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PREFACE

Shortly after the World Food Conference held in
Rome in 1974, the President of the united States wrote
to the President of the National Academy of Sciences
asking the Academy to make an assessment of the problem
of hunger and malnutrition and "develop specific
recommendations on how our research and development
capabilities can best be applied to meeting this major
challenge."

~he study was begun in June 1975 by a Steering
Committee appointed by the President of the Academy.
It produced two reports for the President: an Interip
Report, published by the Academy in November 1975, and
a final report, World Food and Nutrition Study; The
Potential Contributions of Research, published in June
1977. The Steering Committee was assisted by 14 study
teams appointed by the Academy to analyze and make
recommendations to the Committee on various portions of
the study (Table 1).

This publication is one of five volu~es containing
the reports of Study Teams 1-10, 12, and 14. Study
Team 11's report overlapped the other reports and has
been integrated with thero. Study Team 13's report of
its ranking of research priorities was an integral part
of the work of the steering coKDdttee. consequently,
it is not pUblished here. Study Team 13's work is
explained in detail in Appendix B of the Steering
Committee's report.

The Steering committee is deeply grateful to the
chairmen and members of the study teams for their
dedicated work, undertaken for the roost part under
heavy pressure of time. This work provided the greater
part of the source materials for Chapters 2 and 3 of
the Steering Committee's report, dealing respectively
with "High Priority Research" and "BOW to Get the Work
Done." The study teams are responsible for the content
of their reports, which were reviewed by appropriate
members of the Steering committee.

Study Teams 1-12 were asked to identify areas cf
research and development that had outstanding prospects
for helping to meet world food and nutrition problems



Table 1. study teams, i'br1d Food and Nutrition Study

St\!iy Team Title

1 Crop Prodlrtivity
SUbgroup A Pest Cootro1

2 Animal Prcxl1.x:ti.vity
SUbgroup A Animal Health

3 Aquatic Food SOUrces

4 Resources for llgriculture
SUbgro~ A Fcmning SystEm;

B ram and water
C Fertilizers
o Energy and Ek}Ui.pnent

5 weather and Climate

6 Food Availability to Consm1ers
SUbgroup A Food IDsses

B Food Prcx:essID] and Preservation
C Food Marketi.n] and Distribution

7 Rural Institutions, Policies, and Social Science Research
SUbgroup A Policies and Pro;jroalll Planni.n;J

B Research, Etltx::ation and 'l'rai.n.inJ,
and Extension

C Fi.narx:le, Inplt ~lies, and
Faroners I Organizations

8 Inforomation SystEm;

9 Nutrition

10 InterdeperXlencies
SUbgroup A P<:pul.ation and fea1th

B Energy, Resources, and EnviLOJ'Jllel'1t
C International Trade Policy and

cani.ty Beblleen Nations
o National Deve1~t Policies

11 New Approaches to IncroeasID] Food ~lies

12 New~ to the Alleviation of Hunger

13 Researoch. Priority Assessment

14 llgricultural Research Organization
SUbgroup A Research Organization in the

United States
B Global Agricultural Research

Organization
C Deve1~t of Research Personnel
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over the next several decades. For each such area,
they were asked to respond to three questions:

~hat advances in knowledge will specific areas of
research produce, and what is the scientific or
technological significance of these advances?
If the research produces results, what effect would
they likely have on reducing glcbal hunger and
malnutrition over the next several decades?
~hat supportive action will be required to conduct
research for the accelerated activity recommended
(e.g., more resources, policy changes,
organizational changes)?

~he study teams were asked to base their selection
of research areas on their answers to the first two
questions. Answers to the first and third questions
provided insight on the feasibility of each research
area. This infor~ation was used by Study Team 13 and
the steering committee in the selection of research
priorities. It also provided raw material for Study
Team 14 and the Steering Committee when they considered
steps to mobilize and organize resources to i~plement

the proposed research.
Each study team's selection of high priority

research areas involved two steps. In the first step,
the study teams reviewed research recommendations and
possibilities for research provided by existing
reports, by the study team members themselves, and by
hundreds of other people who were consulted, inclUding
many from other countries. From the hundreds of
research possibilities, each team selected a limited
set that would likely have the greatest global effect
on hunger and nutrition. The second step narrowed this
set to research areas whose potential was thought to
stand out well beyond that of the rest of the group.

The steering Committee hopes that these study team
reports will provide rich source materials for those
interested in pursuing the various subject areas in
greater depth than could be done in the report of the
Steering Committee.

Harrison Brown
CHAIRMAN
Steering committee
World Food and Nutrition Study
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INTROCUC'IION

Any considera~ion of ways ~o increase world focd
produc~ion must be based on the conserva~ive managemen~

of inherently limi~ed na~ural resources--~ha~ is, on
sustained productive use tha~ main~ains or enhances
these resources over ~ime. The use of ~hese resources
in agricul~ure canno~ be considered in isola~ion from
o~her social needs. Nor can questions concerning
technological na~ural resource managemen~ for food
production be separa~ed from insti~~ional fac~ors.

AS elabora~ed upon in the in~roduc~ion ~o ~he

report of subgroup B, "Land and Wa~er," several
worldwide inven~ories of poten~ially aratle lands have
been prepared. Only abou~ 41 percen~ of ~he ~hysically

arable land in the world is curren~ly under
cul~iva~ion. While ~he remaining areas often do n~

coincide wi~h regions of dense popula~ion or presen~

special problems, such as excessive erosion hazards,
subs~antial eXPansion of ~e world's ~~al cul~iva~ed

land seems inevitatle. A~ ~he same ~ime, te~ter soil
and wa~er managemen~ can subs~an~ially increase crop
yields, and poten~ially available wa~er resources would
permi~ subs~an~ial expansion of irrigated lands ~o

perhaps ~wice ~heir current area. Thus ~he possitili~y

exis~s for b~ significan~ increases in produc~ion per
uni~ of area and eXPansion of ~e ~~l world area
under cul~iva~ion.

