo que resaita la iaportancia de este nutriuento del cuai hay aucho
que conentar aunque sus efectos benéficos y tanbién neqativos, son plenanente conocidos en la practica conercial.
Couo se cosentó suf icienteuente, los Andisoles son suelos que poseen una elevadisina capacidad de retención de fosfatos,
lo que notivó un estudio (15) con el objeto de evaluar la respuesta de la caiia en una zona alta de La Luisa (1.250 nsnn),
a la adición de P sin que previanente se corriqiera la acidez. Los resultados indican, cuadro 9, que las producciones de
todos los tratanientos fueron nayores en toneladas de caüa y azücar/ha, respecto al testiqo sin P; se observó taabién, una
siqnificativa reducción de la capacidad productiva entre el priuer y sequndo corte, que se nanifestó aas aaphanente en
los tratanientos con adiciones nenores de fósforo. Estos resultados suqieren la necesidad de encalar durante la sienbra
y reencalar en ciclo de retono, con el objeto de disponer aas fósforo a la planta.
En consideración a su naturaleza seniperenne y lo prolonqado de su ciclo veqetativo, nuchas veces se ha considerado
factible y técnicanente valioso para la aplicación de P, el eipleo de rocas fosfóricas de lenta solubilidad, nayor
residualidad y disponibilidad en el tienpo, en los proqranas de fertilización conercial de las plantaciones de caüa. Por
esa razón, se estableció en un Andic Hunitropept de Juan Vinas a 1.180 nsnn, un experinento (14) donde se valoró rocas
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f o s f ó r i c a s de Carolina d e l Norte, Centro Florida y Centro Florida Acidulada (40« B2S04) s i n e n c a l a n i e n t o p r e v i o , r e s p e c t o
al s u p e r f o s f a t o t r i p l e COBO fuente de mayor s o l u b i l i d a d , aplicando en todos l o s c a s o s 4 d o s i s : 0 , 1 0 0 , 200 y 400 Kq de
P205/ha. Los r e s u l t a d o s indican que l a roca de Central Florida fue lueqo de dos c o s e c h a s , l a nas e f i c i e n t e en producción
(TH/ha) de azücar y l o s 100 Kq de P205;ha l a mejor d o s i s ; e s t o s r e s u l t a d o s p o s i b i l i t a n e l empleo conplementario de fuentes
de l e n t a l i b e r a c i ó n , COBO una a l t e r n a t i v a para p l a n t a c i o n e s de caiia de c i c l o v e q e t a t i v o prolonqado.
a;ADR0 7. RQOIHIENICS AGROINDÜSTRIALES C0REE3PCNDIENTES AL EOTHO DE IHTERACCICK DE DOSIS DE
CARBOHAïO DS CALCIO ï FOSFORO, 3EALIZADA EN ÏOLIO DE SAK RAKOH, COSTA 8ICA.
PEOHEDIO DE DOS COSECHAS.
TRAIAKIENTCS
EEHDIKIEHTO INDUSTRIAL
CAIÏA
5a Azucar/IN
CaC03 f205
;TH/ha)
fï/ha) 'Ko/hai F3HS30 SEGÜKDO FSOKïDIO F3IKERO SEGüKDO FSCffiDIO F3HE80
112,96
3
0
118,32 107,61
65,5
68,0
66,3
7,82
109,87
0
100
111,64 108,10
74,1
68,1
8,28
71,1
81,7
0
200
112,73 108,84
110,78
81,5
9,14
81,3
111,48
65,8
1
0
112,94 110,02
75,3
56,3
3,55
1
100
114,67 108,70
111,69
72,0
9,01
78,5
65,6
112,37
1
200
116,37 107,86
99,6
12,69
108,9
90,4
115,66
96,72
106,19
91,i
78,3
10,49
65,5
2
0
102,6
2
100
115,31 110,96
113,14
111,5
93,7
12,85
2
200
114,65
106, i
13,06
115,28 114,02
113,3
98,3
82,7
114,32 108,09
111,46
38,9
10,21
F3OHECI0
76,5
FÜFJIïE: (Ij
Fertiiización base: 150 Kq S y K2Q/ka, respectivaience.
ïariedad cultivaca: K 57-5174 ccsechada a l o s 21 y 12 neses ce edad
Trataaientos saquidos por la aisaa letra no difieren estadisücanerte entre s i ,

AZÜCAR

il/ha)
SEGUHBO P30KEDI0
7,33
7,57
7,80
7,32
9,03
3,32
6,15
7,35
8,07
7,13
9,73
11,21
6,30
8,40
10,31
11,58
11,26
12,16
8,27
9,24

segun luciiey 5<

CUADRO 8. Producción de cana y azücar (t/la) seqür. c o n e , correspondiente a
la prueba de dosis de nitröqeno realizada en Juan Vinas, Costa Rica.
Pronedio de tres cosechas.
FSIHESO

TÜATAHISTO

i

C

A

SEGüKDO

C

A

TÏ3CE30
C
A

C

FR0H5DI0
A

Sa/ha/MiO

0
100
200
300
400
500

212,5
194,5
212,0
222,6
216,4
207,8
211,0

27,0
23,9
25,9
27,1
26,4
24,4
25,8

162,9
172,3
201,6
170,5
171,3
185,2
177,4

1»,5
19,6
22,2
20,0
19,4
20.9
20,1

98,0
128,1
125,8
12C,t
154,3
125,3
126,1

F30KECI0
FüBlïE: (22, 30)
Edad de oosecha: 22, 24 y 22 l e s e s , respectivaaenie
Fertilization base: 200 xg de ?205 y K20/la
ïariedad cultivada: H 44-3098;
Cana (C) y azücar (A)

12,6
14,7
16,3
14,1
18,9

15,7
15,3

157,3
165,3
179,7
171,2
180,8
174,3
171,5

19,3
19,4
21,4
20,5
21,6
20,3
20,4

El potasio representa por su parte un nutrioento esencial de particularidades especiales en el caso de la cana de
azücar, sobre el que se han establecido en Costa Rica varias posiciones debido a que su contenido en la mayoria de los
suelos volcanicos es adecuado y considerado suficiente para nantener productividades elevadas. Sin enbarqo, la experiencia
conercial ha denostrado que su adición es necesaria aün cuando las pruebas experimental no evidencian resultados positivos
con siqnificancia estadistica a su aplicación, pese a lo cual, hay diferencias fisicas en producción de caiia y azücar
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inportantes y econónicanente convincentes.
Esta situación ha obliqado a la evaluación del nutrinento en el canpo, tal COBO lo presentan los cuadros 10 y 11 para
la Region de Grecia (999 asnn) y Juan Vinas (1.050 «Sn»), respectivaBente. En el priner caso (2) no se encontró significancia estadistica, pese a lo cual la dosis de 60 Kg de K20/ha nostró factibilidad econónica de ser utilizada conercialnente. En el caso del experinento realizado en Juan Vinas (20, 30), la dosis de 200 Kq de K20/ha resultó ser la mejor y
por tanto reconendable para esa localidad.
COADRO 9 . RDIDIMIEHTOS AGR0IHDG3TRIALES DE CAliA T AZUCAR, CORRESPCHBIEKTES A IA PROEBA DE
DOSIS DE FOSFCSO REALIZADA Dl LA LUIS*, COSTA RICA. PRCtëDIO DE DOS CCSECHAS.
DOSIS
P205
5a/ha
TESTIGO
ABSOLUTO

0
100
200
300
490

m
PROHEDIO

«1»)

PR0D0CCIOH CASA
IM/ha

REHDIHEHTO IKD03TSIAL
Kg Azucar/T

1

2

P

112,75
112,33
104,18
112,98
104,14
113,55
104,04

137,34
127,95
130,92
119,48
132,02
135,38
131,51

125,05
120,14
117,55
116,23
118,08
124,47
117,77

109,14
5,79

130,66
4,44

119,90
6,93

a
a
a
a
a
a
a

PR0DCCCM A2CCAE

ra/ba

1

2

P

134,4
133,3
174,4
177,8
160,0
158,3
165,5

101,9
64,7
76,3
111,7
82,8
102,2
75,5

118,2 be
99,0 c
125,4 ab
144,7 a
121,4 abc
130,3 ab
120,5 abc

15,2
14,9
18,1
20,3
'.6,6
14,1
17,1

10,2
13,2
10,5
16,3
10,1

14,6 ab
11,5 b
14,1 ab
16,6 a
13,8 ab
16,0 a
13,6 ab

157,7
14,0

87,9
19,8

122,8
12,07

17,1
12,5

11,5
20,2

14,3
16,0

i

2
14,1

2,1

P

F0EHTE: (15) Ciclo: 1 • Prinero; 2 = Segundo; P = Pronedio
Fertilization base: 140 Kg H y 150 Kg K20/Jia
Variedad cultivada: H 44-3098 cosechada a 21 y 13 neses de edad
Tratasientas seguidos par la aisaa letra no difieren estadisticaaente entre si, segun Duncan i\.
Esta por tanto denostrado conercialnente, que el K es un nutrinento que debe sieupre adicionarse aunque sea en dosis
bajas de nanteniniento, puesto que podrian afectarse las plantaciones caso se elinine su aplicacion. Las variedades de
origen hauaiano ban nostrado especial avidez por este elenento, en especial la H 50-7209, variedad que por su alta
sensibilidad puede actuar cono indicadora de la deficiencia de K.
La cana de azücar es una planta que pese a su gran rusticidad y adaptabilidad a condiciones linitantes del entorno,
requiere de un estado de nutrición adecuado que le pernita nanifestar a plenitud sus capacidades productivas potenciales
y principalnente, sostener en el tienpo altos niveles de rendiniento aqroindustrial. Para el logro de este principio, la
fertilización debe ser adecuada en calidad y cantidad de nanera que proporcione equilibrio nutiicional, para lo que es
necesario la adición oportuna, suficiente y racional de los elenentos esenciales.
La valoración en interacción de dosis H-K en Juan Vinas a 1.050 asnn (23, 30), denuestra luego de tres cosechas (cuadro
12), por una parte la esenciabilidad del H y por otra el excelente conplenento nutricional que siqnifica el K, puesto que
cuando éste se elinina los rendinientos se reducen sustancialnente. La nejor interacción técnico-econónica resultó ser
200 kg de H, 100 Kg de KjO y una base de 200 Kg de PjO^/ha.
La insuficiencia de elenentos esenciales para la nutrición de la planta cono es el caso del Hg y el S, han notivado
su estudio cono conplenento al resto de nacronutrinentos. Al valorar (17) en Juan Vinas (1.180 nsnn) esos elenentos, se
deteminó respuesta fisico-econónica positiva a la adición de 30 Kg de KgO y 37 Kg de SO,/ha, respectivanentè. Estudios
siiilares realizados en la localidad de Grecia, han evidenciado que la aplicacion de 40 Kg de SO./ha es suficiente para
satisfacer las necesidades de la cana. Es inportante anotar en este punto, que el hecho de existir contenidos adecuados
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de K y bajos de Ca, Hq y S en el suelo, con el atenuante de que el Ca se incorpora a través del encalado, conducen a qenerar
graves desequilibrios iónicos principaluente catiónicos, que inducen efectos detrinentales sobre la productividad
aqroindustrial de la cana de azücar, tal cono lo refiere (24),
CDADRO 10. PRODOCCION DE CAHA, AZUCAK ï CONCENTÏACION DE K (INTERHÜDO 3-10)
EN CICLO PLAKTA, CORDESPONDIENTE AL ESTÜDIO DE DOSIS CÜECIENTES
DE POTASIO RE.ALn.MX) EB GRECIA, ALAJCELA, COSTA RICA.
DOSIS

PÜREZA

K20
Kq/ha

0
60
120
180
240
300
360
420
PROHEDIO

cv 1»)

s

89,7 ab
90,4 a
86,8 a
89,0 a
89,4 a
87,1 a
88,0 a
88.3 a
88,6
2.19

RENDIHIEMTO
INDUSTRIAL
Kq Azucha
99,91 a
107,56 a
109,96 a
117,26 a
112,44 a
111,03 a
106,64 a
115,68 a

110,06
10,37

PRODOCCION

'I/ha

cm

255,2 a
266,3 a
237,0 a
243,3 a
252,9 a
261,7 a
264,8 a
263.3 a
255,6
11.97

AZUCAJ
25,33 a
28,65 a
26,00 a
28,36 a
28,72 a
29,00 a
28,30 a
30.47 a
28,10
.14,41

* K
18-10)
2,06 a
2,07 a
2,39 a
2,98 a
2,44 a
2,52 a
2,58 a
2.42 a
2,43
17,1

FDEHTE: (2)
F e r t i l i z a c i ó n base: 180 y 150 Kq de H y P205/ha, respectivanente
Encalado: Se aplicó 1 IK de CaC03/ha
Variedad eultivada: B 59-233 cosechada a l a edad de 21 neses
Tratanientos con iqual l e t r a no difieren e s t a d i s t i c a n e n t e segun Duncan 5*.
CCACRO-ll. Produccia de cara y azücar (TH/ha) seqün corte, ccrrespondiente a
ia prueba de dosis de potasio en Jua.- ïinas, Costa Sica
Proiecic de tres ccsecr.as.
3ATAHENTO
EHKSO .
SSCMCO
T!?C;a
FROSECIO
r
A
C
K2C
A
C
A
A
Kq/ha

