TO FEED THE E
Agro-Ecology for
] Sustainable Development

"“f" Michael Dover and Lee M. Talbot

ST it
o

o

Gitno

St
=

XCY

“):%.

{Teignes
R

s
s

A e

PPkt
HSRET

SRRgess

o~
firy

" ‘W?'_w 75




TO FEED THE EARTH:
Agrs-Ecelogy for
Sustainable Development

Michael J. Dover and Lee M. Talbot

Elal
el

WORLD RESOURCES INSTITUTE

A Center for Policy Research

June 1987



Kathleen Courrier
Publications Director

Myrene O’Connor
Marketing Manuger

Hyacinth Billings
Production Supervisor

International In<titute of Tropical Agriculture
Cover Photo

Each World Resources Institute Report represents a timely, scientific treatment of a subject of public concern. WRI
takes responsibility for choosing the study topics and guaranteeing its authors and reseaichers freedom of inquiry.
It also solicits and responds to the guidance of advisory panels and expert reviewers. Uriless otherwise stated,
however, all the interpretatior. and findings set forth in WRI publications are those of the authors.

Copyright ® 1987 World Resousces Institute. All rights reserved.
Library of Congress Catalog Card Number 87-50722

ISBN 0-915825-19-8

ISSIN 0880-2582



_mm_
Contents

L Introduction ......... ... ... . 1
Shrinking Resources, Future Priorities ............coooovnn.... 3

An Ecological Approach ......... ... ... ... ... ... 7

II. Environmental Constraints and Problems .................... 9
Tropical Environments .. ................... ... ... 9
Agricultural Adaptations and Consequences.................. 11

ill. Ecological Paradigis and Principles for Agriculture........... 17
The Meanings of Sustainabilitv.............................. 18
Ecology: The Integrative Science ............................ 19
Ecosystem Development........................ 00000, 21
Diversity and Stabilitv............ ... .. ... 23
Populatior: Concepts: Dynamics and Interactions ............. 26
V. Applications of Ecological Concepts to Agriculture ..........., 31
Analysis and Design of Polyculture Systems ................. 32

A Modified Polycultural Agroecosystem in Mexico............ 40
Agroforestry: Farming with Trees ........................... 42

Emerging Agroecological Principles ... ....................... 50



V. Policy Issues Raised by an Ecological Approach .............. 53
The State of Knowledge: Definitions, Assumptions,

and Experts. ... ... . 53

Research ... e e 56

National Agricultural Development Policies .................. 58

Development Assistance ... i 59

VI. An Action Plan for Sustainable Agriculture ............ ..., 61

Ecological Principles for Agricultural Development............ 61

1. Soil Quality ... 61

2. Ecological Efficiency. . ... oo 61

3. Agroecosystem Stability ... e 62

4. Diversity .. ... e 62

Development Criteria. . ... oo 63

Assessing Agriculture’s Sustainability. ... 63

Research and Education ... oo i 64

National Agricultural Development Policies .................. 67

International Programs ......... ... ... o ociiiiiiii i 69

Conclusion . ... e e 70

NOtES .ot e e 73

<

X



Acknowledgments

any people provided invaluable help in the preparation of

this paper. A large number of the papers used as refer-

ences were obtained trom the Human Interactions with
Tropical Ecosystems project at the East-West Environment and Policy
Institute (EAPI) in Hawaii. We are deeply indebted to Terry Rambo,
direc’ )r of the project, for the use of these files and to his colleagues—
including Chris Gibbs, Gerry Marten, and Napoleon Vergara—for
sharing their thoughts and written materials. Thanks also to Steve
Gliessman, Miguel Altieri, Steve Risch, and Ron Carroll for their help
during a similar reference-hunting trip in California. Bob Winterbot-
tom, Mike McGuahey, and Johi. Michael Kramer provided valuable
references on agroforestry. Several reviewers provided detailed, cx-
tremely useful comments on earlier drafts of this study. Mohamed El-
Ashry, Monty Yudelman, Bill Burley, and Jessica Mathews reviewed
the first draft at WRI. Review comments from Gordon Conway, Gor-
don Harrison, Gary Toenniessen, Chris Hennin, Lester Brown, Tom
Nibiock, Peter Freeman, Ted Wolf, and Tom Edens on the second
draft provided the basis for extensive revisions. Although we greatly
appreciate tne reviewers’ time and attention, the study nonetheless re-
mains our own, especially any errors that may have escaped our
notice.

Most of all, we are indebted to the scores of field scientists who
have worked over the years, often with little encouragement from the
agricultural ““establishment,”” to understand the ecological principles
that form the basis for food production. Without them, alternative ap-
proaches to agriculture could not be the subject of a policy-oriented
study such as this one.

M.J.D.
LM.T.

iii



_—__—_
Foreword

“ o feed the earth”” has a double meaning. In the 1970s,
concern arose over a possible global food shortage. Ex-
perts debated whether the earth could ever produce

enough food to feed all its people. Although the headlines have disap-
peared, the question remains valid, for after a decade of strong agri-
cultural growth there were more hungry people in 1980—lefore the
Sahelian drought—than there had been in 1970, Despite impressive in-
creases in agricultural productivity, production growth in some areas
vas matched or outstripped by population growth, and in other cases
international debt burdens and falling commodity prices combined to
depress food imports to hungry countries.

Today’s concerns are different. Although aggregate ay riculvural pro-
duction, now and for the foresceable future, is sufficient to feed
everyone, not everyone can aftord to buy food. Sc part of the prob-
lem is distribution or, alternatively, growing enough food where the
hungry people are. Tied to this concern are questions about the sus-
tainabulity of agricultural production systems, especially in developing
countries. The soil that sustains crop plants needs to be ““fed’ as
much as do the pecple who benefit from the food it produces. Wor-
ries about sustainability are not new, but are newly salient as growing
numbers of pcople put increasing pressure on what are often marginal
agricultural lands.

This raper defines and describes an ecological approach to agricul-
ture {nat differs profoundly from the industrial approach that has
dominated agricultural research and development for decades. Both
have their place, but—as argued here—the main issue is how to incor-
porate the former into agricultural development.

In declaring the start of the *'Decade of the Tropics,””* the Interna-
tional Union of Biological Sciences (IUBS) noted that knowledge of
species structure and function and of interactions among species in
groups, communities, and ecosystems is the foundation upon which
rests “‘the rational management of natural and artificial ecosystems,”’
notably agriculture. Yet, IUBS points out, “‘our knowledge of these

A Decade of the Tropics,”” Otto T. Solbrig and Frank B. Golley,
Biology International, Special issue—February, 1983.



processes and relationships is almost entirely derived from temperate
or polar species,”” and theie is good reason to believe that tropical
species and ecosystems are vastly different. The attempted transfer of
agricultural systems based on temperate zone biology and developed
country economics (that is, of systems requiring high levels of pur-
chased inputs) to poor countries with unreliable transportation sys-
tems and tropical environments is often a fruitless effort to transplant
a good system to an area where it simply won’t work.

The idea is not to abandon the methods of industrial agriculture that
have been so successful in the economic and ecological conditions for
which they were designed, but to determine where such methods as
mechani~ation, use of agricultural chemicals, and monoculture are and
are not appropriate, and to develop alternative systems better suited
to tropical climates and developing economies. This study lays out
steps—stretching from basic research to the mechanics of international
assistance—that must be taken if ecologically based agriculture is to
contribute all it can to feeding the earth.

Jessica T. Mathews
Vice President and Research Director
World Resources Institute



I. Introduction

“ oday,”” writes leading American agricultural administra-
tor Sylvan Wittwer, ““the world is awash in both grain
and oil:”’

Prices for cach are expected to drop even lower than they are now. A
decade ago both were considered in short supply and prices were Qoing
ever higher. Who, 10 years ago, would have predicted the present state of
affairs?.... Near all-time food production recorils were achieved in 1984
by the United States, China, I fonesia, and many Western European
countries. In Japan and Taiwean surplus rice is posing serious problems of
land diversion to other crops. China and Indonesia are witnessing sovie of
the most impressive gains in food production in history. For the first time
in decades China is concerned with marketing, handling, and storing of
food surpluses. Within four years Indonesio has moved from the world’s
largest importer of rice to a country not only self-sufficient but with the
world’s largest rice reserves.!

These words might lead one to question whether reviewing the
problems of agriculture in developing countries is necessary. Yet, as
Wittwer himself observes, rampant malnutrition, poverty, and starva- -
tion continue, and famine was more widespread in 1985 than in 1975.
"“This spectacle of world impotence toward too much food in some
places and too little in others is especially shocking sipce it is man-
made.’’?

While the United States and Western Europe struggle to deal with
farm crises triggered by overproduction, many developing countries
are hard-pressed to keep food production ahead of population growth.
Indeed, the United Nations Food and Agriculture Orgaaization (FAQ)
paints a rather dismal picture of Third World hunger in the next two
decades if massive increases in agricultural production, coupled with
stringent population control, are not achieved.? If agricultural technol-
ogies are applied as they are today, FAO projects, 64 countries—29 of
them in Africa—will be unable to meet their populations’ food needs
by the turn of the century, even assuming that all cultivable land is



under production. Even under its most optimistic scenario, FAO still
expects at least 19 countries to fall below this critical mark by the year
2000.% (See Table 1.)

The inequities implicit in these projections are not simply at the
global level. Despite increases in food production in many developing

Table 1. Number of Countries Considered *‘Critical”’* by FAO
Region

S.W. S.E. South Central
Africa Asia Asia America America TOTAL

Total
countries 51 16 16 13 21 117
Population
(millions)
1975 380 136 1118 216 106 1956
2000 780 265 1937 393 215 3586
No. of Critical countrigs:
1975
[nputs™*
Low 22 15 6 — 11 54
Interm. 7 12 1 — 4 24
High 2 9 1 - 1 13
2000
Inputs
Low 29 15 6 _— 14 64
Interm. 12 15 2 — 7 36
High 4 - 12 1 — 2 19

*‘Critical”” mears that the country cannot provide adequate
nutrition to its population based on FAQO/WHO recommended
average calorie intake, assuming that all cultivable land is in
production.

**Inputs refer to the level of agricultural technology applied;
“low’" indicates no agricultural chemicals or improved seeds
and no long-term conservation measures; “‘intermediate’’ im-
plies some chemicals and improved seeds, and conservation
measures and improved cropping patterns used on half the
land: ““high’" means full use of available technologies—
equivalent to Western European levels of farming.

Source: Food and Agriculture Organization, Land, Food and People
(Rome: Food and Agriculture Organization, 1984).




nations, the poor in these countries are not necessarily less poor or
better fed. In some areas, their lot has worsened in part because new
agricultural technologies make it more profitable for the rich to con-
solidate land holdings into large commercial farms, displacing tenant
farmers and other smallholders in the process. If not exported, the
food produced on these large farms may be sold not to the rural poor,
but to the middle and upper classes who can afford it. For example,
in the Philippines between 1975 and 1978, urbanites increased their
calorie intake by over 10 percent, while their rural counterparts saw
anly a 2-percent rise. The poorest Filipinos in 1978 consumed fewer
than 1,600 calories and about 43 grams of protein per day, compared
to a nationwide average of 1,800 calories and 53 grams of protein,
while the wealthiest group surveyed ate over 2,200 calories and nearly
73 grams of protein daily. Figures like these suggest that even if food
production outpaces population growth, there is no guarantee that
malnutrition or starvation will subside.®

The world may indeed be awash in grain for the moment, but
global demand for food continues to rise. Development planners are
once again seeing agriculture ac the mainstay of economic growth.
And political and cconomic considerations are forcing many develop-
ing nations to seck self-sufticiency in food production. All of these fac-
tors piace pressure on agricultural sciemists and technologists to
develop and teach methods to increese crop and animal production.
To meet these goals, more land is being put under cultivation, use of
existing iand is being intensified, and high-yielding crop varieties and
agricultural chemicals are being pressed on farmers. Whether any of
these approaches will, in the long run, feed those most in need re-
mains to be seen. Technology does not cause poverty or hunger, nor
can technology alone end these ills. But rarely is the choice of which
technologies to develop and use free of bias toward one social class or
cultural group.” Perhaps as much as 80 percent of agricultural land to-
day is farmed with little or no use of chemicals, machinery, or im-
proved seed. As the world struggles to feed its ever-growing popula-
tion, the appropriateness of new methods for peasant farmers may
well be crucial.

Shrinking Resources, Future Priorities

Agriculture both causes and suffers from environmental degradation.
Wittwer estimates that eight million hectares of land are iost annually
to nonagricultural conversions, three million to erosion, and four mil-
lion to desertification and toxification.* Pesticide and fertilizer pollution
continue to provoke serious concern. Poisoning of farmworkers, con-
tamination of food and water supplies, destruction of wildlife and
fisheries, and pests’ resistance to pesticides all contribute to a global
awareness that agricultural chemicals can no longer be overused and
misused.” Coupled with chemical dependence is a growing reliance on
fossil fuels to run the world’s major agricultural production systems.
Can world agriculture afford to depend on a diminishing resource

The world may
indeed be awash in
grain for the moment,
but global demand
for food contimzes to
rise.

Perhaps as much as
80 percent of
agiricultural land
today is farmed with
little or no use of
chemicals, machinery,
or improved seed,
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Produciivity without
sustainability is
mining.

that, despite current oversupply, is inherently limited? Can any na-
tion’s food security be assured if its soil fertility relies heavily on
nitrogen fertilizer derived from fossil fuels? And can increasingly
mechanized farms continue to function smoothly i fuel prices and
supplies are unpredictable? These issues and others—such as
deforestation, genetic erosion, and depletion of soil fertility—have
prompted some in the international development community to ad-
dress not only the productivity but the sustainability of agricultural
svstems,

Sustainability has come to mean different things to different people,
but it most clearly has an ecological basis. Long Lefore it was applied
to agriculture, the concept of sustained yield was used in fisheries
management to mean an annual harvest that could be taken in per-
petuity—that is, from individuals in excess of those needed to main-
tain the population in roughly constant numbers. A similar idea can
be applied to sustainable agriculture, though intensively managed
systems and self-renewing natural systems differ in many ways. More
generally, understanding the ecological basis of sustainability should
lead to agriculturel systems whose productivity can be continued in-
definitely without undue degradation of other ecosystems. 10

Considering sustainability in agriculture is essential because, regard-
less of short-term gains, productivity without sustainability is mining. To-
day, at the same time that energy conservation and other economizing
measures are being introduced to conserve and recover sucl non-
renewable resources as fossil fuels and minerals, such so-called renew-
able resources as water, soil, and forests are being depleted at alarm-
ing rates. Record crops produced at the expense of the next year’s or
the next decade’s soil resource are nothing to be proud of, whether in
the United States or anywhere else. If agricultural and development
institutions fail to address the sustainability of current or future farm-
ing practices, they will be doing a disservice to the very people they
are trying to help.

Clearly, the productivity of the land must be improved. Even if the
most conservative estimates of population growth prove true, fertile
land is so limited that productivity of existing agricultural areas will
have to increase to ineet ever-growing needs. Both crop yields and
cropping intensity must rise. (See Table 2.) But where? Certainly, cur-
rent crop surpluses in the industrialized world can be used for emer-
gency food aid if funds are available. However, because poor nations
cannot pay for continuing food imports in the long run, production
increases in North America or Europe can do little to prevent chronic
malnutrition in Africa, Asia, and Latin America. Instead, productivity
must be improved where the food ic needed. Smallholders and tenant
farmers must be able to feed their cwn families and generate modest
surpluses, and commercial farms should be able to employ the land-
less, sell produce at affordable prices to those who need it, and turn
reasonable profits. Bu. these goals must be met without depleting soil,
water, and the other natural resources on “vhich continued agricultural
productivity depends.



Table 2. Expected Contributions to Increases in Production in
90 Developing Countrivs, 1975-2000

Percent Cortribution to Increase

Extension of

cultivated areas Farming Increased
Region of land intensity yield/ha.
Africa 27 22 51
Asia 10 14 76
Latin America 55 14 31
Middle [ast 6 25 6Y
All 90 nations 26 14 60

Source: FAO, Agriculture: Toward 2000 (Rome: Food and Agricul-
ture Organization, 1981),

Scientists and others concerned with agricultural development tend
to see technology from one of two ends of a spectrum. At one ex-
treme are those who maintain that the land’s productivity can be in-
creased only by introducing high-irput and mechanized technologics
based mainly on fossil-fuel energy, inorganic fertilizers, and chemical
pesticides. At the opposite end from this ““industrial’” approach are
advocates of an “ecological” approach—the development of more effi-
cient low-input agricultural systems based on biological recycling of
energy and chemical nutrients end reliance primarily on naturally oe-
curring control mechanisms for crop protection. ™

According to the U.S. Congressional Office of Technology Assess-
ment, the industrial approach to agricultural development

-.stresses production and mereased yiclds. It tends to focus on a more
limited numiber of crops for which a market already exists. The ccosystem
is adjusted to provide high production of these crops by using infensioe
imputs of commercial fertilizers, pesticides, pumped water, and petroleum-
powered farun equipment. Some such systems commonly are categorized as
‘green revolution” technologics. Major efforts huve been devoted to main-
stay crops such as rice, corn, sorghum, and soybeans, and produciion in-
creases generally have been outstanding. 12

This industrial model is principaily concerned with the flow of
materials and money through the system. Its key measures are pro-
ductivity (output per unit of land or labor) and cconomic efficiency
(cash output per unit of cash input), and it requires considerable
capital investment, infrastructure development, and extensive training
of farmers.

The ecological approach considers cycles as well as flows in the



system, and maintenance as well as productive functions. Its perfor-
mance criteria are cycling -ates, stakility measures, and energy effi-
ciency. This model of development seeks to apply

.. biological techiologies that are tailored to fit the biological, physical,
and social {imitations of the local environment so that sustainable agricul-
tiire can exist within the constraints of the natural resource base. . .. [lf)
also focuses on developing new agricultural systems and on accepting
rediscovered, and perhaps improved, agricultural systems. A wide spec-
trum of agricultural crops is considered including a number that wight be
Jewed as nontraditional. This approach emphasizes restoring, main!ain-
ing, and improving the natural resource base while offering farmers a
reasonable chance for economic betterment,

Obviously, the ccological paradigm—what agricultural publisher
Robert Rodale calls regenerative agriculture™—depends upon a
thorough understanding of the processes governing soil chemistry and
biology, plant nutrition, and the forces that keep insects, pathogens,
and weeds in check.

There is a place and a nced for both approaches in world agriculture
today, and much middle ground between them. Both can benefit from
improved plant varicties, though each may select different characteris-
tics and deploy improved strains differently. And both can effectively
use methods of soil, water, and energy conservation, even though
cach approach will find different costs, risks, and benefits affecting the
choice of specific techniques.