0
ICO
230
300
400
500
FROHECIO

220,!
214,3
231,3
209,0
195,3
237,5
2:8,0

27,6
25,6
28,7
25,7
24,0
29,2
26,8

23,0
206,2
222,7
23,7
27,6
227,3
198,4 * 22,9
232,4
24,6
201,6
21,1
23,8
214,8

163,7
184,4
228,9
212,8
163,3
184,3
'.85,6

20,2
23,8
30,2
28,2
20,9
23,5
24,5

196,7
207,3
229,2
206,7
197,0
207,9
207,5

23,6
24,4
28,8
25,5
23,2
24,6
25.0

FUESTE: (20, 30)
Edad de cosecr.a: 22, 24 y 22 :eses, respecdvaaente
Fertilización base: 200 <g de II y ?205/ha
Variedad eultivada: H 44-3098;
Cara (C) y ajiicar (A)
Considerando las reconocidas linitantes que poseen alqunos elenentos nutritivos cono el B y el Zn en los Andisoles (6,
9, 10, 40), y de acuerdo a la respuesta positiva que la caüa ha deuostrado en otras latitudes a su adición, se procedió
a su evaluación (18) en un suelo volcanico de Juan Vinas (1.180 nsnii), cuyos principales resultados se nuestran en el cuadro
13. La dosis individual de 25 kq de in y el trataniento en interaccion de 20 Kq de B y 25 Kq de Zn, proporcionaron los
«ejores resultados al producir nas azücar con nenos nateria priua. En la region de La Luisa se han obtenido resultados
couerciales «uy satisfactorios con la adición de Zn.
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CUADÏO 12. Production de caüa y azücar (t/ha) sequn corte, correspondiente
a la prueba de dosis de nitróqeno y potasio en Juan Vinas,
Costa Kica. Proaedio de tres cosechas.
PROHFJ)I0
TXATAHIEKTO
SEOTDO
TERCEXO
PRIHEKO
H - K20
C
C
C
A
C
A
A
A
Ka/ha
Testiqo
Absoluto
0 - 0
0 - 100
0 - 200
0 - 300
100 - 0
100 - 100
100 - 200
100 - 300
200 - 0
200 - 100
200 - 200
200 - 300
300 - 0
300 - 100
300 - 200
300 - 300
300 - 1541/
PROHEDIO

207,8

25,3

176,2

20,2

147,7

19,6

177,2

21,7

185,6
203,5
187,5
203,5
207,8
212,5
241,0
216,4
182,8
232,0
215,2
202.3
179,3
251,9
251,9
207,0
243,7
212,9

22,5
23,7
21,6
23,8
25,2
26,0
29,5
26,1
21,3
28,1
25,2
23,7
29,0
31,2
31,2
24,5
29,8
26,0

160,4
164,6
158,2
182,4
175,5
184,8
188,3
206.2
128,5
215,2
203,1
182,4
178,5
184,8
198,1
177,3
181,2
180,3

18,0
19,5
17,4
21.1
19,9
22,1
20,8
21,4
14,5
25,7
24,9
21,0
19,3
21,5
22,9
20,0
20,6
20,6

164,1
147,7
180,7
141.6
146,8
161,7
149,6
175.2
134,4
148,8
152,7
180,9
160,2
193,7
173,7
177,7
163.3
161.1

21,6
18,5
22,8
18.3
19,2
20,1
18,7
20.9
17,1
19,8
19,3
22.4
19,8
24,7
21,4
22,2
21.4
20,4

170,0
171,9
175,5
175,9
176,7
186,3
193,0
199.3
148,6
198,7
190,4
188,6
172,7
210,2
207,9
187,4
196.1
184,8
*" • I"

20,7
20,6
20,6
21,1
21,4
22,8
23,0
22.8
17,7
24,5
23,1
22,4
22,7
25,8
25,2
22,2
23,9
22,3
Ü W

FÜEHTE: (23, 30)
Edad de cosecha: 22, 24 y 22 meses, respectivamente
Fertilization base: 200 kq de P205, excepto 1/ que fue de 77 kq/ha.
Variedad cultivada: H 44-3098; Cana (C) y azücar (A)
La realidad conercial actual indica, que las plantaciones de cana de azücar establecidas en Andisoles de ladera,
Bantienen un ranejo nutricional miy particular, en razón de que la practica ha denostrado y ratificado suficientenente su
inportancia COBO elenento pronotor de productividad y rentabilidad econónica, que provee y peruite adeuas, el alcance de
rendinientos sostenibles en el tienpo.
El cuadro 14 presenta un detalle de cobertura national, elaborado con base en los resultados e interpretaciones técnicoeconóïicas aas recientes, de los aiibitos de respuesta experkental de la cana de azücar a la aplicación de «acronutriaentos,
seqün reqión aqricola. Esas respuestas deben ser a su vez interpretadas sequn orden de suelo presente, variedad cultivada,
ciclo veqetativo y «anejo aplicado en cada situación y localidad especifica. Puede asequrarse por tanto, que en esa
anplitud de respuesta se encuentran las dosis de fertilizante «as idóneas que favorecen alta productividad de caiia y azücar
a un «enor costo (21).
Al efectuar conple«entarianente una valoración a los proqranas de fertilization conercial, que alqunos productores
representatives del area en estudio enplean en sus plantaciones, se tiene que las dosis aplicadas por hectirea se encuentran
en el caso de la cana planta, en el siquiente anbito: N 90-240 Kq, Pj05 100-200 Kq, KjO 90-205 Kq, CaCOj 750-2000 Kq, HqO
30-40 Kq y S coi» SO^ de 45 a 100 Kq, respectivanente. En plantaciones en estado de retono es COBO sique: K 55-280 Kq,
Pj05 25-60 Kq, KjO 65-255 Kq, CaC03 500-1500 Kq (solo en sequnda soca), HqO 30-40 Kq y SO^ 80-125 Kq aplicados anualsente.
La conparación entre respuesta experiuental y aplicación coaercial de nutrinentos, peruite deducir que en el caso del
H y el K el uso es deficiënte, puesto que se deterainó insuficiencia por una parte y tendencia al exceso por otra aün con
ciclos veqetativos anplios, principalnente en las areas de nayor altitud, en tanto que, el P se aplica en dosis bajas en
ciclo de retono. El encalado y la adición de Hq parecieran óptiias, pese a lo cual su uso, dosis y frecuencia de aplicación
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es baja a l incluir otros grupos de aproductores, pese a l a s pernanentes canpanas dirigidas a pronover su enpleo. Las dosis
de S son en principio a l t a s , aunque es reconocida l a baja toxicidad de e s e elenento, aün cuando aplicado en dosis elevadas
CODO l o indica ( 2 4 ) .

CÜACRO 13.

3EHDIHISMT0S AGR0IHDÜST8IALSS DS CAÜA Ï AZUCAR, SN CICLO FLAHTA
COSaSSFOWDIEMTSS AL ESTUDIO D8 DOSIS DS ZINC ï 5080 REAUZADO EN JUAN VISAS.

TRATAKI:HTO
T5STIG0 ABSOLÜTO
ÏESTIGO FIIICA
FESTIUZACIOK 3ASS
10 Kg 3
20 Kg 3
25 Kg Zn
50 Kg Zn
10 (B) + 25 (Zn)
10 (B) + 50 (Zn)
20 (B) t 25 (Zn)
20 (B) 4 50 (Zn)
PRCMDIO

cvm
FUBfTE:

«0. TALLOS
ll.il
19,2 ab
20,9 ab
21,5 ab
20,1 ab
19,2 ab
23,6 a
21,8 ab
20,6 ab
20,3 ab
24,0 a
18,2 b
21,1
14,2

TOR2ZA

m
95,4 a
94,2 a
94,3 a
94,6 a
94,6 a
94,7 a
94,2 a
94,9 a
94,4 a
94,5 a
94,3 a
94,6
0,92

SESDUCaiTO
INDUSTRIAL
Ka Azucar/T
124,74 a
119,75 a
122,02 a
120,20 a
124,63 a
126,33 a
123,27 a
123,61 a
123,72 a
126,55 a
123.72 a
123,50
3,61

FSOCSCCIOS
,'t/ha)
CAliA
AZSCAR
104,7 b
13,0 b
132,8 ab
15,9 ab
138,0 ab
16,8 ab
16,3 ab
136,0 ab
129,7 ab
16,i ab
155,7 ab
19,6 a
120,3 ab
14,8 ab
132,8 ab
16,4 ab
132,3 ab
16,4 ab
133,3 ab
16,9 ab
17,0 ab
137,5 ab
132,1
16,4
18,0
18,65

(18)
Fertilization base: 200 Kg de N, P205 y K20/ha, respectivaaente
TESTIGO FIRCA: 300, 77 Ï 154 Kg de N, P205 y K20/ha, respectivanente
Variedad cultivada: Pindar Cosechada a los 18 meses de edad
Encaiado: Se aplicó 2 Hf de CaC03/"na
Fuente nutritional: Sazorita (65* B203) y Microuate (35* Zn)
Irataaieatos con igual letra no difieren estadistica«eate segdn Duncan 55.
CEADRO 14. AHBIÏ0 DE RESPUESTA DB LA CAKA DE AZDCAR (Kg/ha) A LOS PRISCIPALES
XACROKraiffiKTOS, SEGÜH REGION DE CULTIV0 FJI COSTA RICA.
REGIOS
VALLECEKTRAL
OCaDENTAL
VALLECEKTRAL
ORIENTAL
PACIPICO
5ECO 2 /
ZOHAHORTE
PACIFIC0 SDR
REGI0NES
ALTAS 1/
fflJUITO
HN.-KAX.

V

PLANTA
SOCA 3 /
P205
K20
K20
N
P205
120-180 130-160 120-160 150-200 130-160 150-200

m
40

120-180 130-160 120-160 150-200 130-160 150-200

40

60

0

80

40
53
70

60
60
70

0- 70

60-90

N

80-150 60- 100

80-100 100-150 50- 100 80-140

110-150 120-200 130-180 120-150 100-150 130-160
120-150 150-200 130-180 120-150 180-200 150-180
160-200 160-200 160-200 160-250 130-150 160-250

30-200

60-200

30-200 100-250

50-200

80-250

1/ Alturas «ayores de 1.000 «sin y ciclo vegetativo superior a 15 ïeses.
2/ En suelos Hollisoles y algunos Vertisoles es reconendable la aplicacidn de
100-150 Kg/ha de N, 100-120 Kg/ha de P205 y 60-80 Kg de K20.
3/ El P205 se recoaienda aplicarlo COÏO coipieiento en segunda soca.
4/ Aplicados en caia planta y segunda soca.
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CODO corolario, es inportante aqreqar que la fertilization coao practica de nanejo en las plantaciones de caüa de
azucar es esencial, en razón de que la inversion es baja y el beneficio elevado. Sobre este aspecto hay que senalar,
que el costo de inversion y aplicación de enniendas y fertilizantes representan en el ciclo de planta (27), un 2,03? y
un 7,37?, respectivanente, para un 9,401 del total de los costos aqricolas. Al valorar esos nisaos rubros para un ciclo
conercial de cinco cosechas, la inversion representa un 0,63? y un 7,53?, respectivanente, para un costo general del
8,16?, que es bastante bajo cuando conparado con otras actividades aqricolas.
Durante los ultinos afios la tendencia del cultivo de la caüa en Costa Rica, ha sido hacia la pronoción y el
fortaleciuiento de una "aqricultura de nanejo" en sustitución de la tradicional "aqricultura quinica", tal cono lo
deauestra el énfasis y auqe que practicas cono la subsolada, desaporca, aporca, control fisico de nalezas, control de
nadurez y el control biolóqico de plaqas dentro de la filosofia de nanejo inteqral (KIP), entre nuchas otras, ban
adquirido recientenente (27, 28).
'
B.

GOKLOSIOircS

1. El area cultivada con cafia de azucar en Andisoles de ladera es importante, al representar un 20,6? del total nacional.
2. La fertilidad natural de los Andisoles es uoderada, obliqando al enpleo de enniendas y fertilizantes cono conpleuento
para asequrar la obtención de rendinientos aqroindustriales de cana y sacarosa satisfactorios.
3. Los Andisoles del Valle Central de Costa Rica presentan por lo qeneral alta retención e insuficiencia de fosfatos,
bajos contenidos asinilables de Ca, Hq, S, B y 2n; asi cono concentraciones adecuadas de K y Cu y altos de nateria
orqanica en las areas superiores a los 900 nsna. Poseen una textura predoninantenente franco a franco arcillosa que
favorece su laboreo necanico, son profundos, tienen buen drenaje y son de coloración oscura a pardo-rojiza; su
topoqrafia es irreqular con presencia de altas pendientes en la zona superior a los 900 nsnn, lo que constituye uno
de sus principales factores linitantes.
4. Los estudios de nutrición y fertilización realizados en Andisoles, indican que en orden de inportancia los nutrinentos
nas linitantes y de nayor respuesta a la producción de la cana de azucar son: H>P>>Ca>K>Kq>ïn>S>B.
5. Las condiciones edafoclinéticas del area con suelos de oriqen volcanico varian con la altitud, lo que conduce a un
nanejo conercial de las plantaciones de cana diferente sequn sean las caracteristicas prevalecientes.
6. La planta de cana de azucar induce por sus caracteristicas, estabilidad a los terrenos aqricolas de ladera, nininizando siqnificativamente los efectos erosivos inducidos por la topoqrafia irreqular presente en las zonas de cultivo
superiores a los 900 nsnn, lo que aunado a la* fuente de trabajo que siqnifica, proporciona un inportante qrado de
sostenibilidad ecolóqica y social.
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Considerations on Soil Fertility Assessment and Fertilizer
Usage in Sugarcane Agriculture in Latin America.
R. Villegas. National Sugarcane Research Institute, Ave Van Troi
Boyeros, Habana, Cuba.

17203,

Introduction. Sugarcane occupies about 8 million hectares of different soils under varied
climatic conditions in Latin America and the Caribbean. This graminaceous represents, for this
region, the third economy item after oil and coffee Sugar industry is based on the existence of
near to 650 factories (mills) which produce 25% sugar of the world and some 12 000 million
litres of alcohol Its social impact is significant since it offers almost 3 million direct
employments (De Faveri 1991a).
The scientific-technical basis for sugarcane crop management is undertaken by 29 research
and/or technology transfer centres and 13 Associations of Sugarcane Technologists (De Faveri,
1991b). This could be considered as one of the more powerful infrastructure for a given crop
Outstanding cases in this regard are those of Cuba, Brazil and Colombia significantly contrasting
with others like Mexico, third sugarcane producing country in the region, where research is
almost absent.
Six Latin American countries are among the 25 larger sugar producers of the world, namely:
Brazil, Cuba, Mexico, Colombia, Argentina and Guatemala, some 50% of the land devoted to
sugarcane cultivation in the World is located in this region.
The two larger Latin American and Caribbean producers (Brazil and Cuba) utilized in 1990
some 2 260 000 t of fertilizers while in other countries, such as Venezuela and Mexico, it is
common to apply among 200 and 400 kg ha"1 of active nutrients per year.
This paper presents some considerations on fertilizers use and its role in achieving the present
production levels in sugarcane emphasizing those aspects related to the generation of fertilizer
recommendations.
Fundamentals of fertilizers usage Sugarcane is one of the most studied tropical crops,
especially regarding the experimental determination of its nutrition requirements However, the
determination of the proper dosis to be applied per plot according to the production level, soil
fertility and economy constraints, is not always possible to be determined by the small farmer,
with a low scholar level for managing this problem and usually strongly bounded to tradition,
commercial advertisements, subsidy, credit policy and market availability of products The same
holds true for other important crops.
In Cuba, where a strict control of soil fertility and its evolution is kept, the main criteria for
fertilizers usage in the sugarcane crop are as follows:
Nitrogen
- Sugarcane response to N is mainly determined by soil type, crop and yield level.
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- Spring planted sugarcane does not require any N application, although some exceptions have
been found In some cases, winter sugarcane planted on soils with hydromorphic difficulties
demands nitrogen applications.
- Ratoons always need nitrogen applications.
- N requirements increase with the number of crops.
- The second ratoon is the most stable crop regarding nitrogen response.
- N contributes to crop durability.
- N application fractioning is not necessary.
- Nitrogen sources, such as urea, ammonium sulphate or nitrate produce similar effects, in
consequence their selection would depend on their cost.
- High N doses reduce juice quality, especially if they are applied later than 120 days after
planting or cutting.
No diagnosis method is utilized for this nutrient, the foliar analysis is used to assess the
effectivity of applications.
A general criterion is that when nitrogen application surpasses 15 kg t"1 stalks there is a nutrient
waste or some management or edaphic factors are limiting production This criterion is also
applied in South Africa but at a lower level, namely, 12 kg t"1 stalks. Table 1 presents a
summary of the basic guide utilized in Cuba for nitrogen use in the main soil types.
Table 1. Nitrogen doses recommended (kg ha"1) for obtaining yields from 8 to 101 ha"1 mes"1
of stalks in the sugarcane crop in Cuba
Yield (t ha')
Crop
Plant Cane
1st Ratoon
2nd Ratoon
and others

^35

35-50

5CK75

75-100

>100

0
35

0
35-50

0
50-75

0
75-100

0
100

50

50-75

75-100

100-150

150

When hydromorphism and compactness is evident
Plant Cane
Ratoons

35
50

35-50
75

50-75
100

75-100
150

100
150

Phosphorus.
Phosphorus applications are carried out taking as fundamental criterion this nutrient content in
the extract solutions of Bray-Kurtz II and H2S04 01N calibrated with the results of hundred of
field experiments Recommended doses according to phosphorus content of the soil appear in
Table 2.
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Table 2. Guide utilized in the sugarcane crop in Cuba for classifying the level of
phosphorus supply in the soils, for estimating phosphorus doses to be applied and
the expected increase in stalk production in response to this application.

Category
I

Assimilable P (mg P2O5/100 g)
Dosis
Bray-Kurtz*
Oniani**
kg ha

High

>30

>50

0

II Medium

15-30

25-50

25

<15

<25

50

III Low

•Method of Bray-Kurtz No 2: Extraction with NH4F 003N + HC1 001N
««Method of Oniani: Extraction with H 2 S0 4 01N

Sugarcane ability for absorbing phosphorus from soil solution, even if it is very dilute,
minimizes the effect of phosphorus sorption on the basic dosis, however corrections are applied
in those cases of severe acidity and P-sorbed values.
Potassium.
The most important results regarding soil K and the effectiveness of this nutrient in the crop
could be summarized as follows:
- Sugarcane response to K depends on the content of exchangeable K in the soil and the crop
type.
- The utilization of very high K doses (300-320 kg ha"1 K20) reduces sugar percentage except in
those highly saturated soils.
- Physical and hydrophysical properties of the soil have a marked influence on sugarcane
response to K, especially in the older crops where mechanization has compacted the soil.
- Soil analysis although considered the most effective tool, it could not be only based on the
assimilable forms, but it is recommended its combination with methods that evaluate soil
reserves and their availability.
Potassium doses according to the calibration of the extractive solution of H2S04 01N for Cuban
conditions, appear in Table 3.
Other countries such as Brazil, Venezuela and Mexico also possess general recommendations,
in the case of Brazil, owing to its extension and diversity of conditions, these are given for the
different regions The guide for the utilization of phosphorus and potassium employed at Sao
Paulo State, where the greatest production volume of this graminaceous is concentrated is
presented in Table 4 The economic factor is taken into account in this recommendation
considering the rate cost/benefits (w/t, price of 1 ton sugarcane/price of 1 kg fertilizer).
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Table 3. Level of potassium supply in the soil and doses recommended for the different
sugarcane crops in Cuba.
Dosis recommended

Assimilable K*
Category

Plant

Ratoons

Expected yield t ha-1

Expected yield t ha"1

(mgK2O/100g)

<40

40-80

>80

<40

40-80

>80

>300

0

0

0

0

0

0

Medium

200-300

0

0

0

60

60-80

80

Low

100-199

60

60-80

80

100

100-120

120

<100

80

100-120

120

120

120-150

150

High

Very low

* Oniani Method: Extraction with H;SO« 01N

A great number of laboratories are available in the Brazilian agriculture, and more than 30 out
of them are devoted to soil analyses with interpretive tables on fertilizer use for farmers
Regarding the nitrogen doses to be applied, they vary according to the region which are known
to be contrasting It must be stressed that in such extense and diverse country, limited nitrogen
use is usually recommended in plant cane, taking into account the relationship among this
practice and sugarcane ability to provide itself with nitrogen from the atmosphere through
nitrogen fixer microorganisms, (Acetobacter diazotroficus) and other associated to the
rhizosphere The presence of sugarcane fields with high yields which have not received nitrogen
for more than hundred years has been reported in Sao Paulo (Urquiaga et al, 1991).
Table 5 presents the general recommendation for Venezuela adapted from Perez and Gilabert
(1989).
It could be observed that no differences among soil types and yield levels are considered .
During the last years the main fertilizer producing enterprises of Venezuela have started a selling
and formula preparation programme for farmers based on the previous mentioned criteria, which
includes soil analyses at a low price and free agriculture extension services Preparation of
physical mixtures of specific carriers for farmers is also included in the programme.
A similar situation to that of Brazil, Cuba and Venezuela is found regarding fertilizer
recommendations in Mexico although these stand from the 80 decade and is difficult to know
their basis.
Table 6 presents a summary of doses recommended for Veracruz and Oaxaca where the higher
sugarcane production volume of the country is located.
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Table 4. Economic doses of phosphorus and potassium recommended to be applied on
sugarcane in Sao Paulo State, Brazil (Adapted from Orlando, 1991).
Assimilable phosphorus content of soil ( mg P kg"1 soil)*
15-30

31-50

Cost/benefit
rate (w/t)

<15

51 -100

>100

10

120

90

50

30

0

15

130

110

70

30

0

20

150

130

90

30

0

kg ha"1 to be applied

Assimilable Potassium content (mg K kg'1 soil)**
20

170

140

90

60

0-50

25

190

160

100

70

0-50

30

200

170

110

80

0-50

Extraction with HjSO. 05 N
** Extraction with NH4 Acetate IN

Table 5. Phosphorus and potassium doses recommended (kg ha"1) for sugarcane in
Venezuela, based on assimilable forms content of soil.
POTASSIUM

Low

PHOSPHORUS
Medium

High

Low

150-180

75-180

0-180

Medium

150- 90

75-90

0-90

High

150- 0

75- 0

0- 0

140 and 175 kg ha"1 in plant cane and 1st ratoon, respectively
The main difference with other countries is that recommendations are given by mills and not by
soil type or fertility levels for phosphorus and potassium, and also that management, economic,
yield and other criteria are absent Sugarcane production is based on small farms (1-5 ha) which
make difficult the extension work This is also worsened by the low scholar level of farmers and
peasants and the strong influence exercised by unsuitable commercial formula.
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Table 6. NPK doses (kg ha"1) recommended for 25 sugar mills at Veracruz and Oaxaca
States, Mexico (Adapted from Palacios, 1990)
DOSIS RECOMMENDED OF
N

PA

K20

R

f

R

f

R

f

120-180

120 (12)

0-150

60 (24)

0-150

60 (19)

R is recommended range
f is the most frequent dosis
( ) numberof mills for which it is recommended

Technical basis of recommendations As was previously mentioned, at present this crop has a
research and technology transfer infrastructure in all important producing countries, with the
only exception of Mexico.
Recommendations have been prepared as usual in this type of monoculture, based on field
experiments where different levels of each nutrient were compared The latter studies had their
boom in 1970-1985 when it has been estimated that only Brazil, Mexico, Colombia and Cuba
carried out more than 1 500, with a mean of three harvests per cycle.
Based on the already mentioned experimental basis, analytical methods were calibrated and
response curves were established as a function of management and climatic factors, residual
effect of nutrients were also studied, especially that of phosphorus, nutrient extraction indeces
per variety were determined, different carriers were evaluated, and in sum more than 1 000
articles appeared in journals and proceedings reporting these results It is far from enough, in our
criterion, what has been done regarding fundamental studies for modelling soil fertility and
fertilizer use which would allow to reduce research costs, although Cuba, Brazil and Colombia
have taken the first steps in this direction during the last five years.
Particularly important will be in the next years to perform studies on the:
- Determination of nutrition requirements as a function of nitrogen mineralization capacity of
soils and the role of nitrogen fixing (Acetobacter, Azospirillum, etc) in the sugarcane
agroecosystem.
- Integration of management and fertility results obtained in long term studies as the only
possible way to clarify those phenomena that could not be identified through the performance
of this plant which provoke a certain degree of uncertainty and risk regarding the use of
fertilizers in a more economic way.
- Nutrition and fertility management in this agroecosystem as a whole, paying more attention to
biomass production and reutilization of nutrients in this crop.
- Assessment with the techniques available at present, of the real effects of this monoculture on
soil fertility giving basis for modelling its production.
Research necessaries for obtaining the already quoted responses are expensive and difficult to
carry out by those less developed countries or by those where sugar industry is not so important
The socioeconomic factor would also restrict these challenges that only could be faced through
the international and/or regional cooperation (quite deteriorated because of lack of financial
support).
Real impact of recommendations and guides in the field of sugarcane production It is supposed
that the increasing fertilizer application during the last decade has had an important effect on
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yields, especially if we accept that it has an acceptable basis from the scientific-technical
viewpoint However, consumption and production records of the main producers do not reflect
this situation.
It happened that fertilizer application, with the formerly subsidy policy, became in fashion,
producing huge benefits to mineral fertilizer producers, but its effect on the farmers standard
of living becomes doubful.
The experience of Cuba can be taken as an example in this connection In 1990, Cuba organized
its nutrients consumption and application criteria, classified all the sugarcane producing areas
of the country into 4 groups trying to ensure that fertilization would not pose any severe
limitation to this crop production and the global result of this work carried out in all sugarcane
fields, is presented in Table 7.
Table 7. Grouping of areas devoted to sugarcane in Cuba according to their assimilable
phosphorus and potassium levels and classification of them in correspondence to
their application requirements of these nutrients ('000 ha).