Advocating, the wholesale abandonment of industrial agriculture
would be inviting catastrophe. But that set of technologics has worked
best under economic, social, and ecological conditions unlike those in
large areas of the developing countries. (In Southeast Asia, for exam-
ple, the ““core areas” devoted to intensive Green Revolution food pro-
duction account for less than 5 percent of the total land area.’) And
often the productivity of the industrial approach has been achieved at
the cost of an increasingly high energy <ubsidy and the depletion of
soil, water, and other essential resources.

Few agriculturalists still want all vestiges of traditional farming prac-
tices replaced with ““modern’” methods. Many scientists and others
now recognize the inherent practicality in much indigenous agriculture
and the need to preserve both the knowledge and the valuable geretic
materials embodied in these farming sy<t>ms. But—under the pressure
of increasing populations, migratioi,, and cultivation of inappropriate
lands—traditional agriculture is now a major contributor to environ-
mental degradation in developing countries. And because yields in
many traditional systems are low, pressure to clear new land for farm-
ing continues to increase.

As industrial methods have been imported and adapted to develop-
ing countries, food production has increased dramaticaiiy where con-
ditions have been right. But attempts to transfer such iechnologies to
farmers operating in less-than-ideal circumstances fail or even make



things worse: vields drop after a short time, and soil erosion and
other environmental degradation accelerates.

The growing need for a productive and sustainable agriculture calls
for a new view of agricultural development that builds upon the rick-
reducing, resource-conserving aspects of traditional farming, and
draws on the advances of modern biology and technology. Key to this
view—which is needed not only in the Third World but also to make
farming in the industrialized countries more resource-efficient and en-
vironmentally sound-—is a thorough understanding of agriculture’s
ccological underpinnings.

An Ecological Approach

Susteinability requires new directions for agricultural development,
directions based on the principles and practical knowledge of ecology.
Systems analysis—under such headings as integrated pest manage-
ment and farming systems research--has proven of enormous help in
organizing research and establishing project priorities. But, to be effec-
tive, a systems approach must be imbedded in a scientific discipline
that addresses the appropriate level of organization to be studied and
managed. In the case of agriculture, that level of organization is the
agroecosysiem and the appropriate discipline is ccology.'¢

All that ecologists studv—the distribution, abundance, and inter-
actions of organisms in space and time; the inter-relationships be-
tween organisms and the physical environment; and the flows of
energy and materials through ecosystems—bears on our understanding
of agroecosystems as whole systems and on the development of new
technologies to support a sustainable agriculture. But two concepts—
stability and diversity—are especially relevant. The several different
meanings of ecosystem stability, their limits, and their apparent causes
are especially important to understanding how to design and manage
sustainable agricultural systems. The significance of species diversity
in natural ecosystems bears close examination for its relevance to
agriculture.

The application of some of these lines of thought to the study of
agroecosystems has already begun.” Morcover, the intellectual and
practical benefits obtained so far suggest that accelerating the process
could pay off handsomely. For policy, the application of ecological
principles to agriculture has potentially far-reaching implications. At
the locai or regional level, land tenure, farm size, and the structure of
markets and services may need to be revamped.' National and inter-
national implementation of this approach could require changes in
research and development priorities and greater interagency coordina-
tion than exists now. And on a global scale, an ecological view of
agriculture could imply new concepts of economic development and
development assistance."

The chunenge facing agriculture in the developing cour.tries is
daunting. Expanding populations must be fed—not just adequately,
but well. Crushing debt loads and fuel import bills are creating enor-

The growing need for
a productive and
sustainable
agriculiure calls for a
new vizw of
agricultural
development that
builds upon the risk-
rediicing, resource-
conserving aspects of
traditional farming,
and draws on the
advances of modern
biology and
technology.



mous pressures to increase agricultural exports so as to obtain much-
needed foreign exchange. And natural resources must be preserved as
capital for future development and as the irheritance that future gen-
erations deserve To meet these demands, agriculture must not only
be more produ<tive, but also economical and sustainable. The eco-
nomics of agricultural development and equity among beneficiaries are
beyond the scope of this paper. Yet, it must be emphasized that, ne
matter how economical a project may appear in the short term, its
ecological viability will be a major factor in long-term success. We
must feed the world today, but we must also feed the earth—iis soil,
water, plants, and animals—so that we can continue to feed the world
tomorrow.



I1I. Environmental Constraints
and Problems

any environmental problems in developing countries stem

from the misapplication of temperate-zone technologies to

the tropics, where the ecological conditions facing agricul-
ture differ markedly from those in temperate areas.?” If productivity in
these areas is to become sustainabie, farming methods unique to the
tropics will be needed to meet the unique constraints of temperature,
rainfall, and soil conditions found there.

Tropical Environments

Climatologically, the tropics are diverse, encompassing deserts,
semi-arid areas, and areas with the world’s highest rainfall. If solar
radiation and the growing season’s length were the only considera-
tions, the tropics might yield roughly twice as much per hectare per
year as temperate areas. Rainfall, however, limits productivity in
many parts of the tropics. Both excesses and deficits create problems,
often in the same location. About half of the region has pronounced
wet and dry seasons.?' Much tropical rain falls in storms: 10 to 15 per-
cent of rainy days with the heaviest storms contribute fully half of the
annual rainfall, so most ecosystems cannot make full use of the water
when it comes. And due to continually high temperatures, evapora-
tion rates are high as well. The net result is high water deficits in

manvy tropical agricultural areas: large cropland areas of Africa and In- R OE——
dia have water shortages comparable to temperate-zone deserts. Then
too, rainfall varies tremendously in many tropical areas. In nwch of I .

! . . : n part 1ca
northern and sub-Saharan Africa, the Arabian Peninsula, and Western parts Of Afr ’
India, the year-to-year departure from average rainfall is over 40 per- drought can cut
cent, and in much f the rest of the tropics, the variation is over 20 y{elds n half if

perc‘ent..'-’L Indeed, .0 Rarts of Africa, drought can cut yie.lds in half if sowing is delayed as
sowing is delayed as little as two weeks beyond the optimal planting )
date.? little as two weeks
The relatively high year-round temperatures of the tropics, the hig, beyond the optimal
incidence of solar radiation, and the small changes in daylength con:
also work against productive agriculture in the tropics. Since plan's
capture solar energy through photosynthesis, which is governed by
the amount of solar radiation and tne temperature, the tropics would

planting date.



http:seasons.21

10

seem to have an advantage. But respiration—the consumption of the
products of photosynthesis—also increases with temperature. In
cereals, respiration occurs at about 35 percent of the photosynthetic
rate in the tropics, compared to 25 percent in temperate climates. And
the total amount of solar radiation available to crops in the tropics is
substantially less than in temperatc areas, both because tropical day-
lengths are over two hours shorter than summer daylengths in the
temperate areas, and because of widespread cloud cover during the
tropics’ rainy growing season. In semiarid and arid lands, long
periods of sunlight are advantageous only in irrigated arcas.?*

These climatic conditions determine the structure and fertility of
tropical soils. About 51 percent of these soils are highly weathered
and leached—poor candidates for cropland kept fertile with conven-
tional temperate-zone methods. (See Table 3.) With high rainfall
causing leaching and high temperatures causing organic matter to

Table 3. Distribution of soils in the tropics (millions of hectares)
Climatic region*
Percent
of
Suil type Rainy Seasonal Dry & Desert Total Tropics
Highly
weathered,
leached 920 1,540 51 2,511 51
Dry sands and
shallow soils 80 272 482 834 17
Light-colored,
base-rich 0 103 582 685 14
Alluvial 146 192 28 366 8
Dark-colored,
base-rich 24 174 93 291 6
Moderately
weathered
and leached 5 122 70 207 4
Total area 1,175 2,403 1,316 4,896 100
Percent of
tropics 24 49 27 100
* Note: Rainy: 9.5-12 months with an average rainfali over 100 mm.
Seasonal: 4.5-9.5 months
Dry and Desert: 0-4.5 months
Source: P.A. Sanchez, Properties and Management of Soils in the
Tropics (New York: john Wiley and Sons, 1976).
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decompose rapidly, tropical forests have evolved into ecosystems that
maintain most of their nutrients above ground in biomass. Up to 90
percent of the elements necessary for fertility may be tied up in trees,
shrubs, and other plants in a tropical forest.?® The soil itself in these
incredibly lush habitats is virtually sterile. By comparison, in temper-
ate-zone forests, as little as 3 percent of the nutrients are stored above
ground. Cut a temperate-zone torest, and 97 percent of the nutrients
available for new growth will remain in the scil. Cut a tropical forest,
and almost all of these nutrients will be hauled away in the timber.?
Recent research suggests that the soil under tropical forests is not
universally sterile, but that fertility can vary considerably from area to
area. Still, the likelihood of soil sterility in some locations should
make us think twice before clearing large forest tracts for farming.

Agricultural Adaptations and Consequences

Just as natural ecosystems have evolved to thrive under unique con-
ditions, so too has traditional agriculture. Chief among the indigenous
cropping systems have been the various techniques known as shifting
agriculture, shifting cultivation, or swidden. This practice, common
throughout the tropics, mvolves cutting and (usually) burning patches
of forest to clear land for crops. Such fields are typically used for one
to three years and ther abandoned by farmers who move on to clear
other plots. Burning releases the reservoir of nutrients in the plant
material (though much of the nitrogen goes up in smoke), making the
soil-ash mixture relatively tertile; it also kills most weeds. Once aban-
doned, plots are left fallow for several years. Exactly how long
depends upon the availability of other land, the rate of regrowth of
forest, and other factors. In general, the longer the fallow period, the
more fertile the land will be when next cleared for crops. In Belize,
Central America, for instance, even decade-long fallows could not
restore lost phosphorus to the soil using traditional methods. Many
farmers with plots idled for five to fifteen years reported crop failures,
with plants shewing symptoms of phosphorus deficiency.?” In India,
rice and maize yields on lands fallowed five to ten years were 98 per-
cent and 48 percent lower, respectively, than yields in plots cleared
after a 30-year fallow. At least ten years of fallow were needed to
restore soil carbon, nitrogen, and humus after cropping.?

Swidden plots are not alone in suftering yield declines after a few
growing seasons. In Thailand, repeated flooding and drying of paddy
rice areas increases soil acidity over time, building up aluminum tox-
icity. In the Chiang Mai Valley, rice harvests averaged four tons per
hectare in 1969 and rose to 6.4 tons by 1971 with fertilization and use
of high-yielding varieties, but steadily declined to the 1969 levels by
1977. Perhaps more disturbing, yields became about twice as variable
during that time.

When settled agriculture (such as paddy rice production) breaks
down, when population pressure and land hunger cause farmers to
shorten swidden fallow periods, when farmers apply lowland methods

Cut a temperate-zone
forest, and 97 percent
of the nutrients
available for new
growth will remain in
the soil. Cut a
tropical forest, and
almost all of these
nutrients will be
hauled away in the
timber.
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on upland soils, and when temperate-zone technologies are trans-
ferred wholesale to the tropics, the environmental consequences can
be devastating. Agriculture is both the cause and the victim of world-
wide environmental degradation. In the tropics, the very existence of
the resource base that is the hope of development is threatened by
deforestation, land degradation, pesticide problems, and impaired
water-holding capacity of the land.

The United Nations Environment Programme (UNEP) estimates that
12 million hectares of tropical forests are lost annually.?” Others put
the figure as high as 21 million, of which about half is attributable to
conversion to shifting agriculture.* Even if the conservative figure is
correct, almost 1,400 hectares of tropicel forest are lost each hour. Ac-
cording to UNEP, nine countries will have destroved virtually all of
their closed-forest cover by the vear 2002, and another 13 countries
will reach the same end 25 vears later. (Together, these nations now
contain 11 percent of the world’s total closed forest.>) In Peninsular
Malaysia, forests covered 74 percent of the country in 1957; twenty
vears later, those forests accounted for only 55 percent Hf the land. By
1980, about 285,000 hectares of forest land were heing converted to
agricultural use every vear. Thirty-cight percent of the Philippines was
forested in 1976, down trom 73 percent at the end of World War II;
the current rate of conversion to agricultural use has been estimated at
50,000 hectares per vear.™ On the Philippine island of Negros, the
number of farmers practicing shiting cultivation increased by 80 per-
cent in just two vears; researchers predict that one major rain forest
there will vanish by the turn of the century. ™

It the population of shifting cultivators in tropical forests stays low,
the practice poses relatively little threat to the survival of the forests.
But for a variety of reasons—gencral population increases, displace-
ment of tenant farmers from rented land, economic necessity—the
number of farmers trying to eke out a living in this way has in-
creased. With more farmers using the land, fallow periods have been
shortened, and the spaces between plots reduced or eliminated. As a
result, in many parts of the tropics, the forest cannot grow back. In
some areas, forests have been replaced with permanent grassland,
often dominated by one or two species of such grass as Imperata cylin-
drica. Indonesia has some 12 to 15 million hectares of such land. while
the Philippines has about 5 million. According to Filipino ecoloyist
Percy Sajise, the frequent fires that sweep these grasslands prevent
regrowth of the forest and increase soil erosion. Moieover, soil fertility
is reduced, productivity is masginal and unstable, and the hydrology
of the area is disrupted, 50 both summer drought and rainy-season
floods now occur more often.™

Loss of tropical rainforest has contributc’ to drought in Indonesia,
reduction in the flow of water supplying the Panama Canal, *‘embryo
deserts”” in northern Brazil, clogging of Thailand’s waterway transport
system, and a drastic decline in the efficiency of hydroelectric dams in
the Philippines.® Also in the Philippines, deforestation has been im-
plicated in the eutrophication of lakes, which threatens local supplies



of fish and drinking water.* Forest clearing also typically increases
nutrieit runoff, especially in hilly areas. Nutrient levels in runoff
water at one site increased from two to eight times when trees were
removed.’” When these nutrients end up in lakes, they promote the
growth of algae, often making the water unsuitable for fish.

Shifting cultivators are not solely responsible for tropical deforesta-
tion. The pressing aced for firewood in many parts of the world is
another major cause, as is increased commercial logging and the con-
version of forest to commercial pasture to produce meat for export
markets. Still, if half of the loss of rainforest is due to the expansion
of agriculture, much can be gained by devising alternatives to the con-
tinned destruction that necessity forces these farmers to wreak. If
agricultural tectinologies would allow them to farm without periodical-
ly clearing new sites, pressure on remaining forests could be reduced.
And if those technologies can also help farmers produce more food on
a sustainable basis, both people and land will benefit.

Deforestation is a niajor contributor to soil erosion. For instance,
erosion rates increased from 200- to over 5,000-fold when African
forest land was cleared. (See Table 4.) Svlvan Wittwer’s estimate of five
million hectares of cropland annually lost to erosion and desertifica-
tion’ appears conservative compared to UNEIs assertion that some
six million hectares are being reduced to desert-like conditions every
vear, with an additional 14 million made entirely unproductive.
Worldwide, says UNEDP’s Executive Director, Mostata Tolba, we are
losing at least 25 million metric tons of topsoil per year.™ Soil erosion
in Africa and South America is proceeding at an an.:ual rate of about
seven tons per hectare, compared with only 0.8 tons per hectare in
Europe.* Overall, according to Tolba, world agriculture will see a net
loss of about 55 million hectares of agricultural land by the year 2000,
chiefly due to erosion and desertification !

Salinization or wateriogging of irrigated lands, acidification of tropi-
zal soils (intensified by the application of nitrogen fertilizers®?), and
soil compaction »y heavy machinery or livestock take a further toll on
soil. The reasons behind the widespread mismanagement of soit in-

Table 4. Magnitudes of annual soil erosion (tons/hectare)

Site Forest land Cultivated land Bare soil
Oagadougou,

Burkina Faso 0.1 1.6-8.0 10-20
Sofa, Senegal 0.2 7.3 21
Bouaké, Senegal 0.1 0.1-26 18-30
Abidjan, lvary Coast 0.03 0.3-90 108-170

Tropics.

Source: P.A. Sanchez, Propertics and Management of Soils in the
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clude population pressures and the expansion of agriculture to mar-
ginal lands. But the misapplication of technology is a major
contributor.

Pests of agricultural crops—insects, pathogens, weeds, nematodes,
rodents, and other organisms—also constrain crop production in the
tropics. Preharvest losses due to pests run to an estimated 35 to 50
percent in some areas.*? Agriculture in many tropical areas is especial-
ly vulnerable to pest attack, since favorable temperature and humidity
may allow year-round growth and reproduction. And the diversity of
species in the humid tropics can mean a larger pool of potential pests
for agriculture.# One researcher found that crops grown in the tropics
could be attacked by many more species of plant pathogens than
those grown in temperate arcas. (See Table 5.) Weeds are particularly
troublesome, sometimes reducing vields to zero. In Africa and Latin
America, uncontrollable weeds are one of the primary reasons that
swidden plots are abandoned for newly cleared iand.

Table 5. Number of diseases reported on crops in tropical and
temperate areas

Number of diseases

Crop o Temperate zone Tropics
Citrus 50 248
Pumpkin squash 19 1m
Sweet potato 15 187
Tomato 32 278
Rice 54 500-600
Beans 52 253-280
Potato 91 175
Maize 85 125

Sowrce: F.L. Wellman, ““More Discases on Crops in the Tropics
than in the Temperate Zone, Ceiba 14 (1968): 17-28.

Chemical pesticides have long been the principal means of insect
control. Diseases have been controlled with both pesticides and resis-
tant plant varieties. In contrast, weed control until recently has
depended mostly on cultivation, but herbicides are now by far the
largest-selling pesticides. ¥

All of these methods can pose problems. Overcultivation is a key
culprit in soil erosion and dosertification,*” and it can also lead to the
establishment of unproductive areas such as the Imperata-dominated
grassland described earlier.® Weeding can also account for half of all
the Tabor invelved ir producing a crop in developing areas. Where
land is cultivated by machines, large quantities of fossil fuels are
needed. While pest-resistant plant varieties effectively reduce damage



from insects and diseases,*’ overreliance on host-plant resistance can
lead to sericus fatfures. Indonesia, for example, lost over two million
tons of its rice crop in 1977 when the widely planted IR36 variety—
introduced to combat the brown planthopper—proved susceptible to
tungro virus. In part, both of these problems arose because farmers
planted large areas to the same genetic type: IR36 still occupied over
half of Java's lowland paddy area in 1980.30 Rather than devise strat-
egies to stabilize or counter evolution in pest species, plant breeders
and pesticide cgevelopers alike have often tried to stay ““one step
ahead™ of the pests—an approach that can scriously disrupt food pro-
duction from time to time.

Among those concerned with the environmental effects of agricul-
ture, pesticides have been the major focal Hoint. Although no irrefu-
table numbers exist, as manv as 400,000 illnesses and 10,000 deaths
may be caused by pesticides every vear worldwide—most of them in
the developing world. ' Resistance to pesticides, especially in insects,
threatens many crops. In Malavsia, the diamondback moth is resistant
to virtually all available insecticides, threatening cabbage production.
Eleven species of rice-cating insect pests have shown resistance to one
or jaore pesticide types, creating problems in Southeast Asia and else-
where. Fungicide resistance in plant pathogens and herbicide resis-
tance in weeds can also cause local or regional crop losses. The con-
tinuing spread of resistance—cespecially since fewer and fewer new
types of pesticides are being discovered and marketed by the chemical
industry--raises questions about the future stability of chemical-based
pest control in industrialized and developimg countries alike.

Pest populations can be managed effectively. In industrialized coun-
tries and on commercial forms in developing countries, improving, pest
management calls for enhancing the support system--research, advice,
and regulation—for helping farmers make sophisticated pest-control
decisions ** For subsistence and other cash-poor farmers, new strat-
egies will have to be developed, based primarily on traditional agricul-
tural systems.™ These strategies will depend less on chemicals or im-
plements and more on the structure of the agroecosystem and other
natural forces that can keep potential pests in check.

Agriculture in the tropics must not only avoid problems, but must
also actively restore degraded natural resources. In agricultural devel-
opment, resource utilization—soil nutrients, energy, land, and water -
must be more efficient than industriaiized nations” agriculture has
been for some decades. And the lack of funds for industrially based
inputs means that indigenous—preferably renewable—~resources will be
the mainstay of Third World agriculture in the future. Mercly copying
technologies from the industrialized world will not suffice where eco-
nomic and social conditions, climate, topograpay, and the ecology of
agricultural systems differ so radically from those in temperate zones.
To succeed, the next generation of tropical agricultural systems must
be built on sound ecological principles and a concrete base of
region- and locale-specific ccological knowledge

Rather than devise
strafegies to stabilize
or cotinter cvolution
in pest species, plant
breeders aud pesticide
developers alike have
often tried to stay
“one step akead” of
the pests--an
approach that can
seriously disrupt food
production from time
fo time.
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III. Ecological Paradigms and
Principles for Agriculture

s part of the ““modernization”” of rice produection in Sri

Lanka, tractors have been replacing water buffaloes as the

principal means of power for plowing, tilling, and thresh-
ing.>* On the surface, the conversion scemed to make sense, saving
eight to nine worker days per acre. But look closer.

Economically, using tractors increased costs to farmers when fuel
prices skvrocketed i the 19705 Indirect costs also abound. To begin,
the butfalo long provided milk and curd for the fane tamily —items
that now have to be purchased. In addition, buffalo dung and urine
were used to fertilize fields; now, store-bought inorganic fertilizers
have to be used instead. Also, buftalo herding is a source of empioy-
ment for voung villagers, so income is lost if tractors replace butfaloes.

Cther costs associated with replacing the butfalo are more subtle.
Tractors disrupt the soil structure that was partially created by the
buffaloes” trampling, so water retention and vields are down. And
removing the pools that were Kept as buffalo wallows in the rice fields
has had unexpected and serious consequences:

¥
-y

As the rice fields dry out completely diiving Hhe hareest season, the nia-
Jority of their winatic tawna dic cut. The recolonization of the fields is
uswally achicoed durvrg flood tintes by orqunisms that have maintained
their popudations in “drowght refugia,” habitats which contain water
through the dry period such as rivers or fakes. The oreater the distance
fromea drought [refuge] to a given firhd, the smaller the likeithood of it
being recolonized ... The buffalo wallows also function as very efficient
drosgitt refugta for aquatic organisms and ensure the recolonization of the
set of fields wssociated with tHem after the de=y season. .. .5

Many ecological benefits have disappeared with the wallows. Ediole
tish harvested in drought refugia run as high as 350 to 400 pounds
per acre Mosquito-cating fish taat lived in the wallows helped control
malaria-carrying mosquitoes, so now more insecticides have to be
used te control malaria. Two other beneficial species that depend on
the wallows area as a breeding ground are the rat snake and the
lizard Varanus salvator: the snake is an important predator of rats and
mice that would otherwise eat ripening grain in the fields, while the
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lizard consumes fresh-water crabs wicse burrows weaken and destroy
the rice-field bunds necessary for good water management. These
wallows also supply water for soaking the coconut branches used in
thatched roofs. If thatch is unavailable and replaced by roofing tiles
(which have to be fired), firewood demand will increase and so will
the already high deforestation rate.

The ecological linkages in this small example of a changing produc-
tion system show the need to think much more clearly about pro-
posed technological ““improvements.”” Most traditional farming
systems have evolved over centurics, even millenia, and the natural
world has evolved along with them. The coevolution of wild animals
and plants with agricultural acivities can affect how whole farming
systems function, and any change should be undertaken with care.
Such change must be based on a clearer understanding of the
ecological structure and function of agroecosystems if agriculture is to
become more sustainable and productive.

The Meanings of Sustainability

Just what is a sustainable agriculture? California economist Gordon
Douglass points out that ““sustainability”” has different meanings for
differen: schools of thought:

* The ““food-sufficiency”” or ““productivity’’ viewpoint, which
““thinks of sustainability as supplying enough food to meet
everyone’s demand’’;

* The “stewardship” school, which “‘regards sust.nability primarily
as an ecological phenomenon,”” with a concern for maintaining an
“average level of output over an indefinitely long period. . . with-
out depleting the reriewable resources on which it depends’’; and
The “community’” perspective, which ““pavs most attention to the
effects of different agricultural systems on the vitality, social
organization, and culture of rurai life.”’s?

Since neither productivity nor rural life can be maintaired if produc-
tion systems are not ecologically stable in the long term, a definition
of sustainability—like the stewardship school’s objectives—must be
based on the resources underlying production and on the means for
conserving them. Stephen Gliessman, director of the agroecology pro-
gram at the University of California at Santa Cruz, describes this
orientation toward “‘average level of output’’ as seeking to “‘optimize
productivity on a long-term basis rather than maximize it on the short
term.’’%® Indeed, to be maintained over an “indefinitely long period,”’
agricultural systems must be capable of continuous, reliable produc-
tion levels—akin to the idea of optimum sustainable yield in wildlife
management.® (An older concept of maximun sustainable yicld origi-
nated with fisheries scientists who sought to set fish catches at the
level where the harvest would equal the maximum calculated popula-
tion replacement rate, so that the harvest could be taken essentially
forever.®® Unfortunately, harvest rates were calculated as though
single species were in isolaticn from their environment. Other factors
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in the ecosystem that interact with the species in question would in-

evitably cause the system to collapse. The new approach uses a more

realistic model of population dynamics, taking into account inter-
actions among species and between organisms and the environment.)

With agriculture, different kinds of replacement rates, including
those concerning soil nutrients and organic matter, water, and various
beneficial plant and animal species, come into play. Thus, Douglass’
third criterion is essential: that renewable resources not be depleted.

Soil scientist D.J. Greenland of the International Rice Research In-
stitute deseribes more concretely the conditions necessary for a stable
agriculture:

I. The chemical nutrients removed by crops are replenished in the

soil;

. The physical condition of the soil suited to the Jand utilization
type is naintained, which usually means that the humus level in
the soil is constant or increasing;:

- There is no build-up of weeds, pests, and diseases;

. There is no increase in soil acidity or of toxic elements; and

. Soil erosion is controlled.*!

Greenland’s criteria refer primarily to the production site or farm
level. To these must be added the obvious requirements that farming
must be productive and profitable.

The field and farm are but the firsi two levels in the orgenizational
hierarchy that define agroecosystems.*? Looked at on a regional (multi-
farm) fevel, sustainability takes on new dimensions, including the
need to:

I. Minimize dependence on nonrenewable energy, mineral, and

chemical resources; ¢

2. Reduce off-farin contamination of air, water, and land by

nutrients and toxic materials to levels at which self-clearsing is
continually possible;

3. Maintain adequate habitat tor wildlife; and

4. Conserve genetic resources in plant and animal species needed

for agriculture.

At the national and international levels, the productivity and com-
munity definitions from Douglass’ typology are more predominant:
people need food and incorne. import costs must be minimized, and
unique ecosystems need to be preserved. If agriculture can be stebi-
lized at the field, farm, and regional levels, the concerns farther up
the hierarchy can be addressed effectively. Conversely, if sustainability
is not attained at the lowest level, it will be impossible at higher
levels. What is nceded is a new long-term progiam in agricultural
research, development, and implementation that is oriented toward
system design rather than piecemec] modifications.

I
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Ecology: The Integrative Science
Just as groups of people show distinct behaviors that sociologists,
economists, political scientists, and others analyze, natural systems
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(groups of plants, animals, and microbes) display collective character-
istics that differ from a simple sum of the individual actions of the
group members. Exactly what happens when organisms interact with
each other and with the nonliving environment (including weather) is
the subject of ecology, a science defined by Charles Krebs of the Uni-
versity of British Columbia as the ““study of the interactions that
determine the distribution and abundance of organisms.’’¢4 Ecolegy is
also conceined with changes in distribution and abundance over
time—essential for understanding the stability of natural systems and
the sustainability of managed ones such as agricualture.

Ecologists generally study three levels of organization: populations,
commurities, and ecosystems. Populations are groups of organisms
belonging to the same species, generally occupying a contiguous area
and characterized by reproduction or birth rates, mortality rates, and
immigration and emigration rates. These processes interact, creating
identifiable age structuces in populations. Taken together, these at-
tributes define population growth and decline, and they help deter-
mine where populations are located and when.

In nature, no species exists in isolation from all others, but rather in
complex associations called communitics—the collection of populations
in a given place and the relationships among them. The interactions
among, its members define a community’s attributes. These include
the species composition (Which species are present in the community
and in what numbers?) and the food web, or trophic structure (Which
species eat which other species?). In a process known as succession,
many communities gradually change: some species are displaced by
others and new species are added to the system. Species diversity—
expressed as the number of species or the relative numerical impor-
tance of the various species--is often used to describe the differences
in structure and evolutionary ““maturity’”” among communities. The
dynamics of communities (expressed in terms of energy and nutrient
flows through the food web and the rate of change in species com-
position) are determined by rates of primary (photosynthetic) produc-
tion and consumption by herbivores, carnivores, and decomposers.
Just as natural populations exist only in assocation with others, the
fate of living and nonliving components are intricately bound
together.

In each case the community has a close-linked, interacting relation fo en-
vironment, as climate and soil affect the community and the community
affects the soil and its vwn internal climate or microclimate, as energy
and matler are taken from environment to run the community’s living
function and its substance, transferred from one organism to another in
the communiiy wid released back to environment. A community and its
environment treated together as a functional system of complementury
relationships, and transfer and circulation of energy and matter, is an
ecosystem. s
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Because it best encompasses the most significant physical and biotic
relationships that affect organisms, the ecosystem has often beer.
described as the basic unit of ecology.*” Like the community, its
characteristics are determined by nutrient and energy flows, species
composition and diversity, trophic structure, and rates of production,
consumption, and decemposition. The difference is that in an eco-
system the nonliving stores and sources of materials and energy are
considered along with the animals, plants, and microbes that inhabit
the environment.

Ecosystem Development

Understanding the evolution of communities and ecosystems is par-
ticularly important for identifying the ecological conditions that must
underlic sustainable agriculture. Because of the ways in which human
beings change the environment when they grow crops, agriculture
usually shares many of the characteristics of “immature’” ecosystems
in nature.

In the 19605, ccologists Ramon Margalef and Eugene Odum devised
similar theories to describe the changes that occur as ecosystems

develop.* In Margalef's terms, ecosvstem maturity increases with time

in undisturbed ecosvstems, and mature systems differ markedly from
ecosystemns at earlier stages of development in terms of increases in
biomass (living matter), species diversity, and stratification (such as
the larger number of leaf canopy layers in a mature foresi) or spatiai
heterogencity. Trophic structures in mature systems are longer and
more complex than in immature ones, according to Margalef and
Odum, In ¢, cral, later stages of ecosystem development are charac-
terized by a higher degree of organization or community structure
than earlier stages.

Energy flow in different types of ecosystems may be especially
significant for the design of future agricultural systems. Both Margalef
and Odum note the relationship of primary productivity—the capture
of solar energy by plants and the resultant production of biomass—to
the amount of biomass in the community (sometimes called the
“standing crop”’). The ratio of productivity to biomass decreases with
increasing maturity, and, Odum further notes, productivity comes to
approximately equal respiraijon—the rate of using up the captured
energy—as ecosystems mature. Thus, in mature ecosystems, energy is
used principally to maintain the system rather than to add new
material. In conirast, less mature ecosystems have high production-to-
biomass ratios and living matter accumulates. These conditions,
Margalef points out, favor the exploitation of immature ecosystems
rather than mature ones. Agriculture has often been described as arti-
ficially maintaining a site at an early successional stage (low maturity)
to exploit the high net productivity (accumulating biomass) rather than
letting the system progress to later stages.

One cost of keeping an ecosystem immature is that nutrient cycling
is ““open’’ rather than "‘closed.”” This means that essential minerals

Agriculture has often
been described as
artificially
maintaining a site at
an early successionul
stage (low maturity)
to exploit the high
net productivity
(accumulating
biomass) rather than
letting the system
progress to later
stages.
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and other nutrients do not readily stay in the system, but “‘leak’” out,
sometimes at high rates. In a deforested site in New Hampshire, for
example, mineral nutrient levels in stream runoff were three to fifteen
times higher than in similar areas where the forest was left standing.¢®
As ecosystems mature, says Odum, the cycling of such elements as
nitrogen and calcium is “‘tightened’’ as the system becomes better at
trapping and holding nutrients and at passing them slowly from one
organism to another.

Where immature ecosysteme are economically exploited, it must be
remembered that the natural forces that help stabilize ecosvetems and
communities are typically more characteristic of mature . ystems. Ac-
cording to Margalef, population fluctuations are more pronounced in
immature eccsystems than in mature ones, and the mechanisms that
control population: size in early stages of ecosystem development are
more likely to be physical (such as weather) rather than biologicai
(such as predators or food supply). Firiely tuned controls on popula:
tion numbers are more feasible with biological forces than with physi-
cal constraints, since the latter tend to vary randomly. According to
both theorists, the types of organisms in mature and immature ecc-
systems differ. Early stages of development are dominated by species
that tend to have short life spans, exhibit broad food and habitat pref-
erences, and are geared toward rapid population increase—sometimes
referred to as ‘‘pioneer’’ or “‘opportunistic’’ species. Many agricultural
pests fall into this category. They are adapted to exploit newly opened
habitats, and early successional stages, whether natural or artificial
(such as resularly cleared fields), are ideal for them. Organisms in
meture ecosystems tend toward longer life spans, have more specializ-
ed food and habitat needs, and are oriented toward living with their
neighbors through cooperation or dividing available resources. More-
over, Odum defines the “’strategy’’ of ecosystem development as ten-
ding toward “‘increasing control of, or homeostasis with, the physical
environment in the sense of achieving maximum protection from its
perturbations.”” Taken as a whole, these observations point to an im-
portant constraint on agriculture: trying to achieve maximum stability
of a complex biomass structure often conflicts with efforts to obtain
the highest yicld.”

Margalef’s and Odum’s theories have potentially valuable insights
for the development of sustainable agriculture. In particular, the con-
cepts of ecosystem maturity and ecosystem development could point
the direction for future strategies in agroecosystem design and man-
agement. For example, Robert Hart of the Winrock International In-
stitute for Agricultural Development has suggested an ‘‘analog’’ ap-
proach to food production systems, wherein an agricultural site would
be managed so as to mimic natural succession.” Beginning with an-
nual grasses and broad-leaved species, such as maize and beans,
Hart’s proposed system progresses through stages of plantings to a
"“forest’” of econnmically valuable trees and understory crops with
many of the ecological characteristics of a maturing tropical rain forest.
(See Figure 1.) The highly diverse and productive home-gardens of Java



Figure 1. The Chronological Arrangement of Crop Components in
a Successional Crop System.

Rubber]

Source: Rebert D. Hart, “A Natural Ecosystem Analog Approach to the Design of a
Successional Crop System for Tropical Forest Envirsnments,” Biotropica 12
(Supplement on Tropical Succezsion, 1980); 73-82.

exerplifv a traditional system that uses this strategy: as in natural
succession, each stage creates the physical conditions (such as light
and shade and soil organic matter) needed by the next.”? Hart’s
appreach—directing succession rather than fighting it—conld alleviate
the unending battle against weeds so characteristic of annual cropping
systems, and reduce the energy and labor costs of establishing peren-
nial crops. The result would be an evolving agricultural system with
increasing diversity and reduced susceptibility to disruption.

Diversity and Stability
The diversity of species in natural habitats has long fascinated ecol-
ogists, especially those trying to explain why some communities have
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iarger numbers of species while others have fewer.” Of particular im-
portance to agriculture has been the oft-repeated claim that diversity
causes, enhances, or otherwise concributes to stability. At various
times, the diversity-stability relationship has been describec by highly
respected biologists as a rule, a principle, an “‘immutable law,”” and as
““proven beyond doubt.”””* Although by the 1960s the diversity-
stability connection was widely touted, especially by conservationists,
the hypothesis was based on some anecdotal evidence and a brief
theoretical analysis.”

The diveisity-stability hypothesis has intuitive appeal, going back to
the Social Darwinists of the 19th century and undoubtedly to folk
wisdom about eggs and baskets.” If true, it provides a strong practical
argumer.t for conservation—for maintaining diversity in ecosystems
whenever possible as a natural buffer against perturba‘ion.” But if the
theory is flawed, basing policies upon it could have unexpected and
undesirable environmental consequences. For instance, if diversity
causes stability, the most species-rich communities—such as tropical
1ain forests and coral reefs—should be abie to withstand the greatest
disruption at human hands. In fact, these communities are among the
most fragile.”

Today, the experimental evidence’ and theoretical analys=* reveal
the notion that diversity causes stability as oversimplified at best, if
not dead wrong. As an explanation for the differences in diversity, the
hypothesis has given way to more sophisticated ideas of environmen-
tal predictability, population adaptation, and coevolution among
species, leading to increased specialization and symbiotic relations.®
And both data and theory are pointing more to the characteristics of
particular population interactions as determining stability: a "‘qualita-
tive’” view of the causes of stability as opposed to a ““quantitative’’
view that simply counts the number of species to predict stability.s2
The implications for agriculture are far-reaching. The qualitative basis
of stability mears that agricultural ecosystems cannot be made more
stable simply by increasing complexity. Instead, the interactions that
occur in agroecosystems must be carefully evaluated to determine the
stabilizing and destabilizing elements and to design systems
accordingly.