Area

%

P requirements

242

15

K requirements

514

32

P + K requirements

384

24

P and K are not required

479

29

When this criterion is taken to the fields it becomes a chess board and if technological,
infrastructure for managing it, is absent (as is the case of this country) the manager will become
finally "managed", and this is usually the case with farmers in most of our countries, where:
- The research centre is present but weakly associated to the extension service.
- It exists a recommendation guide with more or less founded basis.
- The crop is present and also the farmer with a strong necessity of living and not of surviving.
Nevertheless, market dominates this farmer through offering him two formula which will
transform the latter in the chemical degrader of his own soil.
The results from a detailed study carried out in the Progreso sugar mill, Veracruz, Mexico, are
illustrative of the previous Fertility of all plots in the mill was evaluated in a zone of 9 806 ha
including 1 797 farmers grouped into 8 small zones (Table 8).
•
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Table 8. Phosphorus and potasium contributed by fertilization during four years and
extraction of this nutrient by sugarcane in areas of the Progreso sugar mill,
Veracruz, Mexico.
Year Yield t ha"'

Applied

Extraction

P

K

(Kg ha"1)
P
K

Balance

K

1987

643

70 70

29 96

+ 41

-26

1988

569

84 42

27

85

+ 57

-43

1989

571

84 42

26

86

+ 58

-44

1990

458

84 42

21 69

+ 63

-27

It could be observed in Fig 1 that in general , phosphorus content was from Very High to
Medium in all the administrative areas, however, this nutrient was indiscriminately applied
causing a strong phosphatization, without any production increase in response to fertilization
The opposite holds true for potassium since they apply 35 kg ha"1 year"1 less (as a mean) which
are actually irreplaceable in a rainy region such as the previously mentioned one

100
90 .

ea
70
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SO .
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5

Figura 1. Available phosphurus content in Progreso areas
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Owing to unsuitable fertilizer use, farmers loss strong quantities of money and have become
environment contaminating agents. This situation is quite common in Latin America
Final considerations.
- It exists, in general, a suitable experimental basis regarding fertilizers use
- Fundamental research, allowing to generate recommendations at plot level, less expensive than
field experiments, is not enough nowadays although some advance in this connection is evident
in several countries.
- An abyss exists among farmers and research results causing the utilization of insufficient or
excess fertilizer levels It is common that these products are applied according to tradition,
commercial advertisements or market availability with the correspondent damage to ecological
environment and to the already damaged economy of farmers and peasants.
- Considering fertilizer use as a yield component, among many others, its actual influence could
only be assessed when analyses will include the integral performance of this agroecosystem and
social, politic and economic factors affecting it.
- Regional cooperation among the main producers is one of the alternatives for facing the
challenge posed by the preservation of soil fertility under this type of monoculture
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Introduction. The Colombian sugar industry is located in the plain region of the Cauca River
among 3° 00' and 4° 46' North latitude, at the west of the country. The production area covered
by sugarcane devoted to sugar production achieved 157 295 ha in 1992, harvest area amounted
for 127 613 ha with a sugar production of 1 813 435 metric tons of crude sugar (Asocana,
1993).
In relation to the cane production and yields obtained in different countries in 1991-1992,
Colombia showed the highest sugar production per hectare of the world with a mean of 14.35
t/ha followed by Australia with 10.54 and USA with 9.18 t/ha. Among Latin American
countries, other outstanding producers were Mexico, Brazil and Cuba, which were the 6th, 7th
and 10th in the world (USDA, 1991). The first place occupied by Colombia stems from its high
cane production per hectare since regarding yield and sugar percentage per quantity of millable
cane it was the third one after Australia and South Africa.
In relation to the plain region of the Cauca River Valley, some 84 soil groups are found included
into the orders Mollisol, Inceptisol, Vertisol, Entisol, Alfisol and Ultisol, which occupy 36, 26,
21, 10, 5 and 1% of the total area, respectively (IGAC, 1980). Most of them have alluvial origin
although some of these soils located in the mountain foot have a colluvio-alluvial origin; in
genera], prevail the franc-clayed (F-Ar) soils with pH among 2 and 4%, available phosphorus
(P) content, according to Bray 2, over 10 ppm and exchangeable potassium (K) content over
0.20 cmol/kg. Exchangeable Ca:Mg relationships are considered as normal while calcium and
magnesium contents are high (Quintero, 1993).
Long-term trials with N, P and K. Most sugarcane fertilization trials with N, P and K carried
out in the Cauca River Valley have evaluated two or three ratoons. The results obtained have
shown that N is the nutrient limiting sugarcane production in this important region.
Two trials established on a Manuelita (Fluventic Haplustoll) soil with the sugarcane varieties
CP57603 and POJ2878 were kept for 10 cuts with the objective of assessing the response of
these two varieties to N, P and K applications performed after the different cuts.
At the beginning, the soil presented a franc-clayic texture, slight acidity (pH 6.2) and medium
content of organic matter (3%), available P (6 ppm, according to Bray 2 method) and
exchangeable K (0.29 cmol/kg).
N, P and K content of the leaf corresponding to the first visible dewlap and harvest results
obtained from each cut were analysed as a complete factorial design 33 (three nutrients and three
doses). Since both varieties showed a similar response to N, P and K applications, only those
achieved by the CP57603 will be shown. This variety occupied the fourth place regarding the
sugarcane area covered in the Cauca River Valley in 1992.
In relation to foliar content, the greatest variation was observed with nitrogen; its applications
to soil significantly increased the foliar content of this nutrient in seven out of the ten cuts
evaluated, especially from the fourth cut (Figure 1). In the other hand, foliar P significantly
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increased in four cuts when P was applied to the soil (Figure 2). Potassium applications to the
soil only significantly increased foliar K content in the fifth cut (Figure 3).
N applications to the soil increased cane production in all cuts (Figure 4) and the difference
among doses regarding cane production per hectare (TCH) were significant in 8 out of the 10
cuts. Although sugar production showed a similar trend throughout the cuts, it is important to
emphasize that yield (sugar %/milled cane) slightly decreased with N dosis increase, especially
from 100 to 150 kg/ha in seven cuts.
In the other hand, P and K applications carried out in plant cane at planting and 30 days after
cutting in the 1st ratoon did not show any significant effect on cane and/or sugar production of
the CP57603 variety at the Manuelita (Fluventic Haplustoll) soil. Cane production showed a
small increase in the two first cuts with the increment of P205 dosis from 50 to 100 kg/ha,
however similar yields were obtained with the three P doses from the third cut and also a trend
to decrease with the increase of applied P. Phosphorus applications performed per cut
significantly increased available P content in this Mollisol; after the tenth cut of CP57603, soil
presented 12, 19 and 36 ppm of available P with doses of 50, 100 and 150 kg P205/ha,
respectively. This accumulative effect of P in the soil explains the absence of differences in TCH
among P205 doses.
According to the results obtained in this fertilizer trial during ten succesive cuts of the CP57603
variety, N could be considered as the most important nutrient limiting cane and sugar production
in the soils of the Cauca River Valley. A trend to decrease cane production, and in consequence,
sugar production, with the increase of cut number, was also evident. This production decrease
was more related to the mean foliar N content than to foliar P and K content (Figure 5).
However, no significant correlation was detected among the mean values of TCH and foliar N
in the different cuts.
Nitrogen fertilization. Since the more important sugarcane response found in the soils of
theplain region of the Cauca River Valley was that to N application, the study was directed
toward the determination of the most proper N doses for the most important sugarcane varieties
in the sugar industry.
N fertilization trials were established in soils of the orders Mollisol, Inceptisol, Vertisol, Entisol
and Alfisol with different characteristics regarding their organic matter and exchangeable K
content (Table 1). In general, these soils presented fine to very fine texture, medium to very
light aciditu, low and medium content of organic matter and from low to high exchangeable K
content.
Table 2 presents cane production results of the first and second cuts in the six experimental sites.
Highly significant differences were found for plant cane in Vertic Tropaquept and Vertic
Haplustalf soils which are characterized by its low organic matter content. In the Vertic Tropic
Fluvaquent soil which organic matter content was 2.3%, significant differences in cane
production among N doses were found. Although a general trend to increase yield with the
increment of N dosis applied to soil, no significant differences in production were found in those
sites with organic matter content near to or over to 3%. The latter means that response to N
application decreased with the increase of organic matter content of the soil.
In the 1st ratoon (second cut), significant of highly significant differences in cane production
were found among N doses in four out of the six experimental sites and the dosis of 150 kg/ha
of N could be justified in most soils used. According to these results, response to N application
to the soil was higher for sugarcane 1st ratoon than for plant cane, this could probably stem