A major shortcoming of early thinking about diversity and stability
was that, although considerable effort went into defining tie former
beth conceptually and operationally, the meaning of stability was not
rigorously examined.® In fact, stability has several connotations, each
important. Margalet drew one key distinction: ““adjustment’’ vs. *‘per-
sistence.”” He described adjustment in these terms: ‘“a system is stable
if, wiien changed from a steady state, it develops forces that tend to
restore it to its original condition.”’** {This is the ‘“homeostasis’’ in
Odum'’s theory of ecosystem development, though “‘resilience’’ is the
most descriptive term.®) According to Margalef, a system is persistent
"'if it remains much the same and [even if] its presumed stability
[resilience] is never tested,”” that is, by disturbing it from its steady
state.® A third aspect of stability is described by Canadian ecologist
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C.5. Holling as ““the ability of...systems to absorb changes. ..and still
persist.”’¥” (This property might best be given the name “‘resistance,’’
the ecosystem’s tendency to retain its character in the face of dusturb-
ance.) Hence, stabilitv has two dimensions—timie and disturbance.
Persistence is the tendency of the system to look the same through
tinie, resistance is its capacity to withstand disturbance, and resilience
is its ability to recover if the disturbance causes change.#

Two other distinctions round out the concept of stakility. The first is
the difference between local or neighborhood stability and global
stability.* Global siability indicates that, no matter how much a SVs-
tem is changed from iis original state (for instance, a particular species
nux), it will revert to that state given enough time. Local stability
rieans that the system will return to its original state unless change is
tuo great, in which case it may find itself in another persistent state.
In practical terms, and probably even in theory, only local stability is
relevant since it is always possible to Imagire a disturbance so severe
that an ccosystem cannot naturally appear in its original form again.
Consider desertification: in many parts of the world, simply putting a
stop to destructive practices won't restore the land to its =arlier state:
instead, massive regeaeration eftforts are required.

Another important distinction is that between stability as an equilib-
rium versus stability as a changeable state. Although ecologists have
constructed many population models around the notion of equilibrium
points, P'rinceton scientist Robert May believes that nature is more ac-
curately represented as having “stable limit cycles” in which the state
of the community changes in some regular pattern, be they scasons or
longer-cerm oscillations.™ An even more “permissive’” view of stabili-
ty would have the ccosystem change state within some boundaries,
but not necessarily with any regularity. The latter probably most readi-
ly approximates nature, since random shifts are to be expected in any
ecosystem at least partially affected by such variables as temperature
and rainfall.

Making practical use of the concept of stapility in designing and
maraging sustainable agricultural systems requires taking these dis-
tinctions to heart and developing realistic expectations for agroecosys-
tem stability. Increasing diversity for its own sake will not necessarily
improve <ustainability. and poorly designed diversity may actually be
destabilizing. Seeking global stability would clearly be fruitless; local
stability should be the goal, and the types and severity of expected
perturbations will have to be spelled out, along with the acceptable
time horizons for ecosystem response and recovery. Certainly, per-
sistence of agroecosystem structure and function is desirable and
necessary, most readily defined as the minimization of variation in
output.®* And resistance to disturbances should be built intc all agri-
cultural systems. Fluctuations in pest numbers, climatic conditions,
and water availability will have to be taken into account when plant
and animal varieties are selected, crop mixes cesigned, and manage-
ment stralegies developed. Anticipating hurricanes, floods, and other
major perturbations will mean planning structural resistance in the
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form of windbreaks, terraces, and other landscape features to mini-
mize the effect of these events. And if change does occur, the system
must be capable of rapid recovery.” All of these goals point to the
need for carcfully designed agroecosystems. Not only will ecosystem
orid community structure have to be considered in detail when design-
ing these systems, but also the characteristics of, and relationships
among, component populations.

Population Concepts: Lynamics and Interactions

The growth, maintenance, and decline of population numbers stems
from the interplay of various factors—some more or less inherent to
the species, but most dependent on how populations of species in the
community affect each other. Each species’ reproductive rate differs,
depending on the ages at which reproduction commences and ends,
the number of individuals at each age, the number of offspring pro-
duced at cach age, and the likely survival of offspring. Under optimal
conditions, these characteristics together define a species” *“intrinsic
rate of natural increase.”””? Under the right conditions, species with
high rates of increase can exploit newly opened habitats better than
species with lower rates ¢f increase. For insiance, annual weeds are
the first planis to populate cleared fields and, because they produce so
many seeds, they can quickly dominate the landscape unless farmers
plow or otherwise intervene.

As populations increase in number over time, they often begin to
saturate the available habitable space, use up the food supply, or
otherwise crowd each other out. Population growth in these civcum-
stances then slows and can eventually reach some level above which
growth cannot be sustained. This theoietical environmental limit to
population size, or ““carrying capacity,”” has been demonstrated in
laboratory populations.* Its precise applicability to the natural world
is open to devate, but the cuvironment undcubtedly imposes some
upper limit for any population, and the dynamics of populations at or
near the carrying capacity differ irom those well below it. For in-
stance, reproduction at the carrying capacity is not at the maximum
possible rate but only at a rate roughly equal to the death rate.

How important is the concept of carrying capacity for agriculture?
Does it imply inherent limits to productivity, or can technology over-
come any barriers? The answers to these questions are not simple. To
begin with, not all populations exhibit growth curves with character-
istic carrying capacities. Odum distinguishes two basic types of popu-
lation growth patterns: a "’J”’-shaped curve in which growth procceds
at the maximum rate until environinental conditions change and the
population “‘crashes,”” and an "*S”’-shaped curve in which growth
gradually slows as the carrying capacity is reached and the population
numbers then hover about that level. Particular population growth
patterns can vary considerably from these two ideal types, sometimes
following one or the other or somne combination of the two as condi-
tions change.®® And conditions do change: constant environments are



rare in nature, if they exist at all. Hence, the environment may be
able to sustain one population leve! in one season and a lower or
higher one in another season. Weather, for example, can influence
reproduction, survival, the food supply, and the relative importance of
predators and competitors. The mevement of species in and out of
particular habitats can also affect how many members of other species
can survive in those areas. In short, the maximum allowable popula-
tion can vary in both time and space in innumerable ways. Trying to
calculate that maximum as if it were an absolute number would be
futile.

As applied to agriculture, the concept of carrving capacity must in-
clude even more variables—witness the methodological and conceptual
difficulties faced by anthropologists who have tried to calculate carry-
ing capacities for agricultural populations.®™ To assess what agricultural
production levels the environment will allow, we would have to
specify what technologies are being used, what new technologies
could be applied, and the environmental impact of each technique in
the short and long terms. Instead of assiening some a priori maximum
to the expected capacity of a particular site to produce food, it makes
more sense to examine the productivity and stability—resilience,
resistance, and persistence—of specific production svstems, including
site characteristics and technologies.

Ecologists have described ways that species have evolved different
adaptations at two ends of an environmental spectrum: some species
exploit “oren’” habitats tarough invasion and high reproduction,
while others specialize in living under ““saturated”’ ¢nvironments by
competing effectively for limited resources.?” The first—a productivity
“strategy’’--strcsses filling the environment; the second—an efficiency
strategy—emphasizes staying in it. The first is expected to be favored
where physical environments are highly variable and unpredictable,
mortality factors are little affected by the population density, and com-
petition from other species for resources is slight. The second would
more likely emerge where rlimates are fairly predictable, mortality fac-
tors are affected strongly by population levels, and the environment is
keenly competitive.” [n designing sustainable agricultural systems,
researchers need to look at both kinds of adaptations and determine
when and where each fits: productivity strategies for the necessary in-
creases in food availability, and efficiency strategies for the needed
stability.

Often, the growth and decline of a population depends on inter-
actions with other species. One species feeds on another, each help:ng
to regulate the other’s numbers. Two or more species may compete
for the same resource, be it nesting sites or food supply or light, and
thus limit each ot’*er’s population to levels below what they might be
in the absence of competition. Symbiotic relationships evolve where
two species, rather than competing, cooperate. Each of these pro-
cesses can add to or detract from a community’s stability, depending
on the precise nature and extent of the interaction. Predation can
maintain diversity in an ecosystem by preventing any one species
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from dominating the landscape, but invading predators can seriously
upset the balance of a community by disrupting the ecological forces
that keep species” numbers in check. Competitors can share their com-
mon resource in some way, or one species can drive another to local
extinction. Strong mutual dependence can mean high persistence of
associated species within a community, but the entire group of species
may disappear if something disrupts any component popuiation

Some ecologists have used the terminology and concepts of cyvber-
netics to understand the stabilizing and destabilizing properties ot
communities and ecosystems.™ One key here is the sclf-correcting
“negative feedback loop”-=best illustrated by a thermostat. If the
temperature falls beiow or rises above a set point, the heating system
is turred on or off to bring the temperature back to the desired level.
Similarly, « predator can efficiently regulate a prey population by in-
creasing its feeding rate and its numbers when prey numbers go up,
and “easing up’ as the prey population declines (and prey become
harder to find).'® Studies of the dvnamics of predator-prey and
parasite-host systems have been especially valuable in understanding
how to design stable biological pest-contral programs. (Other negative
feedback loops in agroecesvsteins might include plants” growing faster
or producing toxins in resporse to insect damage, or ccosystems’
changing their rate of nutrient cycling in response to fertiization.) In
contrast, positive feedback, whereby change is accelerated rather than
restrained by the interactions in an ccosystem, s destabilizing—
witness desertification. Once started, a desert otten creates the condi-
tions for its own expansion,

Competition among plants and animals for life-yiving resources can
be a major factor in determining various species” distribution and
abundance. Taking a page from ecologists who have sought to under-
stand how species coexist in communities, agriculturists may learn
how to create environments that take advantage of competitors” ten-
dency to share a habitat by subdividing it.' Time and again, ecologi-
cal studies of agriculture have shown that mixtures of carefully
selected plants use light, water, and nutrients more efficiently than do
single-species plantings.

Another very important feature of species in the natural world is
their capacity for evolution. Most populations comprise a wide array
of geneticaliy unique individuals, some of which are likely to survive
as environmental conditions change. Modern agriculture has learned
the risks of removing that genetic diversity from plant populations:
plant discases have wiped out Ihrge areas of genetically uniform crops,
leading to severe economic loss and human su.tering. Traditional
farming practices have for the most part preserved genetic diversity
and directed the evolution of crop plants to meet specific ecological
conditions, nutritional needs, and individual tastes. Only recently
have agricultural scientists begun to examine the relevance of natwal
genetic diversity and apply that knowledge to cropping systems. 12

The natural world is incredibly diverse and complex, and its multi-
tudirous structures and processes cannot be pigeonholed into a few



universal principles. The concept of community, for instance, may
sometimes be more hewristic than real, with temporal and spatial
shifts in species composition occurring often and unpredictably.
Hence, stability can be difficult to measure. And communities may not
always evolve according to theory. Although order and constancy ap-
pear everywhere in nature, so do disorder and change, and not
everything that occurs can be readily explained by existing concepts.

Moast important, ecology attempts to explain, not prescribe WYL sus- L
tainability is made a goal of agriculture, ecologisis” insights can be in-
corporated in agroecosvstenss to meet that goal. Alternatively, if sus- Ecolaou attemmnts to
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tainability is igored, ceclogists may be abie to predict some of tiw
consequences. But the choice between the tiwo paths is a social one in-
fluenced by such factors as short-term nutritional and monetaiy

needs, energy and materials costs, aliernative development strategies, R
and questions ot cconomic and political equity and power. Policy-

makers must make these decisions based on all of these considera-

tions, but they must also remember that, however thev choose, their

actions will evoke responses from nature. Some of those responses

will benefit people in expected and desirable ways. But if the un-

expected is to be avoided, planning based on ceological principles is

needed to keep development hopes trom being dashed by environ-

aental degradation and resource depletion.

explain, not prescribe.
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IV. Applications of Ecological
Concepts to Agriculture

ust as the ecosystem is a key organizational unit in ecology, the

agroecosystem—though at once simpler and more complex than

its “"natural” counterpart—is the parallel unit in the study of
agriculture. Agreecosystems are simpler in that they usually contain
fewer specics than their nearest natural analog. Comparc, for instance,
a ricefield and a marsh, or a wheat field and a grassland commurty.
But human intervention also makes agroecosystems more ecologically
complex. Natural ecosystems are for the most part internally regu-
lated: their energy and nutrient flows, the species composition and
population densities are determined primarily by the interactions of
the various biological and physical components within the system. On
the other hand, human activity is a principal determinant of many, if
not most, of an agroecosystem’s characteristics.

A key to differentiating the two kinds of ecosystems is the energy
flow. Not just sunlight, but also energy directed by people plays an
enormous role in the dynamics of agroecosystems, determining
nutrient levels and flow directions, raising or lewering plant and
animal population densities, removing biomass from the ecosystem as
harvested crops, and directing (or arresting) the course of ecosystem
evolution. In aboriginal agricultural systems, the principal sources of
energy are human and animal power, and, especially in swidden
agriculture, fire. All of these sources derive their energy from the
photosynthetic activities of plants, however near or remote from the
site of production. And all but the most isolated agriculturists use
some fossil fuels (or products made with their help). In contrast,
many technologically advanced agricultural systems are so dependent
on oil and gas that some actually import more energy in fuel than
they export in food.104

By definition, an agroecosystem is an ecosystem whose structure
and function have been modified by people to produce food, fiber, or
other products. Narrowly defined, the agroecosystem comprises prin-
cipally the biological interactions occurring at the field or farm level.
Some scientists contend that the boundary between biological and
human activilies is blurry. and so people become part of these re-
searchers’ purview in defining the agroecosystem.1s Other analysts
believe that the farm or field is too small a geographic unit to contain
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all relevant interactions and that the agroecosystem is better thought
of as comprising regions as large as an entire nation or subcontinent, 0

Increasingly, the concept of the agroecosystem is helping some sci-
entists and agricultural development specialists understand and, even-
tually, design sustainable production systems. Their work points to
some important new directions for world agriculture.

Analysis and Design of Polyculture Systems

One hallmark of industrialized agriculture has been an ever-
increasing reliance on monocultures. Monoculture—growing one crop
on the same land vear after year—often gives the large-scale commer-
cial farmer an edge in marketing, mechanization, and other economic
efficiencies. For certain crops, there may be some biological benefits as
vell—among them, control of some plant diseases. But as a general
model of food production, monoculture raises some troubling ques-
tions. The high degree of farm-level and regional specialization leaves
farmere vulnerable to price fluctuations, pest outbreaks, and weather.
Nutrient-demanding crops in monoculture deplete natural soil fertility
and lead to greater dependence on purchased fertilizers. Many mono-
culture systems leave soil exposed to wind and water erosion during
part of the year. And, while these systems may save labor and cash,
many uase cnergy and land inefficiently.

In studies of tropical agriculture, a recurrent theme is the prevalence
of farming systems employing more than one crop—in sequence, in
combination, or both--and mixing crop and animal production units in
complex, interrelated systems. In Africa, 98 percent of all cowpeas—
the continent’s most important legume—are grown in combination
with other crops. A 1974 survey in northern Nigeria found over 80
percent of the cropland planted to mixed-crop systems. In Latin
America, beans are grown with maize, potatoes, and other crops, ac-
counting for 90 percent of bean production in Colombia, 73 percent in
Guatemala, and 80 percent in Brazil. Naizv is planied with other
crops on about 60 percent of tropical Latin America’s maize-growing
area.'’” These systems, once regarded as primitive, are actually the
result of years of cultural evolution, and they reflect intimate knowl-
edge of the farm site and the interactions taking place there. Where
most scientists used to look for ways to supplant indigenous farming
systems with high-technology, capital- and enargy-intensive produc-
tion systems originating in the industrialized countries, some now
study the old ways, looking to improve certain elements that can be
improved without losing the integrity of the whole.

A prime example of the richness of information and inherent good
sense found in traditional polycultures is the Javanese home-garden of
Indonesia.!® Studies of these small but highly productive plots—
accounting for 2.25 millior: hectares, or 17 percent of the country’s
agricultural land—show that their 2cological characteristics resemble
those of natural forests. Gardens are planted with mixtures of peren-
nial and annual species in incredibly rich assemblages: in one survey
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of 351 Javanese home-gardens, researchers recorded 607 plant species,
with an overall species civersity comparable to dcciduous subtropical
forests. Plants arc organized vertically as well as horizontally in the
garden to take advantage of all available sunlight. At least four dis-
tinct canopy layers have been identified, from coffee and guava at the
top to herbs and shrubs in the bottom. Together, the layers intercept
as much as 99.75 percent of the sunlight, thanks to knowledgeable
gardeners who match species and sites wwith the plants” light re-
quirements in mind. Moreover, since the diverse plant assemblages
rarely leave the soil uncovered, soil erosion is barely noticeable, 109

In Africa, too. the mined-crop system, in some of its forms, exhibits
a “riotous phvsiognomy, [and] bears a strong affinity to the forest
from which it was originally carved.””"" A typical farm in Nigeria
might contain upswards of eight crops, including bananas, beans,
cassava, melons, and yams, as well as a scattering of other species.
Farm yield per acre is high, as is the overall leaf arca per unit arca of
ground. !

Agricultural scientists have begun to examine crop mixtures to dis-
cern the reasons behind polyculture’s popularity and success. Austra-
lian agronomist B.K. Trenbath’s review of 572 experiments on plant
mixtures tound that in about 20 percent of the studies, mixtures pro-
duce more than monocultures."? (See Figire 2.) As Stephen Gliessman
has pointed out, most of the cases that Trenbath examined were ex-
perimental, and a sampling based on mixed-crop systems used widely
might very well show a larger proportion with relatively higher total
yields. But even the probably conservative 20 percent figure
demonstrates the need to take greater advantage of those crop com-
binations that improve performance.”® According to Trenbath, mix-
tures perform better when species complement one another as to
growth rhythms, rooting depths, and use of nutrients and light. 1t

Several of these factors can be at work in any given situation.
Javanese home-gardens clearly benefit from efficient light utilization,
In Trinidad, intercropping maize and pigeon peas increased the effici-
ency of nutrient uptake, perhaps because the component species had
differing nutritional requirements and discrete root layers.''" Relative
yteld totals of 1.54 and 1.78 for mixed and row intercrops, respec-
tively, indicated the productive advantage of the polycultere. Equally
important, the polyculture took up from 1.3 to 2.0 times as much nu-
trients from the soil as the monoculture did, making much more com-
plete use of available resources. (See Table 6.)