383

from the soil preparation labors carried out before planting improving air capacity of the soil
allowing a higher organic matter mineralization which, in turn, favors N supply by the soil;
some soil compactness was evident in the 1st ratoon as a result of sugarcane lift and transport
in wagons to the factory. This compactness could affect N supply from the soil and, in
consequence, it is necessary to compensate this decrease with nitrogen fertilization to keep cane
production at relatively high levels.
Besides the organic matter content of soil, drainage and water table depth could modify the
required N dosis for sugarcane in those soils of the Cauca River Valley. Figure 6 presents
relative productions obtained in Fluventic Haplustoll (well drained) and Typic Pallustert (poorly
drained) soils; the latter have similar organic matter content, however, response to N
applications was higher in the poorly drained soil than in the well drained one. In the other
hand, those soils where the water table is located at less than 50 cm depth, as was the case with
the Vertic Tropic Fluvaquent soil, N response was higher than that obtained in the Vertic
Haplustalf soil with an organic matter content similar to the previous but with less limitations
regarding its water table.
In sum, N recommendations for sugarcane in the Cauca River Valley soils, are mainly
determined by the organic matter content of soil, its drainage and the presence or absence of a
shallow water table. Doses vary among 40 and 160 kg N/ha for plant cane or 1st cut and among
75 and 200 kg N/ha for 1st ratoons . Doses superior to 100 kg N/ha could cause decreases in
sucrose concentration, especially when variety PR61632 is utilized; this negative effect of N
could be counterbalanced with K applications to the soil.
Regarding time of N application to sugarcane in these soils with franc-clayic and clayic texture
(Table 1) total and fractioned N applications at different crop ages have been studied. Results
presented in Table 3 show that for varieties MZC74275 and POJ2878, it is more convenient to
apply all N togetehre 30 days after planting; however, for PR61632 it is better to fraction N into
similar dosis applied at 60 and 120 days after planting.
Phosphorus fertilization. Initial results regarding sugarcane P fertilization in the plain region
of the Cauca River Valley pointed at a low response, however, most sugar mills continued
applying relatively high doses of this nutrient.
Eight trials were carried out in soils characterized by their extremely acid to almost neutral pH,
medium organic matter content and available P content (Bray 2) from 1 to 17 ppm with the
objective of assessing the effects of P fertilization on sugarcane production and juice quality
of the variety MZC74275 (Table 4).
Figure 7 presents cane productions obtained in the 1st cut of MZC74275 in eight soils. Soils
with their respective P content appear in the abcisse axis while the ordinate axis corresponds to
cane t/ha (TCH). Cane production did not show any significant difference among P205 doses
applied at planting; however three out of the four soils presenting available P content <5 ppm,
showed a slight trend to increase cane production with the increase of P dosis although its is
not justified to apply more than 50 kg P205/ha. Regarding juice quality, its sucrose and
phosphate content were determined; regarding the former, significant differences were only
found in the Puerto Tejada soil, PJ-1 (Figure 8) which presented 1 ppm of available P
determined by the Bray 2 method. In this trial, sucrose percentage of the control treatment (0
kg P205/ha) was significantly inferior to that obtained with any of the P205 doses but no
significant differences were found between those doses among 25 and 150 kg P205/ha. In
contrast with results obtained in other countries (Korndorfer and Martins, 1992) phosphate
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content in juice were not related to the available P content of soils, except in the Esneda soil
(Typic Pellustert) which available P content was 7 ppm. In this case a trend to increase
phosphate content of juice with the increment of P205 dosis applied on the soil was evident.
Results obtained in these trials on P fertilization which have included soils with a very low
available P content, have confirmed the scarce P response of these soils of the Cauca River
Valley giving confidence to some sugar mills and sugarcane farmers of the region for sensibly
reducing the P fertilizer doses applied without any sugarcane production decrease during the last
years.
Recommended doses of P205/ha vary among 0 and 50 kg, applied on the soil botton at planting.
According to the preliminar critical levels of available P in the soil (according to Bray 2 method)
established, the probability of obatining response to P application in those soils containing more
than 10 ppm is very low and, in consequence, it is not justified to carry out any phosphatic
fertilizer application to sugarcane.
Filter cake fertilization. The study oh filter cake utilization as fertilizer, carried out by
CENICAQA in cooperation with the sugar mills, included trials with fresh filter cake,
discomposed filter cake, descomposed mixture of filter cake with ashes (cenichaza) and filter
cake mixed with an inoculum at the beginning of its descomposition period.. The main
characteristics of these organic fertilizers are shown in Table 5.
The first trials carried out with fresh filter cake showed important changes of the chemical
properties of soils after applying this byproduct from the sugar industry. Thirty days after fresh
filter cake application, slight pH increases were observed together with those of organic matter,
exchangeable Ca, Mg and K and significant increases in the available P content (Figure 9).
Harvest results obatined in four soils of the Cauca River Valley clearly indicated that it is not
justified the application of more than 100 t of fresh filter cake/ha, complemented with 50 kg
N/ha for obtaining high sugar productions/ha in plant cane or 1st cut. The higher residual
effects were obtained in the second and third cut production with doses of 200 and 300 fresh
filter cake t/ha. It is important to underline that after three consecutive sugarcane cuts, available
P content of the soil was still at a high level not justifying any phosphated fertilizer application
at the subsequent cut.
The high moisture content of fresh filter cake (Table 5) limit its application on areas far from
the factory owing to transport expenses. The new studies are directed to the application of low
doses of descomposed filter cake, on furrow botton at planting, with the objective of increasing
its efficiency and determining its ability for replacing part of the commonly utilized fertilizers
in sugarcane plantations.
In another three trials carried out in soils with medium and low fertility, classified within the
subgroups Vertic Ustropept, Typic Humitropept and Typic Troporthent, 3 t/ha of filter cake
inoculated with a bacterial initiator, complemented with 25, 50 and 75% of the dosis of 100 kg
N, 50 kg P205 and 50 kg K20/ha were applied. Cane and sugar production of the plant cane
of MZC74275 increased with the increment of the complementary N, P, K dosis (Quintero and
Torres, 1991). Thus, in the Typic Humitropept and Typic Troporthent soils, characterized by
presenting the lowest available P and exchangeable K content, it was possible to replace up to
50% of the 100, 50, 50 kg/ha of N, P205, K20, respectively, dosis, while in the Vertic
Ustropept soil, the replacement was of almost 25% of the previous mentioned dosis (Figure 10).
Descomposed filter cake ability for replacing N, P and K seems to be more related to available
P and exchangeable K content than with organic matter content of soil. This is in agreement with
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the reports of Cooper and Abu-Idris (1980) and Moberly and Meyer (1978) who found greater
responses to filter cake applications in those available P deficient soils.
Conclusions. From the trials carried out by CENICANA in cooperation with the Colombian
sugar mills, the following conclusions could be drawn:
1. A high probability of getting sugarcane response to N application and low probabilities of
obtaining response to P and K application exists in those soils of the Cauca River geographical
valley.
2. N dosis for sugarcane is determined based on organic matter content and soil drainage, the
presence of a shallow water level and the crop cycle, being especially different among plant cane
and the 1st ratoon.
3. Total N application carried out 30 days after planting or cutting is more efficient than
fractioned applications for most sugarcane varieties utilized by the Colombian sugar industry.
4. Descomposed filter cake applications localized on the bottom of the furrow, at planting, seem
to be promising for partially replacing N, P and K commonly utilized doses for sugarcane
fertilization.
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TABLA 1. Characteristics of the soils used in the experiments about
nitrogen fertilization. Depth 0-20 cm.
Site
1
2
3
4
5
6

Classification
(Sub. group)

Soil
P. Tejada
Argelia
Cachipay
Manuelita
Galpón
Burriga

Texture

Vertic Tropaquept
Vertic Haplustalf
V.T. Fluvaquentic
Fluventic Haplustoll
Typic Pellustert
Typic Pelludert

FAr
FAr
Ar
FArA
Ar
Ar

pi i

6
6
5
6
6
6

1
1
7
4
3
8

O.M.
(%)
1. 3
2. 1
2. 3
2.9
3. 3
3.5

K
(cmol/kg)
0. 10
0. 19
0. 34
0.38
0.74
0. 30

O.M. Organic Matter.

TABLA 2. Effects of the applied nitrogen on cane production (t/ha)
Valle del Rio Cauca soils.
N dos e (kg/ha)
Site

Cut

Variety

0

50

85c
79d

100

150

109b
98c

111b
109bc

128a
125ab

129a**
132a**

200

1

1
2

MZC 74-275

2

1
2

PR 61-632

150c
122c

167b
131bc

183a
143ab

185a
152a

191a**
142abc

3

1
2

PR 61-632

190c
72b

200bc
80b

207ab
90ab

209ab
108a

219a**
108a**

4

1
2

PR 61-632

254
206

261
208

258
208

271
207

275 ns
213 ns

5

1
2

MZC 74-275

168
125d

181
154c

180
170

194
192a

195 ns
189a**

6

1
2

POJ 28-78

207
118

216
121

216
117

230
130

211 ns
126 ns
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TABLE 3. Effects of the nitrogen application moment in cane
production (t/ha) of the first cut for the varieties MZC 74-275, PR
61-632 and POJ 2878 in Valle del Rio Cauca soils.
Sites
MZC 74-275
POJ 2878 PR 61-632
1 4
5
6
2
3

Moment of Application
N (100 kg/ha)
At planting(AP)
30 days after planting(DAP)
AP(l/2)-45DAP(l/2)
AP(l/3)-30DAP(l/3)-60DAP(l/3)
60DAP(l/2)-120DAP(l/2)

111
125
110
109
126

210
230
230
226
199

186
181
175
181
188

250
258
253
239
231

Means

116

219

182

246

ns

ns

ns

ns

*:Significant differences

150b 226ab
155b 226ab
160b 208b
155b 211b
184a 247a
161

223

*

*

ns: not significant differences

TABLE 4. Characteristics of the soils used in the experiments about
phosphorus fertilization. Depth: 0-20 cm.
Soil
Puerto Tejada-PJ
Libano-LB
Puerto Tejada-PJ
Argelia-AR
Argelia-AR
Puerto Tejada-PJ
Esneda-ES
Palmira-PL

Classification
(Sub-Group)
Vertic Tropaquept
Entic Hapludoll
Vertic Tropaquept
Vertic Haplustalf
Vertic Haplustalf
Vertic Tropaquept
Typic Pellustert
Pachic Haplustoll

O.M. Organic Matter

Texture
Ar

F-Ar
Ar

F-Ar
F-Ar
F-Ar
F-Ar
F-Ar-L

pH

O.M.
%

7.0
5.2
6.1
7.1
6.8
5.7
6.6
7.0

3.8
2.9
4.0
2.4
2.0
2.5
3.0
3.1

P(Bray 2)
(ppro)
1
2
3
4
5
5
7
17

TABLE 5. Main characteristics of the organic manures prepared with
filter cake (Decomposition period:13 week)
Parameters

Fresh'
Decomposed Filter cake
Filter cake
Inoculated Alone

Humidity
PH
C:N
Organic Matter
N-%
P-%
Ca-%
Mg-%
K-%
Fe-ppm
Mn-ppm
Zn-ppm
Cu-ppm
Bacterial count

2

68
6.1
22
42
1.16
1.25
3.33
0.51
0.54
8691
533
162
56
2X10 7

58
7.1
16
23
0.82
0.62
3.00
0.74
0.62
20570
655
134
73
1.6X1012

56
7.3
22
33
0.87
0.60
2.52
0.69
0.59
22280
688
139
77
>5.4xl0 12

Decomposed Ash+
filter cake
mixture
53
8.4
18
16
0.54
0.37
1.40
0.40
0.85
12090
633
142
55
5.4X1012

1 Means of three sugar mills
2 Bacteriological method= Most probable number(M.P.N)
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Foliar N %
2.20

2.00

1J0-

1.40

FIGURE 1. N effects on the foliar N content of sugar
cane variety CP 57-603 (ten successive cuts)
in a Fluventic Haplustoll soil.

Foliar P %
0.40
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Cuts
FIGURE 2. P effects on the foliar P content of sugar
cane variety CP 57-603 (ten successive cuts)
in a Fluventic Haplustoll soil.
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Foliar K %
1.60

0.90

FIGURE 3. K effects on the foliar k content of sugar
cane variety CP 57-603 (ten successive cuts)
in a Fluventic Haplustoll soil.

280

TCH

FIGURE 4. Sugarcane (variety CP 57-603) production variation in relation with N application to a
Mollisol soil during ten successive cuts.

tul

-*-TCH

-*-Htel%

•"•PW»

-«-KW.*

FIGURE 5. Relationship between cane production and
CP 57-603 variety foliar N, P, K content
during ten successive cuts.

Relative production (%)

Well drained

Poorly drained

FIGURE 6. Relationship between the soil drainage and
the sugar cane response to the applied N
during two successive cuts.
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TCH

PL-T7E8-7 W - 6 AH-6 W - 3 L&-2 Afl-4 PJ-1

Soil-Available P (ppm)-Bray 2
FIGURE 7. Effects of the P applied to the soil in
MZC 74-275 variety production (plant cane)
in different soils.

Sucrose %

E8-7 PJ-« PJ-3 N-1 AH-4PI.-17AR-6l.B-i

Soil-Available P (ppm)-Bray 2

FIGURE 8. Effects on the P applied to the soil in
MZC 74-275 variety sucrose concentration
in Valle del Rio Cauca soils.
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Available P (ppm)
350

0

iOO

300

900

Fresh filter cake (t/ha)
FIGURE 9. Effects of fresh filter cake in available
P (Bray 2) determined 30 after its application in three soils.

TCH

V. Uatfopapt
TroporttMnt
T. Huntitropcpt
CI 3t C*»26« CMSO* CW6% MO-60-60

Treatments
CI = Inoculated Filter cake
FIGURE 10. Substitution of the N, P and K applied to
sugar cane by decomposed and inoculated
filter cake in three Valle del Cauca soils.
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ALTERNATIVES FOR AN EFFICIENT USE OF
MINERAL FERTILIZERS AND SUGAR FACTORY
RESIDUES WITH LOW SOIL DEGRADATION AND
ENVIRONMENT CONTAMINATION RISKS
José Orlando Filho. Center for Agricultural Science. Universidade Federal de
Sao Carlos. Caixa Postal 153, Araras - S.P., 13600-970, Brazil.
Abstract. For an efficient use of mineral fertilizers and sugar factory residues with low soil
degradation and environmental contaminations risks, some alternatives are suggested: proper
system for erosion control; soil amendments (lime and gypsum); green manure; economic
dosis of macro and micronutrients; residues from sugar and alcohol production (filter cake and
vinasse); fertilizer placement; systems of fertilization and finally fertilizer management.
It can be concluded than in sugarcane crop it is possible to use all alternatives above to reach
maximum economic yields with low soil degradation and environment contamination risks.
Introduction. Brazil is the world's largest sugarcane producer with total area of 5 million ha
aiming at the production of sugar and fuel alcohol. Brazilian soils used for sugarcane range
from Rhodudalf to Quartzpsament. The more representatives are: Haplortox, Tropodalf and
Paleudult (24). Cane yield has increased 50% during the last 15 years (from 44 ton cane/ha
to 67 ton cane/ha). The establishment of proper production systems, considering the research
and difusion of results, has contributed to this increase. Mainly in low fertility soils,
fertilization is an important production factor, where mineral and organic fertilizers, soil
amendments and residues from sugar and alcohol factories are out standing. On the other hand
fertilizers have a significant participation of 20% on the total production costs and in a
sugarcane fertilization planning, several questions should be answered:
-

What to apply?
Doses?
When?
Where?
What are the economic returns?
Effects on the cane quality?
Effects on the environment?
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The last condition only recently has received importance within an agronomic scenery.
It is important to observe, even though sugarcane being a crop that protects soil against
erosion, the period between soil preparation and canopy formation is very susceptible to
erosion. Thus it is necessary to use systems which prevent erosion like contour planting and
terraces (24) in order to minimize soil degradation and risks of environment contamination,
mainly in waterways, through water eutrophication. Well feed cane will give higher cane and
sugar yields and the purpose of this paper is to discuss the alternatives for an efficient use of
mineral fertilizers, sugar and alcohol residues with low soil degradation and environmental
contamination risks.
Nutrient Uptake and Removal. Sugarcane uptakes and removes large amounts of nutrients
from the soil (27). Tables 1 and 2 show the values.
Table 1. Amounts of macronutrients (kg/ton millable cane)
Macronutrients