In Mexico, Gliessman and his colleagues have been comparing tradi-
tional crop mixtures, using the land equivalent ratio (LER), which is
the relative amount of land planted ir monoculture that would be
needed to achieve the same yield as a mixture. They found that 1.73
hectares of land would have to be planted in maize to produce as
much food as one hectare planted to a mixture of maize, beans, and
squash. If total biomass (as opposed to just food) is compared, the
mixture is even more advantageous. (See Table 7.) Since most of the
noncrop biomass is plowed back into the soil or fed to animals whose
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Figure 2. Distribution of the Relative Yield Totals (RYT) of Crop
Mixtures Based on 572 Published Experiments.
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Source: Stephen R. Gliessman, “Multiple Cropping Systems: A Basis for Developing
an Alternative Agricuiture” based on data trom B.R. Trenbath, “Biomass
Productivity of Mixtures, " Advances in Agronomy 26 (1974): 177-210.

dung is used as fertilizer, this added benefit of the mixture—increasing
the total organic matter in the soil—is a key to the long-term mainten-
ance of the agroecosystem. Another Mexican study found that a
maize-bean polyculture produced almost four tons of dry matter per
hectare for re-incorporation, compared to 2.3 tons per hectare in a
maize monoculture. '

Mixed cropping has also been found advantageous in experimental
work in Africa and Asia. In Cameroon, total yields of a mixture of
maize and groundnuts were 21 and 11 percent higher, respectively,
for unfertilized and fertilized mixtures than for maize monocultures
receiving the same fertility regime. Land equivalent ratios ranged from
1.24 to 1.34 in the unfertilized mixtures, and from 1.17 to 1.49 in the
fertilized arcas. (The differences between fertilized and unfertilized
plots suggests that nitrogen availability was probably a limiting factor
in production.)!” In Indonesia, an intercropping system—planting rice
and maize at the same time, followed by cassava two months later



Table 6. Effects of Mixed and Row Intercropping* of Maize (M)
and Pigeon Pea (PP) in St. Augustine, Trinidad,
Expressed as Relative Yield Totals (RYT)

Sole Crop Mixed Intercrop  Row Intercrop

Item M PP M PP RYT M PP RYT
Production (t./ha.):
Grain yield 3.1 1.9 2.0 1.7 154 26 1.8 1.78
Total dry
matter 6.4 51 4.2 38 140 5.0 4.9 1.74

Nurrient untake (hg./ba.).

Nitrogen 600 1190 J48.0 w00 1.56 54.0 12700 1.88
Phosphorus 13.0 6.0 9.0 5.0 152 11.0 7.0 2.1
Potassium 5T.0 0 370 37.0 320 159 46.0 330 1.79
Calcium 0.6 22,6 10,0 150 1.68 9.0 190 1.76
Magnesium 12,0 M0 90 80 132 90 120 lel

“Mixea intercropping is growing two or more crops simul-
tancously with no distinct rew artangement. Row intercropping
is growmg two or more crops with one or more crops planted
in rows.

Source: P.A. Sanchez, Propertics and Management of Soils in the
Tropics,

and, after the grains were harvested, legumes such as cowpeas or
peenuts—was compared with a sequential planting of three crops
without cassava. The intercrop produced somewhat less overall than
sequential planting, but gave higher net returns. Intercropped plots
receiving no lime, lestilizer, or mulch netted $219 per hectare, com-
pared to a 514 per hectare net loss for sequentially planted plots
similarly managed. When lime, fertilizer, and mulch were used, the
differences were even more dramatic: net returns per hectare for the
intercrop were $639, versus $178 for the sequential plantings. '#

In China, some of the advantage of a rubber-tea intercrop lieg in the
crop residues. The residues” value was caleulated in termis of the
nutrients that they supply to the soil. Chinese scientists determined
that the plant debris deposited on the soil provided the equivalent of
813 kilograms per hectare (kg./ha.) of ammonium sulfate (nitrogen fer-
tilizer), 65 kg./ha. of calcium superphosphate, and 146 kg./ha. of
potassium sulfate. In addition, the intercrop was estimated to have
reduced soil erosion by 70 percent and raised the minimum
temperature in the stand by two degrees Centigrade, thus reduciny
the risk of cold damage to the rubber trees. Yields were also reported
to be higher than with monocultures.'*
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Table 7. Yields and Total Biomass of Maize, Beans, and Squash
(kg./ba.) Planted in Polyculture as Compared to Several
Densities (Plants/ha.) of Each Crop in Monoculture

Crop Monoculture Polyculture
Maize:
Density 33,300 40,000 6G,600 100,000 50,000
Yield 990 1,150 1,230 1,170 1,720
Biomass 2,823 3,119 4,478 4,871 5,927
Beans:
Density 56,800 64,000 100,000 133,200 40,000
Yield 425 740 610 695 110
Biomass 853 895 843 1,390 253
Squash:
Density 1,200 1,875 7,500 30,600 3,330
Yield 15 250 430 225 80
Biomass RES 941 1254 802 478
TOTAL POLYCULTURE YIELD: 1,910
TOTAL POLYCULTURE BiOMASS: 6,659
Land Equivalent Ratios (LER)*
Based on yield: 1.73
Based on biorass: 1.78

* LER = sum I(vield or biomass of each crop in polyculture)/
(maximun yield or biomass of each crop in monoculture))

Seurce: MUE. Amador, Covpertamicits de Tres Especies (Maiz, Frijol,
Calabaza) en Policultivos en I Chontalpa, Tabasco, Mexico,
Tesis Profesional, Colegio Superior de Agricultura
Tropical, Tabasco, Mexico, 1980, Cited in Gliessman,
“Multiple Cropping Svstems: A Basis for Deveioping an
Alternative Agriculture.”’
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Why is polreiture so widespread? The examples discussed above
certainly support productivity and improved fertility as prime reasons
for continued reliance on multiple-cropping systems. Another possible
advantage of mixtures is pest control, though the evidence is far from
one-sided. In Costa Rica, mixing cassava and beans reduced the inci-
dence and severity of powdery mildew on cassava and angular leaf
spot on beans but left other discases unafiected. In a maize-bean
intercrop, rust on the beans was reduced but angular leaf spot in-
creased. Cowpea viruses were reduced when cowpeas were combined
with cassava or plantain. In these mixtures, and in a cowpea-maize
combination, the severity of Asochyta leafspot and powdery mildew



on the cowpeas was also reduced.'? Other disease-resisting crop com-
binations include maize-sunflowers-oats-sesame, potato-mustards, and
okra-tomato-ginger-mungbean under coconut trees. Viruses, fungi,
and nematodes are all affected by selected mixtures of plants. Just
how the diseases are reduced is not always known, but some cases
indicate that chemicals produced by one plant may help another ward
off attack. Also, the plant community’s physical structure may inhibit
liberation, dissemination, and reproduction of disease-causing
agents. 12!

In some polycultures, insects may also be less damaging. Multiple
cropping simply spreads the risk of loss among several crops instead
of wagering all on a single one. beyond that, however, several factors
in the spatial and tcmpnra] arsangement of plants can influence insect
population dynamics.'?2 Mixed-crop stands may affect the visual or
olfactory stimuli that help insects find food. Several studies of aphids
and other pests have shown that some species are drawn to areas
where plants stand out against bare soil; they are less interested in

solid green backgrounds resulting from dense intercrops. Insects that
feed only on particular food plants may miss their targets if the crop
is mixed with other, equally aromatic, plants For instance, in experi-
ments, cabbage-feeding beetles found it hard to colonize plants and
reproduce where tomato and tobacco were interplanted with collards,
As a result, leat damage fell by 75 percent compared to pure stands.
Laboratory experiments contirmed that odors from tomato and tobacco
inhibited the insect from feeding and remaining on its host plant.!?

In some mixtures, insects can be drawn to one crop instead of
another that is more vulnerable to damage. Cowpeas, for instance, ap-
pear to be protected from insect attack by interplanting with such
cereals as sorghum, and okra seems to divert flea beetles from cotton,
a more valuable crop.' The ability of insects to disperse through a
field can also be impeded it crops of differing size and structure are
mixed. Damage by another cowpea pest was cut when maize was
planted in the same rows as the cowpeas. Sometimes, one crop can
be planted in barrier strips or “guard rows’” around another. Planting
soybeans around pigeon peas, for example, prevents the immigration
of hairy caterpillars.’?* Planting mixtures can also improve habitat for
insects’ natural enemies, especially such general predators as spiders
and ground beetles. Specialists, such as many species of parasitic
wasps, may be inhibited if they are as confused by visual or ¢ factory
stimuli in mixtures as their prey are.

Overall, insect pests scem more often reduced than encouraged by
mixtures. In a review of about 150 studies of plant-feeding insects,
researchers found that over 60 percent of the populations and over 50
percent of the species observed were less abundant in mixti.es than
in monocultures. In contrast, only about 11 percent of populations and
18 peicent of species increased in mixtures.'* According to a related
review of the likely mechanisms that favor mixtures as a way of man-
aging pests, most studies attributed polyculture’s success primarily to
the difficulty that insects encounter trying to find enough of their

Multiple cropping
simply spreads the
risk of loss among
several crops instead
of wagering all on a
single one.
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Underlying the new
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agriculture is the
critical distinction
between natural
diversity and
pianned diversity.
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preferred food plants to survive and reproduce, not to the influence of
natural enemies on pest populations.!?

Weed control can also be enhanced in multiple-cropping systems.
When intercropped with cucurbits in the Congo basin, with sweet
potatoes or mungbeans in the Philippines, and with beans in Colom-
bia, maize has to compete with fewer weeds because light-demanding
weeds are shaded out. A cassava-bean combination in Colombia pro-
duced the same effect. Other intercrops, such as towpea-sorghum-
millet in Nigeria and maize-rice-cassava in Indonesia, achieved similar
results through somewhat different mechanisms.'?® Commonly in
polycultures, the combined vegetation of the various crops leaves little
room for weeds to invade or survive, and the efficiency with which
crop mixtures use light, water, and nutrients reduces opportunities for
weed competition. A wide array of plant species, both crops and
weeds, have been found to produce and disseminate—by volatiliztion
from leaves or exudation from roots—chemicals that inhibit the growth
or survival of nearby plants. Crop plants with these “‘allelopathic’’
properties could be contributing to weed control in mixed plantings,
and the possibility of breeding such traits into crops is being
explored.'®

Weeds and weceding often severely hamper agricultural production.
But some “weeds” may in fact be resources. Traditional farmers sur-
veyed in Mexico held highly sophisticated views of noncrop plants as
beneficial at certain times and densitics, and detrimental at others. To
these farmers, “‘clean cultivation,” a goal in many technologically ad-
vanced cropping systems, is a distinct disadvantage.' And a survey
of noncrop plants it Indian ricefields found dozens of species with
potential practical value as medicinal, industrial, and food products.?3!
A broad view of the role of all plants in an agreecosystem—and how
to favor those combinations best suited to meeting human needs—
could spare agriculture the expenses and environmental consequences
of excessive weed control.

At one time, the advantages of polyculture might simply have been
attributed to the “stabilizing role of species diversity.’’132 But a more
sound explanation of diversity’s role will benefit not only ecology but
the development of polyculture as an agroecosystem-design strategy.
Underlying the new view of diversity in agriculture is the critical dis-
tinction between narural diversity and planned diversity. Diversity in an
agroecosystem cannot be increased randomly, any more than an engi-
neer randomly designs redundant features into, say, a bridge or
spacecraft. Just as the engineer carefully chooses which elements to
back up with substitute or alternative capabilities, so toc the farmer or
the scientist selects specific species, spatial and temporal arrange-
ments, and management tactics to repond to different needs, includ-
ing that of ecosystem stability. Much of the diversity found in in-
digenous agroecosystems undoubtedly arose not so much from an
ecological understanding as from economic or suktsistence reed. A suf-
ficiently wide array of crops means that something is always being
harvested, so there is always something to eat or sell. Crop diversity
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also provides a hedge against unexpected weather changes: if one
crop fails because of too much or too little rain, another crop may sur-
vive or even thrive. Mixed-crop systems meet more of the cash- and
credit-poor subsistence farming family’s annual needs with less risk
than monucropping. And multiple cropping tends to spread labor de-
mand throughout the growing season rather than in peaks.!

With economic concerns or subsistence stability in mind, traditional
farmers have selected systems with diversity in species composition,
plant structures (both above and below ground), plant chemistry (such
as allelopathic properties and defenses against pests), and plant nutri-
tion (such as water and nutrient requirements). Complex above-
ground plant architecture allows these evolved agroecosystems to
maximize the use of light. Because the root ciructures of the various
species are layered, these systems also make good use of available
water and minerals. Deep-rooted plants can act as “‘nutrient pumps,’
bringing up minerals from deep soil layers to counteract leaching. The
soil structure stays stable or improves as organic matter is added to
the soil year after year, as suggested in the Mexican maize-bean inter-
crop. Mulches, more complete ground cover, and dense crop canopies
can keep weed problems in check, and appropriate combinations of
crops and cropping practices can reduce damage from insects an<
diseases. Where legumes are part of the polyculture, soil nitrogen
(often a constraint on increasing productivity) can be conserved, even
increased.!™

Scientists generally agree that indigenous multiple-cropping systems
are not as productive as they could be. Some high-yielding varieties
(HYVs) bred for use in more input-intensive cropping programs fare
well in mixed-crop environments as well, especially the less competi-
tive varieties. Other desirable characteristics for intercropped HYVs in-
clude photoperiod insensitivity (independence of daylength for growth
and development), early maturity, resistance to insects and diseases,
and population responsiveness (which allows farmers to vary plant
densities in accordance with the particular needs of mixtures). Most
important, new varieties have to be tested in typical mixtures and
environments, ¥

As important as new plant varieties are to agricultural development,
they represent but one dimension in the picture. In an agroecosystem,
wide-ranging physical and biological factors shape plants’ and ani-
mals’ growth patterns, population. densities, productivity, and stabili-
ty. Many of these factors are manipulable. The choice of species in a
mixture, the spacing among plants, the timing of planting and har-
vesting, the amount and timing of fertilizer applications, the control of
the water supply, and the application of pest-control measures can all
be used to enhance productivity, sustainability, or both. In this con-
text, plant breeding becomes one of many tools at the disposal of the
agroecosystem designer, rather than an end in itself: the system
design dictates the selection of plant characters for breeding instead of
the other way around.

’
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A Modified Polycultural Agroecosystem in Mexico

In the state of Tabasco, Mexico, traditional subsistence agriculture
was largely abandoned in favor of commercial farming and stock-
raising in the 1960s and 1970s. Not only was locally grown food less
available, but expected productivity increases failed to materialize, The
area’s agriculture has shifted to export crops and cattle, while large
areas of once-productive land have been deserted as intensive cultiva-
tion or overgrazing wore out the thin tropical soils. To help reclaim
these areas, researchers have designed and installed production units
based in part on indigenous polyculture and in part on the application
of ecological knowledge. 1

In the Tabascan project, each production unit consists of a forest
shelter belt, a water-storage tank or reservoir, raised-carth areas for
vegetable production, and areas for growing staple annual crops and
nuits. (See Figure 3.) In the reservoirs, fisiv and ducks are raised.
Reservoir sediments and aquatic plants are used as fertilizer for crops
and to construct ““chinampas” —raised beds whose design dates back
to the ancient Mayan civilization. ' Organic matter from the reservoirs
and manure from pigs, chickens, and ducks (fed on excess or spoiled
produce) enrich the soil of the chinampas continually. This strategy
‘or maintaining soil fertility resembles that employed in manv Java-
nese home-gardens, where ponds are built for the multiple purposes
of processing human and animal waste, raising fish, and returning
sediment to the soil. '

On the chinampas, traditional mixtures of crops, primarily vege-
tables, are cultivated intensively. Tomatoes, chilies, onions, melons,
and other annuals predominate, though such perennials as papaya,
plantain, and cassava may also be grown. Among basic annuals, the
maize-bean-squash combination is usually preferred, with a scattering
of perennials. Some rice is also cultivated. Fruit and bean trees—
including cacao, guanabana, mango, coffee, citrus, and coconut—as
well as pineapples, populate areas of perennial producticn. With ihis
broad array of species, some foud 15 always avaiiable for harvesi,
every usable patch of ground is covered by plants, and light *5 more
completely utilized. High biomass accumulation is a necessity of this
system, and the high crop diversity contributes more biomass than
monocrop systems while also providing additional harvestable food.
Legume cov 5 crops in the annual crops areas provide sufficient
organic matter and nitrogen to maintain soil fertility and may also
help control weeds, nematodes, and diseases.

Pest management in these production units requires no commercial
chemical pesticides. The forest shelter belts probably act as reserves
for numerous predators and parasites of insect pests, and the high
structural and species diversity of the cropping svstems also favors
these beneficial organisms. Relying on local plant varieties for all
crops, scientists also believe, enables the systems to make the most of
resistance to insects and diseases that has already evolved in the
area’s traditional agriculture. The crop mixlures, cover crops, and rota-



Figure 3. Diagrammatic Representations of the Production Units in
Tabasco, Mexico.
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production systems.
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tions used in the production units also appear to control weeds
adequately.

Although the systems currently use only indigenous species and
varieties, there i» joom tor mprovement. New species, such as
winged bean, may be inttoduced in the future, though they will not
replace siative crops. Similarly, cassava breeders in South America en-
courage rarmers to add new varieties to their usual mixtures but not
to abandon the old. This approach ensures a continuing supply of
genetic diversity for future breeding and--more important—preserves
the farmer’s options should the new varieties tail to cope with en-
vironmental or other changes. '™

The Tabasco project applies several key ecological principles to
agriculture. First, wherever possible, the systems employ traditional
crops, crop mintures, and management practices. Most innovation has
been in agroecosystem architecture, with the introduction of the
chinampas, reservoirs, and forest shelter belts, Second, the project
emphasizes the accumulation of the organic matter needed to improve
soil structure and fertility through the combined use of reservoir
sediments, animal manures, and crop residves. Third, a cornerstone
of the overall design of the agroecosystem is diversity—crop diversity
in the mintures, structural diversity in plant architecture, and species
diversity in the crop/forest/reservoir system. This diversity offers
security in harvestable food and appears to help protect crops from
pests. Finally, the Tabasco project is especially attuned to local eco-
logical and topographical vonditions. In short, it shows that ecological
principles and practical knowledge can be successfully conibined to
create self-renewing agricultural production systems

Agroforestry: Farming with Trees

Aboriginal farming systems have probably always included trees.
Although the swidden agricultural cycle is usually described as clear-
ing a field from forest, then abandoning it when the soil loses its fer-
tility, the demarcations are not quite so clear. Shifting cultivators often
spare trees of value for fruit or fodder. And clearings are rarely aban-
doned abruptly. As trees regrow, farmers riay sow some Crops among
them or harvest perenrials planted at the beginning of the cvele.
Some swidden farmers plant seedlings of valued tree species that will
mature during the ““fallow’”’ period, providing additional food, fodder,
and firewood for years after annual cropping has ceased. Indeed, the
Javanese home-garden has been described as a human-directed succes-
sional system, wherein the evolution from cleared-field rice production
to muiti-storied garden is carefully controlled threugh planting and
selecti- removal of plants over several years, 1

In the last decade, scientists and development specialists have
become increasingly interested in the merger of crop, animal, and tree
production commonly called agroforestry. Spurred by deforestation,
soil erosion, and the ever-growing need for both fuelwood and sus-
tainable upland food production, agroforestry advocates have been



explering a wide variety of crop-tree, animal-tree, and crop-animal-tree
combinations in both indigenous and newly designed farming sys-
tems. ' Shifting agviculture is the oldest form of traditional agro-
forestry, while planted fallows is a common form of improved swid-
den.™? In the late 19th century, the British introduced a reforestation
technique known as “Taungya,”” in which food is produced among
newly planted trees, and discontinued when the forest canopy grows
dense enough to preclude continued cropping. Perhaps the best sys-
tem for improving agriculture is simultancous and continuous tree and
food cropping, or “integral agroforestry.’ 14}

Trees play many roles in agroforestry  Besides providing such usetul
products as fuelwood, poles, fruit, edible seeds or beans, and fodder,
they also minimize nutiient drain due to leaching and soil erosion,
restore nutrients lost from the ecosystem, and perform other key en-
vironmental services.'™ Planted as “'living fences,”” trees can keep
grazing animals out of crop areas. Thev serve as windbreaks or as
shade trees in pastures and fields, helping to improve the micro-
climate so that animals and plaznis have better chances of survival 14
Trees with long tap roots for anchorage and wide-spreading lateral
roots bind the soil and prevent erosion. These tap roots draw mineral
nutrients up from the lower soil strata. Nitrogen-lixing trees also pro-
duce nitrates that can be recycled from decomposed leaves into the
cropping system along with the “pumped’” nutrients. Of course, the
trees used in agroforestry must perform these functions without harm-
ing or competing with the understory vegetation, and should have
relatively thin crowns to allow as much sunlight as possible to reach
the plants nearer the ground. (See Figure 4.) [deal for many combined
crop-tree agrotorestry systems are such leguminous trees as Lencaena,
Acacia, and Gliricidia. "% In situations where nitrogen-fixation is less im-
sortant, fruit trees or coffee, cacao, or coconut trees may fit focal
ecological and economic needs beiter.

Agroforestry may be particularly important in revializing upland
agriculture. Often, increased population pressure and land hunger
have led people to intensify agriculture on hilly lands (often misapply-
ing lowland farming methods) only to cause rapid deforestation, soil
erosion, and loss of productivity. Many of these lands have degener-
ated into virtually unusable grasslands. Although terracing reduces
erosion and helps conserve water, it is back-breaking, time-consuming
work. If erosion is proceeding rapidly, the time and labor needed to
prevent large soil losses may not be available. Agroforestry offers an
cconomical alternative. In one scheme, trees are planted in strips of
two or more rows across the slope, alternating with strips of such
food crops as maize. If trees are planted densely enough, the strips
become soil fences, trapping soil coming downhill. (See Figure 5.) With
fast-growing trees, terraces can be established in as little as three
years, though clese spacing precludes production of much fuelwood
or timber and trees must be pruned regularly so that crops are not
overshaded. '’

In rnost cases, agroforestry serves r.\wny objectives. If legume trees
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Figure 4. Schematic Representation of Nutrient Relations and
Advantages of Agroforestry Systems (C) in Comparison
with Forestry (A) and Agricultural (B) Systems.
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Figure 5. Strip Cropping with Trees to Form Natural Terraces
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are used, their leaves and branches can be mulched to provide nitro-
gen to growing crops. In triais at the International Institute of Tropical
Agriculture in Nigeria, Leucaena tops added to the soil contributed
over 200 kilograms of nitrogen per hectare in two years, giving yields
of over 2,800 kilograms of maize per hectare (considered "“acceptable’”
by Institute researchers). The trees and maize were “alley cropped,’”
(planted in alternating strips) which allows fertilizing and weeding in
the crop rows while retaining the benefits of intercropping. Also, the
trees grew so rapidly that weed growth was suppressed, erosion
prevented, and (in a planted swidden fallow) soil fertility restored
quickly. 14

In semi-arid Africa, trees can help restore the land to productive
use. The indigenous Acacia albida, a legume, is a valuable component
of a mixed-farming system that also includes millet, sorghum, and
cattle. Where Acacia was left in Sudanese fields, millet could be grown
continuously for 15 to 20 years, compared to only 3 to 5 years without
the tree. In Senegal, one researcher found that, when the crop-
livestock-tree systemn was kept in balance, the land could support 50
to 60 people per hectare (several times the average for the region)
with continuous cropping and no loss of soil productiviy. Acacia albida
drops its leaves during the rainy season when crops are grown, thus
releasing nitrogen and organic matter into the soil, and allowing light
to reach the crops. As a result, soil quality is improved and crop
yields are greatly enhanced. (See Table 8 ) In the dry season, the tree
produces leaves and pods, providing fodder and shade for cattle
whose dung further improves the soil .1+

Integrating trees with farming has been a key element in the African
assistance program jointly sponsored by CARE and the U.S. Agency
for International Development. In Chad, CARE helped establish Acacia
on over 6,000 hectares of farmers’ fields. In spite of civil war and un-
favorable weathc., up to 80 percent of the trees planted between 1975
and 1978 survived through 1985. Other tree species were used to
create living hedges and woodlots, protecting gardens and cropland
from grazing animals and providing villagers with much-needed
shade, poles, and fuel.'™" CARE also helped farmers in the Majjia
Valley combat desertification due to topsoil erosion by establishing
windbreaks of neem trees. Another benefit is that, in the arcas pro-
tected by windbreaks, grain yield per kilogram of water used is over
40 percent higher than in open areas. Most farmers in the program
reported increased crop yields, and total dry matter production went
up by about 33 percent in protected areas.'s!

Agroforestry plays a major part in a development and reclamation
project at Nyabisindu, Rwanda, where intense shifting cultivation,
fuelwood exploitation, and overgrazing have rapidly eroded soil on
completely denuded hillsides. Attempts to introduce Western-style
agriculture to the region have failed, partly because the required in-
puts are so expensive but more because supplies are so frequently in-
terrupted. To help solve these farmers’ problems, researchers turned
to methods based on local skills and resources and oriented toward
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Table 8. Effects of Acacia albida trees on soil characteristics and
crop yields in Africa

A. Nutrients returned annually to the topsoil

Element Amount {kg./ha.)
Nitrogen 186
Phosphorus 4
Potassium 76
Calcium 222
Magnesium 39

B. Increases in soil quality and yield under Acacia crowns

Item Percent increase
Total soil nitrogen 33-110
Organic matter 40-269
Cation exchange capacity 50-120
Millet yields 37-104
Sorghum yield 105

Source: Michael McGuahey, ““Impact of Forestry Initiatives in the
Sahel”” (Washingten, D.C.: Chemonics International,
1986).

recycling of nutrients. Many traditional Rwandese farmers already
practiced mulching and some raised-field agriculture, while farmers in
the neighboring East African highlands had developed a self-
sustaining agriculture that supported a large pepulation on similarly
thin soils by incorporating multi-storied intercropping of trees and
crops, stali-feeding livestock with fodder craps, use of organic fer-
tilizers (animal manure, composting, and “‘green manure’’), high
diversity of crops, and erosion control trough contour planting and
mulching.

At Nyabisindu, a complex system combining trees, animals, and
crops was developed, building on the comrmunity’s existing knowl-
edge and applying ecological criteria in the development of new
methods. Trees and hedges were used to establish erosion-control
strips yielding fruit, wood, and fodder, protecting the svil, and im-
proving microclimates. Woodlots with pine, ecucalyptus, Lencaena, and
other species were planted at higher clevations where farming was not
possible. In the cropping areas, extensive use was made of perennial
crops to further stabilize the soil. Highly diverse crop mixtures were
planted, both to take advantage of the ecological characteristics of
polycultures and to reduce risk of loss from pests, weather, or market
vagaries. Organic fertilizing with animal manure, mulches, and com-
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post served to recycle wastes, raise the soil’s humus content, and
reduce leaching and soil-borne pest problems. Stabled animals were
fed on fodder crops and leaves from hedges and erosion-control
strips. And where mineral fertilizers were necessary, local sources of
rock with the needed elements were sought out and used.

A key to the project’s success is a tree nursery that produces about
five million trees annually. Fruit trees on farmland, shade trees along
roadsides, and small forests on hilltops are all part of reforestation in
the region. Intercropped with the trees on the farms are combinations
of such cash crops as bananas, coffee, and avocadoes, and such sub-
sistence species as beans, maize, cassava, soybeans, and sweet
potatoes. Fodder including grasses, sorghum, and legumes supplies
food to livestock. (See Figure 6.) Results from test plots indicate that a
typical farm family using the mixed crop-tree system could pre.duce 25
to 50 percent more fuelwood than it needs. Experimental data also
showed that three-crop mixtures in the svstem provided 54 percent
more calories, 31 percent more protein, and 62 percent more carbo-
hydrates than do monocultures. 12

At Nyabisindu, stabled livestock are an important part of the agro-
ecosystem, providing manure for fertilization and meat for better
nutrition. A regeneration strategy for upland areas in the Philippines
likewise uses caged goats as part of a production system including a
forage legume, native grasses, and Lewcacna and Glivicidia trees. 1 In
other areas, agroforestry integrates trees with permanent pasture and
grazing animals. In West Africa, local breeds of dwarf sheep and goats
could become an important source of protein if an adequate feed sup-
ply can be maintained and problems with discase overcome. Properly
managed, pasture may be the best use for marginal lands that cannot
support cropping, and planting leguminous trees on them can enhance
productivity. Belts of trees placed between pastures can provide
shade, food for livestock, and timber for construction and firewood, at
the same time shielding the animals and the p7iture ecosystem from
wind, cold, and water stress. Livestock can also eat fodder from
legume trees growing in strip- or alley-cropping arrangements with
food plants. 5

In Amazonian Ecuador, tropical forest sheep are used to intensify
productior on swidden fallows. Shifting cultivators are encouraged to
plant contonr strips of Inga edulis, a deep-rooted leguminous fuelwood
tree, along with cassava. After the cassava is harvested, a perennial
leguminous ground cover, Desmodium, is planted between the trecs.
This easily established and vigorous ground cover cascades cver banks
and steep slopes to help bind soil and control erosion. Also, the graz-
ing sheep find Desmodium reasonably palatable, and the animals return
fecal matter to the soil, stimulating the symbiosis between the legumes
and their associated nitrogen-fixing bacteria. Unlike cattle, these sheep
cause little soil compaction and erosion, and sheep can produce three
times as much meat per hectare as cattle. The tree-groundcover-sheep
combination thus provides fuelwood and meat protein to farmers
while preserving and improving the soil during the fallow, 155



Figure 6. Example of Model Farm in Nyabisindu, Rwanda.
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Agroforestry as a modern applied science is still in an carly stage of
development. Basic principles are reasonably well worked out, but few
case studies have had the longevity needed for in-depth analysis. As
the Nyabisindut project demonstrates, mixing trees and Crops is not
always appropriate, especially at higher clevations there. In some low-
lands, permanent agriculture with little if any integration with trees
may be feasible and, given production needs, preferable, though agro-
forestry may be important in the transition from shifting to permanent
agriculture' and in the restoration of degraded lands. Agroforestry is
also running the risk of becoming teo closely identified with large-
scale plantings of tree species not native to a developing area. In fact,
very few native species have been adequately studied for use in agro-
forestry programs, though such indigenous trees may prove best
suited to local needs In the Sahel, for example, the rocally adapted
Acaciz grows better than such imported species as eucalyptus planted
on similar sites.'” As promising as Leucacna appears to be, it is not
suited to all soils, cropping systems, or climales, and recent experi-
ments demonstrate that Leucaena leaves are toxic to rice plants. ™ Cer-
tainly, great care must be taken to select trees that fit local conditions
and to preserve trev species diversity. Despite such possible limita-
tions, however, agroforestry’s potential for meting a multiplicity of
economic and ecological needs in agricultural development has clearly
been demonstrated.

Emerging Agroecological Principles

The foremost rule of agroecology is that there is no substitute for
detailed knowledge of the specific site being developed or managed.
Principles, theories, even apparent “‘laws,”” must bend to the reality of
what is actually happening. What ecology offers agriculture is not a
set of easy answers but rather a sct of difficult questions.

In any ecological analysis of an agricultural system, understanding
the performance of the system az a whole is as important as examin-
ing the structure and dynamics of the parts. In one approach to inter-
disciplinary agroecosystem analysis devzloped ey Gordon Conway of
Imperial College in London, four essential system properties have
been identified: productivity (level of output), stability (constancy or
persistence of output over time), sustainability (ability to rccover from
stress and perwurbations), and equitability (evenness of the distribution
oi benef:ts among income groups or social classes).!? Experience in
conducting workshops for research planning, prircipally in Asia, has
shown that thesc properties encompass many of the important ele-
ments of agroecosystem structure and function at a regional level,
though they are not all-inclusive. According to anthropologist A. Terry
Rambo of the East-West Center in Hawaii, dependence on, or auto-
nomy from, other ecosystems may be a key factor in understanding
an agroecosystem. Lowland agriculture in many areas of the world,
for instance, often depends heavily on the washing of nutrients from
uplands for its fertility. Thus, one ecosystem may be able to maintain



its productivity only as another degrades.’® Such dependence can also
undermine both systems, as when uplands degrade so far that they
can no longer retain water or soil, and lowland areas suffer flooding
and silting of irrigation systems as a result.’! In Rambo’s terminology,
the converse of dependency is compatibility: the effects of an agroeco-
system on other biological or social systems. If, for example, chemicals
from a pest-control program contaminate drinking water, the agroeco-
system using those chemicals is incompatible with the health system
of the people supposedly benefiting from effective pest control.

Another property of agroecosystems that may be of considerable im-
portance is energy efficiency.'*? Where energy is derived from fossil
fuel, direct monetary costs and benefits of system designs’ efficiency
can be calculated. If labor or animat power is chiefly used instead, the
costs and benefits of efficiency may be expressed more in terms of
alternative uses of the person’s or animal’s time. Still, judging a pro-
duction system solely on the basis of energy efficiency would be a
mistake. Farmers seek to optimize several, often competing, aspects of
their operation, and energy efficiency (producing more calories per
calorie expended) may be less important than producing enough pro-
tein. Although less solar energy is captured by people when they eat
meat than when they consume plants directly, some marginal lands
may best supply human needs through well-managed livestock and
forage production rather than planting food crops.

A key objective regarding energy efficiency in agriculture should be
to find ways to substitute structure for energy in the maintenance of
the ecosystem. Multi-storied plant canopies can capture greater
amounts of sunlight, which in turn can produce larger amounts of
biomass that would otherwise need such energy-intensive inputs as
fertilizers. And adding animals to the farm system can mean that
more plant material is turned into usable food. This may be the real
value of the high diversity that characterizes so much agroecological
experimentation, though diversity also distributes both ecological and
economic risk so that growth of one crop can sometimes compensate
for losses of another.

Economic and ecological considerations often converge in strategies
to develop sustainable agriculture. Consider the use of fertilizers.
Agricultu e is highly dependent on proper timing of management
practices. In landlocked Rwanda, for exampl political unrest in
neighboring countries can interrupt supplies of commercial fertilizers
and pesticides.’* The world over, poor road conditions, lack of
vehicles, and diversion of chemicals to the black market can also
disrupt suppiies of critical agricultural inputs. Then too, as the Admin-
istrator of the U.S. Agency for International Development recently
remarked, it costs more to transport fertilizer from an African port to
the interior of the country, where it is needed, than it does to ship
the material from the United States to Africa.’®* In Rwanda, a ton of
fertilizer that sells on the world market for $200 can cost $600 after
transport costs from the port at Mombasa, Kenya, are added on.5 [f
those inputs are not available when the soil or th- crops need them,
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the entire crop can be lost. Ecological considerations alone would
favor making maximal use of biological sources of nutrients and pest
control, but the cost and uncertainty of supply of external inputs give
the biological alternative an economic basis as well. Similarly, in-
creased diversity in the agroecosystem may serve ecological functions
of increasing biomass productivity and risk-spreading, and also im-
prove diets by providing a wider array of vitamins and minerals, and
give farmers more products to sell at different times of year.

Applying ecological principles to agriculture raises several policy
issues. Chiefly, what is the best way to implement sustainable
agricultural systems? And what are the consequences of implementing
them? Successtul programs are grounded in indigenous farming prac-
tices, farmers’ active involvement in decision-making on research and
implementation, an emphasis on local resources instead of external in-
puts, .nd a strong stake on farmers’ part in the program’s outcome. If
sustainable agriculture is to become a reality, policy decisions will
have to be made on such issues as land tenure and land use, markat
structure, subsidies, research and extension structures and priorities,
local political autonomy, and distribution and pricing of food. How
policy-makers address these and similar concerns will largely deter-
mine whether sustainable agricultural systems can be designed and
put into use.
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V. Policy Issues Raised by an
Ecological Approach

The State of Knowledge: Definitions, Assumptions,
and Experts

¥ uture historians of agriculture may well come to look upon the

last half of the twentieth century as a curious developmental

detour, characterized by sizable ciergy subsidies, resource-
depleting practices, and a constricted research focus. Much has been
learned today about increasing productivity by applying industrially
based inputs, but wide gaps in our understanding of the fundamental
processes uncerlying agriculture remain. And practical applications of
the ecological approach are small and scattered, with little quantitative
evidence accumulating to support wider adoption. Clearly, a substan-
tial research program is needed to pui ecological technologies on an
equal footing with the well-researchied industrial technologies. In addi-
tion, otlier censtraints will have to be addressed if agriculture is to
become ecologically sustainable.

The future of agricultural development will depend in large part on
what “‘experts” say and do about it. Conflict and controversy con-
tinue in the agricultural science community over the future of agricul-
ture. What one person or organization may consider useful research
on sustainable agriculture might be labeled wrong-headed or irrelevant
by others. Use of any agricultural chemicals may be rejected by some
as unsustainable, while others may refuse to believe that biologically
based farming practices can ever meet food needs. Assistance organi-
zations and development ministries often call on scientists to help
them decide what projects to fund or how to judge the performance
of those projects. But few if any scientists are free of biases inherent
in their training, experience, and peer relationships.