N
P
K
Ca
Mg
S

Stalks

Plant Cane
Leaves

Ratoon
Stalks Leaves

0.92
0.10
0.64
0.59
0.34
0.28

0.62
0.08
0.89
0.48
0.17
0.19

0.73 0.58
0.13 0.08
0.71
1.02
0.35 0.32
0.31 0.14
0.23 0.16

Table 2. Amounts of micronutrients (g/ton millable cane)
Micronutrients
Stalks

Plant Cane
Leaves

1.95
1.94
23.78
11.88
4.40

Ratoon
Stalks Leaves

— g/ton cane
1.02 0.55
1.16
0.93
2.73 1.16
65.12
12.07 45.38
16.51
9.16 11.89
2.82
2.98 1.63

Among the macronutrients P was taken up in low amounts, and N, K and Ca in higher
quantities.
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According to the data obtained in Hawaii (4), roots weight mean 5% of above ground
yielding.
In order to improve harvesting efficiency burnt cane is a usual practice in several sugarcane
countries. In a sugarcane field, from the total energy produced above ground, 1/3 is from
residual material (tops and leaves) when cane is not burnt (29). There are advantages and
disadvantages in burning cane. From a soil fertility view point the mulching (when cane is not
burnt) can add organic matter to the soil, besides protecting soil against erosion and
decreasing soil water losses by evaporation.
Soil Amendments. The principal effects of lime in the soil are (24):
- Correct soil pH
- Supplying Ca and Mg
- Alleviate Al, Fe and Mn toxicity
- Increase nutrients availability and CEC
- Improve soil microflora and physical conditions
When necessary, lime can increase cane and sugar yields, mainly in low fertility soils.
Sugarcane, showing some resistance to soil aluminum, can be cultivated in a large range of
soil pHs. Under brazilian conditions (34) a value of 40% was obtained as critical level of soil
aluminum saturation. In South Africa (18), values of 0.75 meq Ca2+/100g soil and 0.21 meq
Mg2+/100 g, are used as critical levels. For Australian conditions (18), these values were 0.85
and 0.42 meq/100 g, respectively. There are several criteria for lime recomendations in
sugarcane (27). Table 3 indicates the systems used for Planalsucar in Brazil.
Table 3. Lime recomendations in sugarcane
Soil Analysis
Al
Ca
%
>70
70-50
49-30
<30
<30

65

Mg

Lime PRNT %
80
100
130

-ppm-

<200
>200

<50
>50

5.0
4.0
3.0
2.0
0

PRNT = Lime Relative Power of Total Neutralization
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4.0
3.2
2.4
1.6
0

3.2
2.6
2.0
1.3
0

2.5
2.0
1.5
1.0
0

There are other two methods (27):
100
Lime requirement = 3-(Ca+Mg) .
(t/ha)
PRNT
and
(60-V) . CEC
100
Lime requirement =
(t/ha)
100
PRNT
where V= soil bases saturation (%)

CEC= cation exchange capacity

Lime applied on plant cane can show positive residual effects on ratoons (12, 13). When
necessary, lime should be used on ratoons, broadcast application before tillage. An increase
of 23 ton cane/ha was obtained when dolomitic lime was used on ratoons (27).
Calcinated lime, can be used on the furrow bottom, before planting, with good results (22).
Phosphogypsum (residue from triple superphosphate industry) is an important Ca and S source
(20-28% Ca and 15-21 % S). When Ca is released as gypsum, will leach more quickly through
the soil profile, improving root development (30), Increases of 10-15% in cane yields can be
obtained with gypsum (33).
The system of lime and gypsum application are described by several authors (15,24).
Table 4 shows the concentrations of heavy metal in P fertilizers and lime (1).

Table 4. Heavy metals in P fertilizers and lime

Product
•
P fertilizers
Lime

Cd

Pb

Ni

ppm
0.1-170 7-225 7-30
0.04-0.1 20-1250 10-20

Cu

1-300
5-125

Zn

50-1450
10-450

The use of phosphogypsum in agriculture is a way to minimize the effects of this residue on
the environment (11).
•

Green Manure. This is a way to add organic matter to soil and is used in several sugarcane
countries. The advantages of green manure are:
- Increased microbiological activity in soil and N2 fixation
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- Nutrient recycling
- Water conservation
- Increase soil CEC
- Weed control
- Erosion control.
Some soil nematodes can be controlled through green manure, mainly Crotolaria juncea (24).
Under brazilian conditions the legume crop Crotolaria juncea has showed the best results as
green manure in sugarcane. The green manure yields (green weight basis) range from 17 to
54 t/ha. And consequently high amounts of organic matter and nutrients are added to the soil.
Cane yields can increase 10-20% and from 8-10 ton cane/ha are enough to pay for the total
costs of the green manure.
Nitrogen. Plant cane normally shows low responses to N. In Brazil only 20% of 135 field
trials in plant cane have responded to N.
The responses have occurred under 3 situations (27):
- The first time sugarcane has been planted in that soil
- Minimum tillage
- Eutrophic soils.
Ratoons show high responses to N, mainly in eutrophic soils (2). In South Africa (17), N
fertilizers are recommended considering the soil potential of N mineralization.
The several N recommendations for sugarcane in Brazil range from 0 to 100 kg N/ha in plant
cane and 60-100 kg N/ha in ratoons (27). Considering these dosis, cane quality normally is
not affected by N. The different sugarcane areas in the world has applied 20-440 kg N/ha (3).
Different mineral sources of N, when applied properly, show same results in sugarcane (9,
27). When urea or aquammonia is used, a subsurface application is required in order to
minimize the losses of volatile substances.
The biological N2 fixation is possible in sugarcane roots (30). Recently it was suggested that
Acetobacter diazothrophicus is very efficient and amounts over 100 kg N/ha can be obtained
through N2 fixation (6).
From an environmental view point, mainly in sand soils or where high amounts of N are used,
N split applications are recommended in order to decrease N leaching and consequently N0 3
contamination in water table.
Phosphorus. Soil analysis is an important tool to predict P, K, Ca, Mg, Cu and Zn
requirements in sugarcane.
In Brazil, H 2 S0 4 0.5N is used to extract soil P (5), and economic P recommendations are 0180 kg P2Os/ha in plant cane (27).
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Phosphorus fertilizers, in several regions of Brazil, are not applied on ratoons (27). The best
P placement is in the furrow bottom, as deep as possible, during the planting time, and proper
dosis can supply P to plant cane and ratoons.
Despite sugarcane being a semiperennial crop, soluble P has shown better performance than
rock phosphate in P fertilization (12), and P should be recommended in Kg P205/ha,
independently the inter row space (21).
Different sugarcane regions in the world apply 0-600 kg P205/ha (3).
Table 4 summarizes the concentration of heavy metals in P fertilizers (1).
Potassium. Both, plant cane and ratoons respond to K fertilization, in Brazil, considering soil
analysis, economic doses of K can be 0-200 kg K20/ha in plant cane and 60-120 kg K20/ha
in ratoons (23,27), and a detailed revision about potassium and sugarcane has been published
(25).
Doses of potassium range from 0-350 kg K20/ha in the different sugarcane countries (3).
When an excess of K is applied, the cane quality can be decreased, with less sugar and more
ash content (8,25).
Micronutrients. Soils with high drainage, sandy texture (high water infiltration rates) and
lime applied in excess, can induce sugarcane B deficiency (3).
For copper, and using Mehlich as soil extract solution, the critical level of 0.9 ppm Cu (32),
and 0.25 ppm (22) are suggested. The soil critical level of 0.25 ppm for Zn is also uses (22).
To correct micronutrients deficiencies, it is suggested (27): That 20 kg borax/ha applied in
soil or pulverization with H3B03 1%, for boron. To Cu and Zn apply 5-7 kg/ha to the
soil.Iron and manganese can be corrected using 30-50 iron sulphate/ha and 10-20 kg
manganese sulphate/ha, both applied in soil. Pulverization with Cu or Zn or Fe or Mn
sulphate (concentrations 0.5-1.0%) can be used too.
The range of micronutrients applied (kg/ha) in different sugarcane regions in the world (3),
are: B (1.0-4.5); Cu (1.1-10.0); Mn (1.1-18.0); and Zn (3.8-27.0).
Residues From Sugar and Alcohol Industries. Sugar and alcohol industries produce several
residues. In Brazil, there are two kind of industries.
1. Producing basically sugar, where 1 ton of cane will give:
- 110 kg sugar and 35 kg filter cake (residue)
- 40 kg molasse or 12 1 alcohol and 156 1 vinasse (residue)
2. Producing only alcohol, where 1 ton cane will give:
- 80 1 alcohol and 1,040 1 vinasse (residue).
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Filter Cake. Is residual material that comes from juice clarification process. The chemical
composition of filter cake (25), indicates high amounts of organic matter, P and Ca, and to
a lesser degree other nutrients which are important in sugarcane nutrition.
Filter cake shows good possibilities for use as a fertilizer amendment on sugarcane crops with
favorable results on yields (10). It can be applied broadcast (80-100 t/ha) and in furrows (20
t/ha) in plant cane. Ratoons can receive filter cake (30-50 t/ha) in interrow space, before
tillage operations (23).
Table 5 summarizes the filter cake chemical composition (25) and table 6 shows the residual
effect of filter cake on soil chemical properties 30 months after application (23). Even 30
months after filter cake application, a positive residual effect can be observed in the soil.
Table 5. Chemical composition of wet filter cake (75 % water)
kg/ton

Nutrients
N
P
K
Ca
Mg
S
Org. Matter

2.80
2.07
0.58
8.00
0.78
2.63
109.00

Table 6. Filter cake and soil chemical properties after 30 months
)n filter
cake/ha

Soil
Determinations
PH
P (ppm)
K (ppm
Ca (ppm)
Mg (ppm)
Al (ppm)
CEC (meq/100 g)
Organic matter (%)

0

100

5
32
47
215
65
100
8.4
1.07

5
109
39
631
69
41
9.5
1.21

Vinasse. Also known as stillage, dunder or distillery slaps, is the principal residue from the
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alcohol industry, and is produced at the rate of 13 liters per litre of alcohol. This effluent is
characterized by its high level of BOD (Biological Oxygen Demand) and thus is a highly
polluting agent when discharged into waterways.
Among the several options for the utilization of vinasse, the agricultural use on sugarcane
fields as a total or partial substitute of mineral fertilizers, is out standing. Table 7 indicates
the chemical composition of vinasse (25).
There are several systems (tank-trucks and irrigation) available for vinasse application on cane
fields (14, 19, 24), and vinasse doses range from 60 to 300 mVha, according to K
concentration in the residue (10).
Significant increases on cane yields have been obtained when vinasse is applied to plant cane
or ratoons (10, 14, 24). But, when a excess of vinasse is used, cane quality decreases (24).
Normal doses of vinasse can increase soil pH values, nutrients (K, Ca, Mg, S) concentrations
organic matter levels, and soil CEC (7, 10, 20, 24). Soil microbiological activity is also
improved (10). When applied in high doses vinasse induces an increase on soil N0 3 levels.
Brazilian Organization for Pollution Control (CETESB), has specific rules for the use of
vinasse and filter cake on soils.
Table 7. Chemical composition of vinasse
Element

Mixed must

Juice must

kg/nf
N
P
K
Ca
Mg
Org. matter
PH

0.46
0.11
2.54
0.84
0.32
34.39
4.08

0.29
0.09
1.21
0.33
0.17
22.56
3.73

Both, vinasse and filter cake, according to their fertilizer value, are considered much more
as a by product rather than a residue.
Systems of Fertilizer Transport and Application. It is estimated that sugarcane consumes
annually in Brazil 180,000 ton N, 180,000 ton P205 and 320,000 ton K 2 0. Recently with the
purpose of reducing fertilization costs, the use of fluid fertilizers and the big bag system has
increased among sugarcane brazilian producers.
The different sources of N (solid, liquid or gaseous) has showed the same effects in increasing
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cane yields (9, 28).
Fluid fertilizers applied to sugarcane show the following advantages: decreased fertilizers
costs; minimized nutrient losses and makes fertilizers management easier; provides more
uniform and more precise (kg/ha) nutrient application; makes easy utilization of different
formulations; addition of micronutrients or crop protection products.
In terms of big-bag, the conventional plastic bags are replaced by big-bag (1 ton capacity). Big
bags are made from PVC and polyester and they are operated through a hydraulic system. The
use of big-bags can reduce fertilization costs in 10% (26).
The principal advantages of big-bag system are: reduced fertilization costs; improved
application quality; allows the use of different fertilizers formulations; reduces fertilizer
losses; decreased storage costs.It is estimated that in Brazil big bags are used in 130.000 ha
of sugarcane.
Fertilization Management. Fertilization management can be divided in to three steps:
planning, execution and control.
It is fundamental that all planning stages must be carried out properly, and only this control
will give us information about the errors.
Conclusion. It can be concluded that with sugarcane it is possible to use several alternatives
to increase cane and sugar yields, through the efficient use of mineral and organic fertilizers,
soil amendments, green manure, residues from sugar and alcohol industries, systems of
fertilization and finally a proper system of fertilizer management.
At the same time, it is possible to reduce soil degradation and minimize environmental
contamination risks.
Literature Cited.
(1) ALLOWAY, B.J. 1990. The origins to heavy metals in soils. In: Heavy metals in soils.
New York, John Wiley and Sons, p.29-39.
(2) ALONSO, O.; FONTANARI, N.; GERALDI FILHO, L.; NAGUMO, M.; CORREA,
W.J.; SERRA, G.E. 1984. Efeitos de fontes de nitrogênio aplicados em superficie e
profundidade em cana soca cultivada em diferentes solos. Anais Congr. Nac. STAB..
3:143-148.
(3) ANDERSON, D.L. & BOWEN, J.E. 1990. Sugarcane nutrition. Atlanta, Potash and
Phosphate Institute, 39p.
(4) BARNES, A.C. 1974. The sugar cane. New York, John Wiley and Sons, 572p.
(5) BITTENCOURT, V.C.; ORLANDO FILHO, J.; ZAMBELLO JUNIOR., E. 1977.
Determination of available P of sugarcane in tropical soil by extration with H2S04

403

0,5N. Proc. ISSCT. 16:1175-1186.
;6) BODDEY, R.M.; URQUIAGA, S., DOBEREINER, J.; REIS, V.M. 1990. Fixacao
biológica de nitrogênio em cana-de-acücar. Alcool e Acücar. 53:12-19.
7) CAMARGO, O.A.; VALADARES, J.M.; BERTON, R.S.; TEÓFILO, J.S.; MENK, J.R.
1987. Alteracao das caracterfsticas qui'micas de um Latossolo Vermelho Escuro
distrófïco pela aplicacao de vinhaca. IAC, Bol. 9, 20p.
[8) CHAPMAN, L.S. 1980. Long term responses in cane yields and soil analysis from
potassium fertilizer. Proc. Conf. Austr. Soc. Sug. Cane Techol., p.63-69.
;9) DAVIDSON, L.G. 1963. Sources of nitrogen for sugarcane in Louisiana. Proc. Congr.
ISSCT. 11:87-91.
;i0) DEMATTÊ, J.L.I. 1992. Uso agronömico de residuos x fertilizantes na cultura da cana
-de-agücar. Anais XX Reuniao Brasil. Fert. do Solo e Nutricao de Plantas. Piracicaba.
p.213-251.
11) FREITAS, B.J. 1992. A disposicao do fosfogesso e seus impactos ambientais. Uberaba,
IBRAFOS, p.191-224.
;i2)IAA-PLANALSUCAR, 1981. Solos e Adubacao. Relatório Anual PLANALSUCAR. p.3134.
13)IAA-PLANALSUCAR, 1985. Solos e adubacao. Relatório Anual PLANALSUCAR. p.39
-44.
14) LEME, E.J.A. 1993. Uso e tratamento de residuos agroindustriais no solo. In:
CAMARA, G.M.S. & OLIVEIRA, E.A. Coord. Producao de cana-de-acücar,
Piracicaba, FEALQ, p. 147-173.
;15) LUZ, P.H.C.; STOLF, R.; FURLANI NETO, V.L. 1984. Aplicadores a lanco de
corretivos para cana-de-acücar. Anais do Congr. Nac. STAB. 3_: 125-134.
;16) MARINHO, M.L. & ALBUQUERQUE, G.C. 1981. Efeito do cobre e do zinco na
producao de cana-de-acücar em solos de tabuleiro de Alagoas. Brasil Acucareiro.
96.(6):41-50.
;17)MEYER, J.H.; WOOD, R.A.; McINTYRE, R.K.; LEIBBRANDT, N.B. 1983.Classifyng
soils of the South African Sugar Industry on the basis of their nitrogen mineralizing
capacities and organic matter contents. Proc. Ann. Congr. of South Afr. Sug. Tech.
Ass.. 57:1-8.
18) ORLANDO FILHO, J. & ZAMBELLO JUNIOR., E. 1980. Viagem de estudos realizada
a Africa do Sul, Filipinas, Hawai e Louisiana. PLANALSUCAR, 49p.
19) ORLANDO FILHO, J.; SILVA, L.C.F.; ZAMBELLO JUNIOR., E. 1983. Agricultural
utilization of vinasse in Brazil by means of tank-trucks. Sugarcane. 2:4-8.
20) ORLANDO FILHO, J.; ZAMBELLO JUNIOR., E.; AGUJARO, R.; ROSSETTO, A.J.
1983. Efeito da aplicacao prolongada da vinhaca nas propriedades qui'micas dos solos

404

com cana-de-acücar - Estudo exploratório. STAB. I(6):28-33.
(21) ORLANDO FILHO, J.; SILVA, L.C.; LAVORENTI, N.A. 1990. Adubacao PK em
cana-de-acücar cultivada em dois espacamentos de plantio. STAB. 8(5/6):15-21.
(22) ORLANDO FILHO, J.; SILVA, L.C.F.; MANUEL, L.A. 1990. Fontes de calcario
aplicados em area total e no sulco de plantio da cana-de-acücar. STAB. 9(1/2):11-16.
(23) ORLANDO FILHO, J.; SILVA, L.C.F.; RODELLA, A.A. 1991. Effects of filter cake
applications on sugarcane yields in Brazil. Sugar Journal. 54(3):22-24.
(24) ORLANDO FILHO, J. 1983. Nutricao e adubacao da cana-de-acücar no Brasil.
Piracicaba, IAA/Planalsucar, 368p.
(25) ORLANDO FILHO, J. 1985. Potassium nutrition in sugarcane. In: MUNSON, R. D.,
ed. Potassium in Agriculture, Am. Soc. of Agronomy, p.1045-1062.
(26) ORLANDO, FILHO, J. 1991. Utilization del sistema "supersacos" en la fertilizacion de
la cana de azucar. Rev. AT AM. P. 7-10 (Supl. II Congr. ATALAC).
(27) ORLANDO, FILHO, J. 1993. Calagem e adubacao da cana-de-acücar. In:CAMARA,
G.M.S. &OLIVEIRA, E.A. Coord. Producao de cana-de-acücar. Piracicaba, FEALQ,
p.133-146.
(28) ORLANDO, FILHO, J. 1994. Use of fluid fertilizers on sugarcane in Brazil. Bull.
Geplacea. (in press).
(29) RIPOLI,T.C. & MOLINA JUNIOR., W.F. 1991. Cultura canavieira urn desperdicio
energético. Maquinaria Agricola. 6(1): 2-3.
(30) RITCHEY, D.K.; SOUZA, D.M.G.; LOBATO, E.; CORREA, O. 1980. Calcium
leaching to increase rooting depth in a Brazilian Savannah Oxisol. Agron. Journal.
72:40-45.
(31) RUSCHEL, A.P.; MATSUI, E.; ORLANDO FILHO. J.; BITTENCOURT, V.C.1977.
Closed system nitrogen balance studies in sugarcane utilizing 15-ammonium sulphate.
Proc. Congr. ISSCT. 16:1539-1548.
(32) SANTOS, M.A.C. & SOBRAL, A.F. 1980. Calibration of copper in sugarcane in
northeast Brazil. Proc. Congr. ISSCT. 17:411-420.
(33) VITTI, G.C.; MAZZA, J.A.; PEREIRA, H.S.; DEMATTÊ, J.L.I. 1992. Resultados
experimentais do uso de gesso na agricultura cana-de-acücar. Uberaba, IBRAFOS,
p.191-224.
(34) ZAMBELLO JUNIOR., E.; ORLANDO FILHO, J.; RODELLA, A.A. 1984. Fertility
classes of aluminum through soil analysis for sugarcane crop in Brazil. Sugarcane.
5:10-12.

405

Utilization of Conventional and Non-Conventional Nutrient
Sources in the Sugarcane Crop.
N. Arzola*, H. Pérez, B. Yera. National Sugarcane Research Institute,
Ave. Van Troi 17203, Boyeros, Habana, Cuba.
Abstract. Results from field experiments mainly established in Cienfuegos, a Cuban region
where sugarcane crop has a great economic importance, allowed to elaborate a Methodology
for
the rational utilization of conventional (mineral fertilizers) and non-conventional
(biofertilizers and residues from the sugar agroindustry) fertilizer sources in this crop. The
system proposed seeks for sugarcane yield increases with minimum expenses in fertilization and
soil fertility preservation.
Introduction. Yield of any given crop is a function of its genetic potential and different
environmental factors (edaphoclimatic conditions) which coud be modified in a favourable way
by men through a suitable agronomic management. Among the external factors determining the
materialization of the potential yield of any given sugarcane variety, is found the plantation
nutritional status which could be improved through the utilization of the nutrient sources
actually available.
The rational use of conventional nutrient sources, namely, mineral fertilizers, and of the
non-conventional ones (biofertilizers and residues from the sugar agroindustry) in sugarcane
agriculture has the objective of increasing sugarcane yields with minimum expenses. It means
to avoid both nutrition deficiency and excess.
Materials and Methods. Field trials were carried out in three soil types, important for
sugarcane production in Cuba (Red Ferralitic, Brown with Carbonate and Brown without
carbonate) where different doses, application times and forms of mineral fertilizers, biofertilizers
and residues of the sugar agroindustry were compared. From 4 to 5 harvests were carried out
per trial and variables evaluated were cane t/ha, pol % in cane and pol t/ha.
Soil samples from the arable layer were taken before planting, which were air dried and sieved.
After that, samples were analysed according to the characteristics and objectives of the given
trial. In those studying phosphorus and potassium fertilization, determinations were performed
in the extractive solutions of:
ONIANI: Extraction in 0.1N H2S04, soil:solution rate 1:2.5, shaking for 1 minute. Reading in
the flame photometer for potassium and in the colorimeter for phosphorus.
EXCHANGEABLE POTASSIUM: Extraction with solution of IN ammonium acetate of pH7,
soil:solution rate 1:10, agitation for 30 minutes and one night rest. Reading in the flame
photometer.
In those trials with sugar agroindustry residuals, these were previously characterized and soil
samples were taken per plot after each harvest.

406

the latter conditions could lead to a decrease in the mineralization capacity of organic nitrogen
in the soil and to an increase of losses due to biological denitrification of nitrates through the
nitrogenous fertilizers.
The optimum time for nitrogen application was also determined in these studies where no
beneficial effect from nitrogen dosis fractioning was found compared to its application once. The
latter will be prefered since it represents saving money and effort. The absence of sugarcane
response to nitrogen fractioning could be attributed to the fact that this crop is capable of
accumulating excess nitrogen during the yount stages of development to be further used
(Humbert, 1951).
Soil sampling before planting and phosphorus and potassium extraction from these samples
through Oniani or exchangeable K with an ammonium acetate solution is related to the P and
K fertilizer requirements of sugarcane. This is shown for the case of K in Figure 2, which points
at the possibility of utilizing the soil chemical analysis for the diagnosis of both nutrient
requirements of sugarcane for which the supply ranks present in Table 1 are proposed.
Table 1. Phosphorus and potassium recommended doses when the degree of nutrient supply
to the soil is varied.
mg K 2 O / 1 0 0 g

Supply
degree

Amm.
I

High

II

Medium

III

Low
V e r y Low

IV

acet.

soil
Oniani

Dosis
(kg K20/
ha)

Oniani
(mg P 2 0 3 /
1 0 0 mg s o i l )

0

>6.0

>16.5

>18.9

7.0-16.5

9.4-18.9

100

6.99-3.3

9.39-3.8

160

<3.0

200

-

<

<

3.3

3.8

Dosis
(kg

PJOJ/

ha)
0
25

3.0-6.0

50

-

NOTE: If yields are lower than 60 cane t/ha the above mentioned doses must be reduced in 1.8 and 0.4 kg of K 2 0 and P;0 5 ,
respectively per canet not produced. For yields above 80 cane t/ha the previous mentioned doses must be increased in the same
quantity per extra cane t produced.
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POTASSIUM AND SUGARCANE
NECESSITY