For many reasons, there has been remarkably little ecological
research on traditional farming systems and very little applied
research and development on the application of ecological principles
to agricultural development. For the past half century, virtually the
entire focus of agriculture in industrialized countries has been on in-
creasingly energy-intensive and high-input, but labor-efficient and
high-yielding farming methods. This approach has produced dramatic
increases in Western agricultural productivity. along with the dogma,
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doctrine, and experience of virtually all of today’s agricultural special-
ists. Through the technical assistance process, the experience of indus-
trial nations has been dissemirated throughout much of the develop-

ing world.

The crientation of agricultural education is probably the most impor-
tant single constraint to the broader development and application of
ecologically sustainable agriculture. Agricultural educational institu-
tions focussing on labor-efficient, high-input, high-yield-per-unit-area,
industrial-type agriculture produce the agricultural scientists, develop-
ment advisors, and other experts for the ueveloped world. The
agricultural staff and advisors of development assistance agencies
come from the same pool, as do many of the agricultural experts and
government officials from the Third World.

On the other side of the coin, the term ‘’sustainable agriculture’’
has, at least in the United States, been appropriated to some extent by
advocates of such alternative agricultural methods as organic farming.
Since these people coined the term and first raised the issue of sus-
tainability, they have every right to “authorship.”” But, unfortunately,
the close association with organic farming, legitimate as it may be, can
also make farmers and scientists oriented toward more ‘‘conven-
tional”’—that is, chemical-intensive—agriculture needlessly critical. To
some extent, supporters of the concept of sustainable agriculture are
considered outside the traditional agricultural research/extension
system in the developed countries, and they see themselves as pitted
against the agricultural establishment. In fact, organic farming has got-
ten short shrift from the U.S. Land Grant system and the U.5.
Department of Agriculture, though both do support a little research
into alternative agricuttural methods.

In fact, no single agricultural method has a corner on sustainability.
Any farming system, whether chemical-intensive or ““natural,”’ can be
resource-conserving or wasteful, environmentally sound or polluting.
Obviously, serious questions suiround how long such external energy
and nutrient subsidies as fossil fuels, petrcchemicals, and mined
mineral fertilizers can be maintained. But simply substituting non-
chemical alternatives may not necessarily make agriculture more sus-
tainable. For example, a nonchemical weed-control program, unless
managed carefully, can be more energy-intensive and cause more soil
erosion than a herbicide-based program. And applying animal
manures unwisely can pollute ground and surface waters as badly as
overuse of chemical fertilizers can.

By the same token, productivity is not the sole province of industrial
agriculture. Productivity is most commonly thought of as crop yield
per hectare, and one easy way to increase yields is to apply chemical
fertilizers. Folyculture, too, can often provide better yields than mono-
culture, as we have shown. But productivity can also be measured as
yield per unit of labor, energy, cash, or purchased inputs. Often,
farmers improve their cropping system according to one measure at
the “"expense’” of another. Defining farm systems’ success strictly in
terms of yield per unit area (and concluding that ecological agriculture



is relatively unproductive) misses agroecologists’ point that yield,
stability, environmental quality, and net income to the farmer must all
be optimized.

The apparent conflict between the “’stewardship’’ and “’food-suffici-
ency’’ schools of thought needs to give way to a multi-dimensional
view of agtoecosystem performance. Where the measure of perfor-
mance is limited to short-term increases in crop output, relying heavily
on purchased inputs may well seem superior to less chemical-inten-
sive alternatives. But if net economic gain is also a goal, something
considerably less than maximum levels o ~urchased inputs may be
preferable. And if environmental quality is 4 cencern, still fewer chem-
icals may be acceptable. Most likely, as energy and chemical inputs
are reduced to meet economic or environmental requirements, the
“information content”” of agroecosystems—expressed as species diver-
sity, complex crop architecture, or sophisticated management strat-
egies—will increase.

Criticisms that biologically based agricultural methods are not pro-
ductive enough need to be seen in this context. In the face of ever-
increasing human populations and hunger, increased yield has long
been a major objective of many development-assistance programs, and
farmers’ net economic bencefit and longer-term ecological sustainability
has at best been secondary. But where production gains have been
realized, economics and sustainability are now becoming important.
And where productivity increases have failed to occur, or where
agricultural “improvements’” have wrought environmental disaster,
the linkages between economics and ecology are becoming more
apparent.

China provides a good example. In the 1970s, recognizing the need
to increase production to feed a quarter of the world’s population, the
government embarked on a high-input agricultural program. It im-
ported chemical fertilizers and pesticides, and it developed and greatly
expanded China’s own industrial capacity to produce these chemicals.
In six years, the Chinese tripled the use of chemical fertilizers, and
production of fertilized crops increased by 50 percent. ¢t

Yet chemicals were not necessarily the heroes in this story. At the
same time that use of fertilizers and pesticides was being increased,
the shift from fully communal agriculture to private enterprise was
taking place, so farmers had incentives to increase production. And
now questions of economic and ecological sustainability are being
raised. A recent delegation of Chinese environmental scientists and
economists visiting the World Resources Institute indicated that, in the
decade since the chemical agriculiural program began, ever greater
amounts of chemicals are needed to keep productivity high. In some
cases, productivity is slowly declining despite increasing inputs. Prob-
lems of pollution and erosion are reportedly widespread and the
Chinese government is now sponsoring experiments and demonstra-
tions based on reviving ecological agricultural methods. The system of
farming that emerges from these swings of policy and technology will
probably be a hybrid of biological and chemical-intensive approaches,
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and will be judged by a cornplex set of performance criteria. Certainly,
yields per unit of land and labor will be extremely important. But
long-term conservation of natural resources, stability of production,
energy efficiency, and protection of human health will undoubtedly
also be key criteria. Such criteria need not await dramatic increases or
severe environmental degradation to be considered. A well-conceived
agricultural development policy should treat sustainability and produe-
tivity as cqually important goals.

To promote sustainable agriculture, advocates of an ecological ap-
proach must be prepared to analyze the appropriateness of any tech-
nology w specific sites and environmental conditions, not try to
prescribe ready-made answers. When competing forms of agricul-
ture=-such as “organic’” versus “conventional” —make conflicting
claims about productivity and sustainability, ccological assessments
will be needed, tollowing the same set of criteria, to determine the
strengths and weaknesses of both systems. Agreccologists must
become arbiters in the debate on agriculture, not champions of one
side.

‘

Research

Agricultural rescarch has historically emphasized maximizing pro-
duction per unit of area and per unit of labor. In this industrial
approach, research has been strongly biased toward advancing and
refining the use of agricultural chemicals and farm machinery in
monocultural systems. Not oaly ecologically questionable, this ap-
proach keeps agricultural scientists in industrialized and developing
countries from formulating and answering certain key questions.

For years, agricultural research has become increasingly fragmented.
Specialized disciplines often compete with each other for funds and
public attention. Few ecologists work in agricultural schools or study
in agricultural settings, and few agricultural scientists encounter basic
ecological concepts within their own disciplines. This division of labor
has left the agricultural sciences with little capability or interest in the
overal! functioning of agroccosystems as biological units. Countering
this fragmentation, however, are several efforts to apply the tech-
niques of systems science to agriculture. Integrated pest management
(IPM), although generally limited to control of insects and other pests,
was an early example.'*” IPM research has led, in some cases, to
research on agroecosystem design and management as researchers try
to identify optimal strategies for food production and environmental
protection.'® Cropping systems research and farming systems research
have emerged within agricultural development as two responses to
the Green Revelution technologies” apparent failure to reach the ma-
jority of farmers in developing countries. Both explore indigenous
farmers’ choices of technologies, cropping patterns, and other factors
relating to food production. Farming systems research in particular
tends to economic analysis and has found considerable support in
agricultural development circles.!®® Agroecosystem research, pioneered
by Imperial College’s Gordon Conway, stems from an ecological point



of view, though the systeni properties Comway has described—produc-
tivity, stability, sustainability, and equitability --are independent of any
particular discipline.!™ Of these three applications of systems science,

only agroecosystem research can encompass environmental considera-

tions as well as economic and production criteria.

Many of the research centers funded by the World Bank, the U.S.
Agency for Internationat Development, and other assistance organiza-
tions through the Consultative Group for International Agricultural
Research are now actively pursuing research programs on multiple
cropping, especially aimed at mproving low- or no-input agriculture.
Development of farming systems research is particularly strong at
“ The Ford Foundation, a major torce in the
Green Revolution, has been one of the principal backers of Conway's
agrovcosystem analvsis workshops, which have been instrumenial in

sorme of these centers!

developing holistic approaches to agricultural research in Southeast
Asia. Animportant outcome of this and related activities (especially
those ot the Environment and Policy Institute of the Fast-Waest Center)
is a Southeast Asian Universities Agroecosvstens Network, vwhch
coordinates and conmmunicates rescarch on aroccosvstems throughout
the region. Whether svstems approaches such as these will signiti-
cantly change the war agricultural rescarch is tunded and conducted
remains to be seen. Certamly, systems approaches are important in
the evolution of agricultural research, though thev must expricitly
tocus on sustainability it progress is to be made. And agricultural
scientists must be willing and able to pursue fundamental questions
about the ccological basis of the svstems they are studying,.

Because of the paucity of rese arch in amuulturxl e olu;,\ compared
to production-vriented studics, a research agenda tor the ecological
approach to agricultural development is almost open-ended. One top
agenda item will be to define and quantify basic terms of reference in
agro-ccological investigations. New or refined methodologies are
needed to measure soil quality, ccological efficiency, and rates of
material and energy flows in agroecosystems. Such basic guestions as
why some crop combinations ““overvield,” how plants wspund to in-
sect damage or weed competition, why spatial arrangements of crop
mixtures differ in their vields, and the role of soil micro- organisms in
making nutrients available to plants need to be addressed. Ecological
interactions such as the symbiotic relation between plants and mycor-
rhizal fungi (an association that can increase a plant’s capacity to ab-
sorb nutrients by as much as 60 times'?™), resource- -sharing among
plants, predator/prey and parasite/host relationships that contribute to
biologicai control of pests, and the role of plants’ genetic diversity in
the growth and spread of plant disease especially need further study.
An’i finally, new strategies need to be developed to optimize land use
through more effective cropping patterns, reduce losses due to insects
and diseases, minimize competition from weeds, and maintain or im-
prove soil fertility. These strategies’ effectiveness must 1 o quantified
as much as possible, so that they will be widely adopted once proven
sound in various environments.
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National Agricultural Development Policies

The bias toward an industrial paradigm of agricultural development
pervades not only research and education, but also the pulicies
adopted by Third World governments seeking to increase agricultural
productivity. Often, subsidies, pricing policies, infrastructures, and
other supports provide incentives for input-intensive farming methods
but not necessarily for more ecologically sustainable agriculture.

Why are so many agricultural policies aimed at maximizing, rather
than optimizing, production? Many developing nations urgently need
export carnings, so agricuftural policies often stress maximum yield of
such export crops as coffee, cotton, vegetables, and fruits. And
because consuniers expect many of these crops te be blemish-free, the
fields, orchards, and plantations are usually treated heavily with
chemical pesticides. Population pressure, especially in cities, boosts
demand for food within developing countries ever higher, providing
another rationale for maximizing vields. When governments accord-
ingly stress vield per unit arca. rather than vield per unit of input,
farmers are often encouraged to abandon traditional methods, some of
which may be valuable in developing more sustainable, productive
farming svstems.

One way that governments encourage farmers to use agricultural
chemicals is to subsidize the prices of these inputs. 7 Sound manage-
ment of pest and soil fertility should be based on the principle that
the benefit (increased value of crop produced) of an input eaceeds its
cost. While a subsidy mayv result in production increases, it distorts
the true ecconomic value of the chemicals, so that optimal management
is almost impossible. And subsidies offer no incentive to farmers who
might increase production through nonchemical means, even though
such alternatives may reduce environmental costs, which are rarely
calculated in benefit/cost analvses of agricultural chemicals.

Food prices and land tenure have become key issues in agricultural
development policy. How those issues are handled can affect the sus-
tainability and productivity of agriculture. Artificially low food prices
mean low productivity in many developing areas, most notably Africa,
because such prices satisfy urban demand for cheap food without pro-
viding incentives for farmers to produce more. And if certain resource-
conserving measures are perceived as more time-consuming or expen-
sive than other means of production, farmers will be even less likely
to adopt sustainable technologies when food prices are low. A recur-
ring theme among those who encourage farmers to adopt resource-
conserving practices is that farmers need a stake in the outcome of the
project. The most frequently cited need is for land tenure. Most
farmers who do not own their land and cannot pass it on to their
children will not devote the time and effort needed to preserve the
land. Clearly, sustainability can have meaning only to someone who
can expect to farm a piece of land for many years, preferably for
generations. Land ownership or, at a minimum, security of tenancy,
must be part and parcel of any agricultural conservation efforts.

Policies regarding land use can also greatly affect the sustainability
of agriculture. As the Nyabisindu case shows, some land should not



be farmed at all, but left as forest to keep soil in place. Other land
may be suitable for limited grazing even though it will not support
cropping. And still other types of land might support such perennial
crops as fruit trees or a combination of annual and perennial Crops.
The decision to develop a site for agriculture must be based on several
factors, including slope, soil type, and the kind of farming methods to
be used. Simplistic classification of land use solely determined by (for
instance) slope is ineffective at best and counterproductive at worst. 17

Development Assistance

Until recently, much of the effort in agricultural development
assistance was geared toward producing export crops to help improve
recipients” balance of payments. Where the assistance dealt with food
production, it often emphasized larger scale, plantation-type projects.
Today, many aid organizations are paying increasing attention to food
production and to reaching ““the poorest of the poor.”” Industrial agri-
culture is still favored, however, partly because of the orientation of
the experts advising the assistance institutions. Moreover, to maximize
production to meet rising demand, most development activities are
concentrated where the agricultural potential is highest--namely, the
fertile lowlands—which make up a very small percentage of most
developing nations’ total land area.

The sheer scale of development assistance can impede adoption of R ST
an ecological approach to agriculture. Projects conceived and executed
on a national scale too often involve “top-down’” designs of farming The sheer scale of
systems: ll.ttle et‘to_rt {s m‘adg tu.tu]ly understa?d specific sites. As a ’ development
result, national infrastructural development—credit, marketing, and ex- )
tension systems—often benefits lowland, input-intensive farmers more assistance can
than their upland counterparts. s impede adoption of

Some signs of change are beginning o appear. The Nyabisindu pro-
ject, for example, has been funded by the West German Agency for
Technical Cooperation (GTZ), and several of the Sahelian agroforestry approach to
projects mentioned earlier were supported by the 1J.S. Agency for In- agriculture.
ternational Development (AID). AID may be getting more receptive—
witness a multiple-objective research strategy announced in 1983,
emphasizing sustained production in marginal environments,
minimum-purchased-input production systems, cost-effective and
environmentally acceptable pest management, and livestock in mixed-
farming systems.'” Another sign of change at AID is a program of
small grants for research in innovative technologies'”” and a new
policy to direct more project money through private voluntary organi-
zations ' Sargent Shriver, the first director of the Peace Corps,
believes "“that AID is moving away from its emphasis on expensive in-
frastructure developments to the ‘small is beautiful’ philosophy’’ of
the organization he helped found.!” Time will tell whether these
trends will persist and support an ecological approach to agricultural
development, not only within AID and GTZ but throughout the
development-assistance community.

an ecological
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VI. An Action Plan for
Sustainable Agriculture

Liwlogical Principles for Agricultural Development
W n oooie of the large information gaps, it is still possible to define
principles that can guide agricultural development while rescarch
continues. Beginning with the concepts and observations dis-
cussed here, a general straiegy can he described that will help move
agriculture toward sustainability.

1. Soil Quality

General approaches toward sustainability can be gleaned from the
principles and = perience gained so far in agricultural ecology. Fore-
most amony, these are strategics for maintaining and improving soil
quality. Agroccosystems can be designed to keep the soil covered with
growing plants or crop residues for all or most of the vear. Various
multiple-cropping schemes not only accomplish this, but increase
overall productivity of the land in the bargain. Where appropriate,
maximum possible use should be made of perennial crops, so that the
soil need be disturbed less often. Deep-rooted species should be util-
ized to create a net upward movement of soil nutrients. Perennials
can also help protect the soil against wind and water erosion. Trees
and shrubs should be included in agroecosystem designs to moderate
the effects of drought, flooding, and severe temperatures. And all
aspects of the farm system should take into account the need to
return organic maiter and biological sources of mineral nutrients to the
soil.

2. Ecological Efficiency

Although efficiency in modern agriculture is most often couched in
such economic terms as productivity of labor or cash inputs, ecological
efficiency should also be considered. Fcosystems differ in the extent to
which they utilize various resources, and knowledge about natural
ecosystems can be used to help optimize agroecosystems’ use of key
factors. Systems that effectively recycle nutrients can both save money
and avoid pollution. Where energy—ivhether from fuel, animals, or
people—is scarce or expensive, energy efficiency should be sought in
agroecosystem design. Concomitantly, strategies to iinprove energy
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efficiency may also erhance the efficiency with which other resources
are used. For instance, cropping patterns that discourage weeds also
reduce the need for cultivation or herbicide application. Using resis-
tant plant varieties and encouraging biological control of insects
minimize the use of costly pesticides. Multilayered crop caropies cap-
ture larger percentages of solar energy, raising land productivity as
well. And relying at least in part on biological sources of nitrogen and
other nutrients reduces the need to purchase fossil-fuel-derived
fertilizers.

3. Agroecosystem Stability

Stable ecosystems are characterized by various internal checks and
balances--"negative feedback,”’ as described earlier. Generally, short
feedback loops are more stabilizing than long ones. In other words,
management actions that take place svon after a problem is recognized
will most likely correct the situation before it becomes a crisis. By the
same token, if problems go undiagnosed or corrective actions are not
undertaken promptly, the system can veer too far from its intended
“course’’ to set aright.

Agroecosystem designs finely tuned to the local environment are
likely to include more naturally cecurring negative feedback loops,
such as predators and parasites of insect pests. Farming practices can
also be selected to help stabilize cropping systems. Methods are
needed to help farmers monitor their fields and aetermine the status
of crops, soils, pests, and other aspects of the agroecosystem. And
methods must be available to respond to changes in the environment—
weather shifts, pest damage, etc.—that help restore balance in the
system. For instance, crop varieties that can be planted very late in
the growing season and still produce an acceptable yield could be
valuable in areas subject to occasional, unpredictable floods.