Biofertilizer studies with atmosphere nitrogen fixing microorganisms were carried out with
Azotobacter isolated by the Tropical Agriculture Research Institute (INIFAT) and with
Azospirillum sp. Strain 8 isolated by the National Sugarcane Research Institute from the
rhizosphere of the Ja60-5 variety.
Results and Discussion. Mineral Fertilizers. No response to nitrogen application has been found
in plant cane in any of the harvests carried out. Based on this, it is not recommended to apply
N in this crop since it would lead to increase expenses without any yield increase. The previous
has been confirmed by those trials in which the influence of nitrogen fertilization of one crop
on the subsequent has been studied. In consequence it could be stated that the absence of
nitrogen fertilization on plant cane does not exercize any effect on plant cane and ratoons yield.
The optimal nitrogen dosis for the ratoons will vary according to the soil type, crop type, age
and harvest time. This optimum dosis expressed in kg of N/t of stalks produced (Figure 1) could
be useful for estimating N requirements of sugarcane as a function of the yield level expected
(in t/ha).
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SOIL TYPE AND HARVESTING SEASON INFLUENCE ON RATOON
NIThOGEN NECESSITY PER TON OF STAIKS YIELDED

Nitrogen requirements increase when sugarcane is harvested at a lower age and at the beginning
of the harvest season (December to February). The latter is attributed to the fact that plantation
is suffering drought during its first months after planting or cutting decreasing its nitrogen use
and making necessary a higher dosis of N.
In most cases the application of 1.1 kg of N/t of stalks produced are enough for achieving the
optimum yield with the only exception of those soils where Gley is present (Brown without
Carbonate Gley soils) which required 1.5 kg of N/t of stalks in the 1st and 2nd ratoons and 2.0
kg of N/t of stalks in the 3rd ratoon and thereafter. The less air and potential redox present in
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Biofertilizers. Field trials carried out to evaluate Azotobacter (Biostin) and Azospirillum Strain
8 biofertilizers as possible replacers of nitrogen mineral fertilizers and sugarcane growth
promotors have shown positive results on cane yield of Azospirillum when applied on ratoon
plantations in a Brown with Carbonate soil.
Figure 3 shows that with the spraying of .75 1/ha of biofertilizer Azospirillum Strain 8, a similar
yield and a higher economic benefit were achieved than with 80 kg of N/ha coming from mineral
fertilizer.

t sugarcane/ha = 60,92 + 0,109X-0,0001422 X, R = l ( MINERAL FERT)

80.

x

x I sugarcane/ ha = 60,94+ 0,21873 X-0,000/624 X , R = 0,98 (BIOFERTILIZER)

COST PER
PESO riELDEC

TREATMENT

70

160 Kg N/ha
80 Kg N/ha

SO. 71

SO. 84

50 Biofertilizer/ ha

S

75

\

$ 0 52
3051

100

3 0.95

(25

I

2.88

60

0

80

160

N, Kg/ha

0

75

I5C

Biofertilizer. 1/ ha

FIGURE 3: COMPARISON BETWEEN NITROGEN MINERAL FERTILIZATION AND BIOFERTILIZER
APPLICATION (AZOSPIRILLUM) IN A BROWN WITH CARBONATES SOIL (LOCATION
CAI. R. BALBOA, THIRD RATOON).

The dosis recommended (75 1/ha) is not applied pure but diluted in 9 parts of water per 1 part
of the biofertilizer and must be sprayed at the two sides of the sugarcane row at less than 20 cm
from soil, when the ratoons are from 1 to 2 months age.
Sugar agroindustry residuals. These residues markedly differ in their composition and influence
on soil characteristics and sugarcane yield. Its use must be a first priority for those areas where
its effect on soil fertility and yield has proved to be more favourable.
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Filter cake. The composition of this residue is variable, but in general, it is rich in P, N and Ca
compared to K. Since that, its application in those areas where these three nutrients are deficient
produces high yield increases, while in soils poor in potassium its favourable effect will be
limited if the latter is not applied. Similar to other organic fertilizers, it supplies organic matter
which will improve several soil properties associated to it.
The traditional filter cake application method (incorporated) has been compared with its use
covering agamic sugarcane seed (localized). Both methods increase germination and yield and
replace mineral fertilization for 4 harvests. In the other hand, it is interesting that a third part
of the localized application (25 t/ha) is capable of achieving a similar yield to that when it is
completely incorporated (Figure 4). The localized method uses the filter cake for covering the
seed and allows to plant under dry farming conditions with higher possibilities of success than
when the seed is covered with soil.
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Ashes. During bagasse and sugarcane straw burning, C and N are lost, and their organic
characteristic is destroyed remaining the ash which is compound by silica, bases, phosphorus and
other elements.
Ash composition is variable and the agricultural benefits derived from its utilization are due to
the improvement of the physical properties, such as structure, porosity, and air capacity in the
heavy soils or to nutrient suply, such as potassium (about 2% of K 2 0 on a dry basis),
phosphorus (about 1% P 2 0 5 ), calcium and other bases which show a trend to increase soil pH.
In a Red Ferralitic Typic soil, deficient in K (ö.l meq K/100 g soil) where ashes coming from
the mill furnace was compared to different organic fertilizers at a dosis of 45 t/ha, it was found
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that the former increased exchangeable potassium content over the latter and that only ashes
markedly increased cane and sugar production/ha taken together the 4 harvests carried out.
Liquid residues. Nutrient concentration of these residues are ordered as follows: alcohol
distillery (A.D.) > torula yeast factory (T. Y.) > crude sugar elaboration liquid (C.R.),
bagasse yard (B.Y.) and paper factory residue (P.R.). Based on this, application doses are
increased in a similar order from 150 m3/ha for A.D. (Orlando, 1983) to similar doses to those
of irrigation water for the three latter.
A.D. and T.Y. residuals are particularly rich in potassium, for this, they could be employed
together with filter cake in those soils deficient in this nutrient in order to obtain a more
balanced fertilizer; in the other hand, the marked effect they exercise on the exchangeable
potassium content of the soil suggests that its determination could be taken as a diagnosis of the
profitability of its use in areas poor in K or the rotation of those which have achieved a very
high content of this nutrient.
For the evaluation of T.Y. a trial was carried out in which all treatments received the same
water irrigation dosis (3000 m3/ha/harvest) with a similar volume of T.Y. inside the water. A
treatment with mineral fertilization (N-P-K) was also included with a similar irrigation dosis.
Figure 5 shows that the increase of T.Y. produced an increase of yields which is attributable to
a better crop nutrition. Irrigation with T.Y. gave better results than water irrigation with mineral
fertilization (N-P-K), it is to say that could replace both.

FIRST CYCLE Y = 78 88 -f-0.0000035 X^ ^ = 0 95

-i

0

1

1

1000

2000

3000 m3 RT/ha/ harvesting

FIGURE 5 • INFLUENCE OF THE FERTIRRIGATION WITH TORULE WASTE DURING FIRST
CYCLE 3 HARVESTING ANDITSRESIDUAL EFFECT DURING SECOND CYCLE
HARVESTING WITHOUT FERTIRRIGATION (SOIL: LIXIVIATED RED FERRALITIC,
VARIETY, Jo 6 0 - 5 )

The C.R. when applied fresh and without mill washing residues such as hyrochloric acid and
sodium hydroxide, has shown that in spite of not being rich in nutrients, it is capable of
replacing mineral fertilization at least in the Red Ferralitic lixiviated soil where it was studied
(Table 2).
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Table 2. Influence of irrigation with different proportions of C.R. and B.Y. on sugarcane
yield (t Pol/ha).
Plant
cane

Treatments
T~.

1st Ratoon

2nd Ratoon

1750m3 water/ha/harvest plus 120,
50 and 120 kg of N, P203 and K20/ha

19.29

19. 71

2 1 . 59

1750m3 of C.R./ha/harvest

22.12

20 . 1 1

16..2.

III. 1750m3 of P.R./ha/harvest

21.71

20 .88

20 .25

IV.

290m3 of P.R. + 1460m3

of C.R./ha/harvest

23.93

22 .32

18..42

V.

160m3 of P.R. + 1590 m3 of C.R./ha/harvest

23.12

21 .98

17..28

VI.

110m3 of P.R. + 1640 m3 of C.R./ha/harvest

20.81

20 .56

18 .02

20.64

20..86

18..43

2.18

1 .37

3..77

II.

VII. 85m3 of R.P. + 1665m3 of C.R./ha/harvest
Sx

The higher favourable effect derived from residuals application could be achieved when soil
"haracteristics limiting yields are those resulting modified by their application. According to this
1 ciple the system presented in Table 3 was conformed which allows to establish a priority
Table 3. Factors to be evaluated to establish an order of priority of residues from the
sugarcane agroindustry utilization in cane agriculture.
Soil characContent
Eval. Value
teristics

Assessment of residue necessity
Filter cake Ashes T.Y. A.D. C.R.

P.R.

B.Y.

Organic
m a t t e r (%)

L
M
H

<1.0
1.0-3.0
>3.0

1.00
0.50
0

0
0
0

0.50
0.25
0

0.50
0.25
0

0.50
0.25
0

0.50
0.25
0

0.50
0.25
0

pH i n KC1

L
M
H

<5.0
5.0-6.0
>6.0

1.00
0.50
0

0.50 0
0.25 0.50
0
0

1.0
0.50
1.00

0
0
0

0.50
0.25
0

0
0
0

T value
( m e q / 1 0 0 g)

L
M
H

<15
15-45
>45

2.00
0
0.50

0
0
0

0
1.00
0

0
1.00
0

0
1.00
0

0
1.00
0

0
1.00
0

Phosphorus
Oniani
(mgP 2 0 5 /
100 g)

L
M
H

<3.0
3.0-6.0
>6.0

2.00
1.00
0

1.00 0 . 5 0
0.50 0.50
0
0

0.50
0.50
0

0.50
0.50
0

0
0
0

0.5
0.5
0

Potassium
O n i a n i (mg
K 2 O/100g)

L
<9.5
M 9.5-18.9
>18.9
H

0
0.50
1.00

2.00 2.00
1.00 1.00
0
0

3.00
1.50
0

0.50
0.25
0

0
0
0

0.5
0.25
0

Bulk d e n s i t y
(g/cm3)

L
H

0
1.00

0
0
1.00 1.00

0
1.00

1.00
0

1.00
0

1.00
0

<1.3
>1.3

L - Low
M- Medium
H - High
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order of sugarcane plantations according to their necessity of being treated with some residual
from the sugarcane agroindustry.
For any given area, the minor necessity of being treated with determined residue
will be expressed by zero, as the sum of all soil characteristics considered in Table 3, while the
greatest necessity will be reflected on superior figures depending on the residue analysed (8 for
filter cake; 4.5 for ashes, etc).
Once it is established according to the previous system the priority order of the different fields
of a given sugar mill to be benefit with determined type of residue, the dosis to be applied can
be determined with a simple equation in wich is considered:
i - Critical level established for the index
ii- Index value in the soil
iii- Index increase/t of residue.
Dosification through the estimation of all indeces (soil characteristics favourable modified with
residue application) presuppose the selection of the higher dosis among all estimated for the
different indexes with the advantage of achieving the maximum yield, but with the inconvenient
that extremely high doses will be necessary for modifying properties such as organic matter, T
value and bulk density. For this, it is recommended to use for these calculations that chemical
property of soil more feasible to be modified by a given residue. Thus, it is proposed for
estimating filter cake dosis to control assimilable phosphorus content of soil, for ashes, wine
distillery and torula yeast residues, the exchangeable potassium of the soil; while crude sugar
and paper factory residues will be applied as irrigation water without calculating their doses.
The index increase/t of residue applied must be looked for in the bibliography or estimated by
the farmer if the soil is analysed before and after the residue application at a known dosis,
however if this information is not available, doses appearing in Table 4 are recommended.
Table 4. Dosis of the different residues from the sugar agroindustry to be
utilized.
Type of residue

Dosis

Observations

Unity

Filter cake

75

t/ha

Incorporated before plantation.
For all the cycle.

Filter cake

25

t/ha

Localized covering the seed at
planting. For all the cycle.

Ash

25

t/ha

Localized at the plantation for
all the cycle.

100

m'/ha

Localized covering the seed.
the whole cycle.

1000

m'/ha

Fertirrigated on soil surface.

Residual of
wine distillery
Residual from torula
yeast factory
Residual frome
crude sugar elaboration

>=1750 m 3 /ha/cos.

Fertirrigated on soil surface

Residual of bagasse
yard

>=1750 m'/ha/cos.

Fertirrigated on soil surface

Cycles include plant cane and 3 or 4 ratoons.
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Conclusions.
1. The recommendation system presented could be applied on sugarcane for improving the soils,
valuable resource for the present and future generations.
2. In the main soils devoted to sugarcane cultivation in the studied zone (Cienfuegos), yields
over 60 t/ha have been achieved in absence of mineral and/or organic fertilization. This
demonstrates that the soil possess natural fertility capable of maintaining this production level
at least during one harvest cycle. Since that, if low yields are obtained in these areas (<30 cane
t/ha) the limiting factor would not be soil fertility and fertilizer (mineral and/or organic)
application will increase costs without any profit derived from yield increase.
3. The total amount of mineral fertilizers required by the crop must be applied at once during
plantation in the case of plant cane and inmediately after cutting, in the ratoons.
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