4. Diversity

Diversity, a cornerstone of the ecosystem paradigm for agricultural
development, needs to be further studied and refined. The research
conducted so far indicates that several kinds of diversity are impor-
tant. Complex spatial arrangements of crops help make the best use of
available nutrients, water, and sunlight. Diversity of crops in time can
extend growing seasons and assure adequate ground cover as protec-
tion against wind and water erosion. And genetic variability both
within and among crop species often helps provide natural protection
against pests.

Naturally occurring diversity in wilderness ecosystems serves no
"“purpose’” in the sense that itls human-directed counterpart does in
agroccosystems, but it does represent an irreplaceable tesource for
future agricuiture. The tnecies mix in natural ecosystems may offer
biological-control agents, new crops, genetic material for hybridization,
and biochemicals for enhancing productivity. Traditional crop varieties
represent another genetic reserve that must be protected from extinc-
tion. Research programs, economic development policies, and conser-



vation efforts all need to be designed with these agricultural resources
in mind.

Development Criteria

To assure that ecological principles are followed in agricultural de-
velopment, assistance organizations need to establish measurable
criteria for judging proposed projects. The conditions for sustainable
agriculture as discussed in Chapter Il spell out just such a set of
criteria:

1. Replenishment of soil nutrients removed by crops;

. Maintenance of the soil’s physical condition;

. Constant or increasing humus level in the soil;
. No build up of weeds, pests, or diseases;

. No increase in soil acidity or toxic elements;

6. Control of soil erosion;

7. Minimization of off-farm contamination of the environment;

8. Maintenance of adequate habitat for wildlife; and

9. Conservation of genetic resources.

Project proposals should be required to show how these criteria will
be met. If a project requires purchasing such inputs as fertilizers and
pesticides, means for nunimizing their environmental effects should be
spelled out. Assessments of the reliability of supply and stability of
agrochemical prices should be conducted prior to funding. How in-
digenous resources can be substituted for imported industrial inputs
should be explicitly corsidered. Proposals should also detail how the
project will be monitored to make sure that the above criteria are be-
ing met and should include a budget for conducting the monitoring.

Ul o N

Assessing Agriculture’s Sustainability

Considerable debate has occurred since the early 1970s on industrial-
ized agriculture’s sustainability. With their vast capital investments
and ability to pay for imported fossil-fuel-based inputs, farmers in the
developed countries may have seemed immune to the problems of
environmenrtal degradation, loss of genetic diversity, and maintenance
of soil fertility that face the developing world. Now a different kind of
crisis—an economic one—is causing some farmers in the United Stctes
and elsewhere to take another look at alternative farming practices to
cut costs.’™ But the ecological const.aints facing agriculture must be
faced—if not now, then in the next oil shock. Agriculture in the indus-
trialized world will have to confront its environmental effects and
resource dependencies, and new forms of production are certain to
emerge, '8

The time has come for a global assessment of agriculture’s sus-
tainability. Clearly the issues are different in developed and develop-
ing countries, and they also differ among areas within those two
groups. But the unifying element is the set of ecological concepts
discussed here. A region-by-region "“agroecological audit’’ should be
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conducted, covering energy efficiency, soil conservation and regenera-
tion, nutrient sources and uses, preservation of genetic diversity,
stability of yields, water use and hydrology, off-farm contamination,
effects on natural arcas, and similar topics. The United Nations is the
logical sponsor £or such an analysis, with the Food and Agriculture
Organization (i AO), the U.N. Environment Programme and the
World Bank involved. These agencies, along with other development-
assistance institutions, could contract with leading agricultural scien-
tists and ccologists to carry out the study. For detailed assessments of
farming practices and resources, the International Agricultural
Research Centers that have already begun programs in farming
systems research and related studies could contribute significantiy.
This assessment should re-examine the assumptions in the FAO food-
security study Land, Food and People that low (industrial-based) inputs
mean low productivity and high inputs equate with high productivity.
The agroecological audit would see how countries and regions really
can provide food on a sustained basis relying principally on in-
digenous resources for fertility and pest management.

The purpese of the audit would be to identify principal problem
areas by region, in terms of both productivity and sustainability, and
to provide a basis for developing coordinated, comprehensive research
programs and policy changes to meet those twin needs. The audit
could be duplicated at the national level, cither in concert with or
following upon the global assessment. Bilateral and multilateral
assistance organizations should provide funds for these national audits
to be carried out. in this way, the resources, constraints, and prob-
lems of agricultur2 can be addressed systematically, incorporating both
production and environmental considerations in one integrated pro-
gram. Without such an overall assessment, it may be difficult to con-
vince decision-makers of the need for research and development in
sustainable agriculture,

Research and Education
Conduct studies to compare farming systems’ productivity and
sustainability.

As research and developmuent progress in both high-input and low-
input agriculture, comparative studies of the various agroecosystem
designs should be carried out to determine their strengths and short-
comings vis-a-vis long-term productivity and sustainability. The
research must be conducted under many environmental and sociclogi-
cal settings where the new agroecosystem designs are likely to be im-
plemented, including productive lowland areas (where most past
research has been done) and marginally productive upland regions
(where the majerity of subsistence farmers are).



Involve traditional farmers in setting research priorities and lesting new
techniques.

Successful agricultural cevelopment requires the active participation
of the farmers who are supposed o benefit from technological innova-
tion.’®* Agricultural ecologists have learned to respect the inherent
wisdom in much traditional practice. Involving the ultimate ““clients”’
of agricultural rescarch in both the design and testing ot improved
technologies seives two objectives. First, it allows specialists to cap-
ture some of the practical knowledge about local agroecosystems. Sec-
ond, it offers greater assurance that new methods will be more widely
adopted once their effectiveness has been demonstrated.

Desigu and develop eguipment for use in mixed-crop farming systems.
A . N S

One drawback of many mixed-crop farming systems is that they are
difficult to mechanize. ™ Where labor is a limiting factor in farm
operations, appropriate machinery is needed that can operate effec-
tively in a polyculture’s complex environment. Designers need to
come up with sate and durable hand-held and animal-drawn equip-
ment that can be locally manufactured and repaired, casily operated
and maintained. A multi-purpose tool bar developed in Botswana
which is made of scrap materials and can be used for cultivation,
planting, and weeding exemplifies indigenous technological innov  ion
that meets smaltlholders’ needs. '™ Where pesticides are needed, nand-
held applicators are being developed that use minimal amounts of
chemicals, are safe to use, and Keep environmental contamination to a
minimum." [n genceral, research on mechanization should optimize
rather than minimize animal power and human labor, taking into ac-
count farmers’ available labor supply and cash, alternative sources ~f
employment, and the role of draft animals in the ecology and
economy of the local farming community,

Conduct studies of iraditional crop varicties and natural relatives of crop.
specics.

Information is a key tc ' reventing the loss of irreplaceable genetic
resource,s. Ethno-botanic studies are needed in arcas where tradi-
tional farming is still widely practiced to learn new uses for wild and
domesticated plants. Ecological studies in natural habitats need to be
expanded to improve understanding of the wide array of traits avail-
able in wild species. Such studies can also reveal new insights into
the interactions between crops and their pests. In the absence of
chemical pesticides and other human intervention, the population
dynamics of insects, plant pathogens, and other potential pests can be
quite different from those found in highly managed agroecosystems.
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Careful study of these species in undisturbed natural settings can
reveal much about how best to manage them in agriculture.

Include ecologists in the design and implementation of agricultural
research programs.

For agroecology to become a fully recognized field of study, ecology
must become integrated into agricultural science. In universities and
research centers where team approaches are already being used to im-
prove agriculture, ecologists should be part of such teanis, both as
specialists in the ecological dimensions of the projects and as key
resources for bringing the various disciplines together. Where teams
or systems approaches are not yet being employed, ecologists can
catalyze interdisciplinary studies.

The need for multi- and bi-lateral development assistance agencies
to support appropriate national and international agricultural research
is plain. Aid organizations can provide funds to train and hire agro-
ecologists into agricultural research organizations and to support
research initiatives based on ecological analyses of developing coun-
tries’ farming systems. The research centers that belong to the Con-
sultative Group for International Agricultural Research (CGIAR)
should be encouraged by the various donor organizations to add
broader ecological considerations to their research agendas. CGIAR
and its donors might also consider creating a new center to further
the study of agroecology. Such a center could then serve as a resource
for all of the members, conducting research on basic theoretical and
methodological issues that concern investigators working in all kinds
of environments.

Indigenous agroecological expertise in developing countries is
especially important to improve communication between farmers and
scientists and to provide long-term continuity in national research pro-
grams. National and international networks of agroecologists deserve
expanded support as a means of training and sustaining these scien-
tists in their work.

Devclop agroecology curricula for agricultural colleges.

If an ecological approach to improving agriculture is to take hold, a
new generation of scientists will have to be trained for the job. In par-
ticular, interdisciplinary undergraduate and graduate programs in
agriculrural ecology are needed in agricultural schools. Such curricula
could turn out agroecologists for the decades to come and offer in-
service training for working scientists and agricultural officials trying
tc improve the sustainability of farming. Funds for developing these
programs in agricultural colleges should come from national and inter-
national organizations concerned with science education.



National Agricultural Developmeat Policies
Encourage local economic and agronomic decision-making.

Detailed knowledge of the specific characteristics of the farm site is
essential to etfective system design ar.d management. Understanding
local needs and demand for products can lead to crop nuixes that
assure marketability throughout the year. And experience with varia-
tions in labor supply and demand can contribute to farm systems that
provide employment and avoid labor shortfalls at critical periods.
Most likely, letting farmers and local agricultural advisors make their
own decisions based on local conditions will encourage development
of indigenous resources for soil fertility and pest management. Where
fertilizers and other external inputs are needed, keeping supply lines
short is the only way to mzake sure that the materials are available at
the appropriate times in crop cycles.

Such local control can be eilianced by farmericoasumer coopera-
tives, locally managed credit systems, and small facilities for produc-
ing needed agricultural inputs (using locally available resources where
possible). Creating and supporting local and intra-regional marketing
systems would support the preservation of indigenous crop varieties
by helping to retain local food preferences as well as providing an
outlet for goods. Such development would also iacilitate seed ex-
change among farmers, a common practice in traditional agriculture
that helps keep genetic diversity high within and among fields. 86

Encourage use of biological means of fertility management and pest con-
trol by removing subsidies on agricultural chemicals.

Although agricultural chemicals can often enhance productivity,
their use should reflect their true costs. Subsidizing these costs can
encourage overuse and misuse, with potentially serious effects on
human health and the environment. In mary instances, governments
are spending enormous sums of money for subsidies without monitor-
ing actual benefits to the agricultural e onomy.1#”

These funds would, in the long term, be more effective if used to
make more diagnostic and advisory services available to farmers. Such
services could include soil-fertility analysis, marketing advice, pest
popuiation monitoring, and assistance in selecting crop varieties and
designing efficient cropping patterns.

Money now going into subsidies could also be channeled into sup-
port for farmers to help them make long-term improvements to their
land. Government funds could be paid to those farmers who take
steps to reduce soil erosion, improve soil quality, and reduce pollution
of nearby water supplies since these actions benefit the society as a
whole.
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Give effective land tenure to farmers who demonstrate that they are con-
serving resources.

Although land reforin is a prime requisite for promoting sustainable
agriculture in the developing world, simply making land available or
conferring ownership is not encugh to guarantee that the land will be
farmed in an ecologically sound fashion. Clearly, education and ad-
visory support will be needed to help farmers manage their land effec-
tively. Tenure on the land could, in fact, be conditional on adoption
of proven means for conserving soil, water, and other natural re-
sources. Such a policy could prevent land-reform programs from being
subverted by speculators or others who have no long-term stake in
the viability of the land for farming.

Encourage farmer participation i planning amd implementing agricultural
development projects.

Sustainable agroecosystern design and management requires pro-
grams of education for farmers that emphasize their independence
rather than their reliance on outside expertise. Conventional extension
practice, in contrast, often has a “top-down’’ bias.!® Designers of
agricultural development projects must consider the farmer a rational
decision-maker who in a certain sense knows more about the overall
system being managed than they do. Certainly, improvements in
traditional farming practices are possible and necessary, but such im-
provements must be offered to farmers as choices or sets of options,
for farmers to consider along with all the other constraints and oppor-
tunities that they face.

Including farmers in the planning and execution of development
projects increases the chances that proposed improvements in
agricultural methods will fit the locales where they will be introduced.
Farmers’ involvement in development planning can also help provide
continuity with traditional agriculture by encouraging farmer-to-farmer
communication—often, the best way to spread new ideas and
methods.

Tailor development projects and policies to specific agroecological zones.

Governmental economic planners must take into account the dif-
ferent capabilities and needs of upland and lowland agriculture when
designing development projects. Farming methods and performance
criteria may differ considerably in the two areas. The goals of develop-
ment will thus be quite distinct as well. Maintaining productivity
while improving siistainability may be the objective in the lowlands,
while increasing productivity without sacrificing sustainability may be
the goal in the uplands. Soil erosion may be the priority in hilly areas,
while pest managemen! may be more important in the high-value
commercial crops in the tertile lowlands. Rural social services may be
essential to upland agricultural development projects, while credit may



be of greater significance to lowland farmers. Sustainable agriculture is
the result of a combination of locale-specific ecological, economic, and
social factors, and efforts to improve the lot of farmers must be fine
tuned if they are to succeed in the long term.

International Programs
Incorporate enviremmental criteria into economic analyses of development
programs.

Continuing and further developing the initiative begun by (among
others) AID and the Worid Bank, development-assistance agencies
should routinely include environmental considerations in cost-benefit
analyses of proposed development projects. In these assessments,
such agricultural resources as soil, water, crop genetic resources, and
species beneficial to pest management should be included along with
wildlife and wilderness concerns. In addition, agricultural develop-
ment should be analyzed as a potential cause of environmental
degradation, including soil runoff, siltation of waterways, pollution
from agricultural chemicals, habitat destruction, and depletion of
genetic resources.

As important as such cost-berefit analyses are, they occur before
final funding decisions are made. Post-funding monitoring and evalua-
tion of development projects are at least as urgently needed. For each
project, recipients and donors need specific criteria for determining if
natural resources essential to agricultural sustainability are being prop-
erly managed. In addition, corrective measures (or procedures for
developing them) need to be spelled out in advance so recipients and
donors know what to do if environmental criteria are not being met.

These environmental considerations should also be included in the
basic macroeconomic analyses and planning operations of the
developmeni-assistance agencies.

Design special program strategics to deal with development of upland or
marginal agricultural lands.

Since uplands and other marginally productive areas comprise most
agricultural land in the developing world, and because the ecology
and social structure of farming in these areas usually differ consid-
erably from agriculture in fertile lowlands, agricultural development
will require new approaches if it is to succeed in the long term. In
general, a strategy for these areas will include a focus on small-scale
farming closer in style to traditional methods than the more input-
intensive Green Revolution approach. The wide variability in condi-
tions from locale to locale suggests a development strategy based on
many small-scale projects rather than a few larger ones. Accordingly,
development advisors should encourage farmers who accept high-
yielding varieties to mix them with traditional varieties in their crop-
ping systems, rather than replacing the old strains with the new. This
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may be the only effective means for improving crop genetics without
losing all-important local adaptability.

To succeed, such strategies must rely on an “*adaptive feedback’’ ap-
proach to project design and implementation, rather than formulas.
Researchers and advisors need to find out which traditional agricul-
tural methods have ““survival value” to farmers and why, and then
set out to introduce improvements that do not comp:omise this essen-
tial characteristic. Anthropologists can, in many circunistances, pro-
vide an invaluable link between scientists and traditional farmers,
eliciting and interpreting information 2%0out farming practices that can
give clues to future development potential.

These strategies point to a policy that may often favor funding pro-
jects through private voluntary organizations and other rongovern-
mental avenues. Although this approach may give some donor and
host governments pause, it may be the only way to assure that pro-
jects are properly attuned to the specific sites where they are being
carried out.

Include traditional farming systews within the framework of ecosystein-
conservation cfforts.

Conservation measures must take agricultural resources and wild
species into account when preservation programs are planned. As in-
dustrial technologies come to pervade agriculture in developing coun-
tries, the genetic diversity maintained in traditional farming systems is
often rapidly lost. And the ecological understanding inherent in indi-
genous technologies can disappear as well, to be recovered only
through painstaking effort, if at all. One response to the declining
diversity of planted crops is to maintain and expand seed collections,
but preservation of the farming systems themselves conserves not
only the germplasm in traditional varieties but also the information
about their traits (including, say, resistance to pests or drought). The
latter strategy also allows the crop varieties to continue to evolve in
response to natural stresses and constraints.

Wildlife and allied conservation efforts need to incorporate tradi-
tional farming systems and indigenous crop varieties within their
scope of concern, as is done to some extent by the Biosphere Reserves
Program of UNESCO. Only by recognizing the continuities between
agriculture and wild ecosystems can we hope to preserve either
effectively.

Conclusien

Agriculture passed a turning point with the energy crises of the
1970s. After decades of development based on the assumption of con-
tinous supplies of cheap oil, agriculturists began to realize that they
live in a finite world where limiting factors are physical and economic
realities. Out of that realization has emerged a new appreciation of



natural systems’ ability to utilize their environments efficiently and in
equilibrium with available resources.

With continuing population increases and rising, food demand, in-
dustrial agriculture will not and should not disappear. But an ecologi-
cal approach can begin to redress the environmental deterioration that
both industrial agriculture and misplaced traditional agriculture have
brought about. Carefully planned, managed, and monitored, multiple
cropping may also begin to give developing countries the productive
edge they must have to fzed at least a significant portion of their
populations with indigenous resources on a continuing basis.

Policy-makers must be willing to take hold of the ecoiogical ap-
proach and make it their own. They must ask whether the structure
or land tenure in their countries gives farmers the incentive to con-
serve soil. They must raise the difficult question of whether food self-
sufficiency is ecoiogically sustainable with internal resources. They
must ask whether fertilizer and pesticide subsidies are effective tools
for developing a stable agriculture. And they must choose between
developing large, expensive manufacturing facilities for agricultural in-
puts and creating an agriculture that depends less on those inputs.
The choices are hard, and the answers far from clear-cut. Nonetheless,
as we come to better understand the ecological basis of our food
supply, we also realize more and more that such decisions will have
to be made before nature makes them for us.
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The new generation of globally important
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Institute approaches the development and analysis of
resource policy options objectively, with a strong
grounding in the sciences. [ts research is aimed at
providing accurate information about global resources
zad population, identifying emerging issues and
developing politically and cconomically workable
proposals. WRI's work is carried out by an
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