I~ should be s~ressed, however, tha~ land and wa~er

developmen~ decisions are frequen~ly irreversible, or
nearly so. The ~ragic de~eriora~ion of land used for
co~~on in the southeas~ern Uni~ed Sta~es during ~he

nine~een~h cen~ury is a good example. A grea~ deal is
known about methods of erosion control and land
conserva~ion practices; yet the record wi~h reference
~o their use is not always encouraging. Por pur~oses

of the present study, it was assu~ed tha~ any new
~echnology or transfer of exis~ing technology for
increasing ~he effective use of soil and wa~er

resources would, a priori, be direc~ed ~oward

conserva~ive use. Thus ~e o~ission of any profile
dealing specifically with erosion control pac~ices was
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delibera~e: good farming prac~ices na~urally ccnserve
~he resource base.

Pereira (1975), af~er no~ing ~a~ erosion in ~he

African ~ropics has been increasing over ~he las~ 30
years, po~ula~ed ~at the soil and wa~er resources of
the tropical world will not be sufficient to sustain
projec~ed increases in food produc~ion because of their
des~ruction. Such problems are even more acu~e in
parts of Asia and La~n America. As popula~ion

pressures increase, subsistence agricul~ure will expand
into areas with steeper slopes, shallower soils, and
lower and more erra~ic rainfall. Agricultural
developme~ always modifies ~he hydrology and generally
resul~s in subs~an~ial increases in both ~otal and peak
runoff. Even where on-site damage is preven~ed,

substantial problems can develop downs~ream.

Conservative practices are mandatory; they are only
acceptable to the farmer, however, if they are
accompanied by i~edia~e increases in crop yield.
Public policy may well have to in~ervene. The key to
sustained higher produc~ion is the simul~aneous

intrcduction of farming me~ods ~at conserve resources
and raise yields. While there are numerous questicns
which require further research, the curren~ sta~e of
knowledge does permit cons~ructive progress.

~echnologies to improve crop produc~ion are no~

applied in a vacuum. They form par~ of a farming
system which, in ~urn, makes up par~ of a socioeconomic
system. Thus we elected to place a discussion of
farming sys~ems first in our report. since all efforts
directed toward increasing food produc~ion should be
related to existing or evolving farming systems, the
first profile may be viewed as a basic philosophical
framework for es~ablishing priorities in research and
developmen~. TO stress ~e i~portance of viewing any
technological advances wi~in the framework of the
total environment, the second profile ~resses the
socioeconomic aspects of agricultural production.
Economic analysis must be part of the evaluation of any
technological innovation; such evaluation, however, has
little validity unless it considers the total ~atrix of
forces affecting the producer and the consumer.

The remaining profiles may be considered as
components under the broader syste~s umbrella. Choices
had to be made. It was recognized, for example, that
serious problems remain in densely populated vertisol
areas of India, and that the semiarid regions of the
world have aroused much recent concern. The e~phasis

on oxisols and ultisols of the African and SOuth
American tropics reflects the viewpoint--not shared by
all--that these land rescurces present not only the
greatest potential for future development, but alsc
some of the least well-understood problems. These
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areas are certain to be developed. and substantial
long-term damage may be done unless adequate technology
is developed on a timely basis.

A primary question in semiarid regions concerns the
interface between rangeland and cropland. The problems
of the sahel. for example. reflect a forcing of this
boundary beyond ecologically safe lindts. In one
sense. the problem here is one of management rather
than technology. of socioinstitutional relations rather
than natural science. Yet there is some concern that
the interactions among livestock production. forestry.
and crop production have not received their proper
emphasis •. Possibly this is justified by the relatively
small impact of these resources on food production per
unit of area. Still. there may well be inadequate
attention given to mixed livestock and cropping systems
and their special problems.

Substantial emphasis is given to fertilizer
production. This should be seen in perspective.
however. since there are alternative means of providing
for adequate plant nutrition. The profiles on the
recycling of organic wastes. on breeding for stress
tolerance. and on modulation of the rhizosphere are
intended to provide the proper balance. In view of
ultimate. if not short-term. shortages of natural
resources--fossil fuels. phosphate rock. as examples-­
the long-term significance of effectively miniKizing
dependence on outside fertilizer inputs is likely to be
quite high.

!hroughout the profiles. the need for good data
bases is recognized. A particularly pertinent exaKple
is the need for soil taxonomic information to transfer
the results of field experiments to other geographic
areas. Too often. research is repeated time and again
when already existing information could have been used
for better structuring of hypotheses. Such information
has limited value unless it is accessible.

Finally. Subgroup D. "Energy and Equipment." bases
its recommendations for equipment research on two basic
premises: (1) the proper mix between human and animal
power and mechanical power cannot be approached
rationally without good ergonomic data on husans and
draft animals. and (2) with the exception of
intercropped systems. the necessary basic equipsent is
generally available somewhere in the world. Thus the
need is for engineering analysis and adaptation rather
than for totally new designs. Although finding
alternatives to petroleum fuels is a worldwide protlem.
many developing countries in particular suffer froK a
shortage of petroleum products.

In summary. we recognize exciting possibilities for
breakthroughs in new technologies. but'wish to stress
the potential contribution that may result from the
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inno~ative and i.aginati~e transfer of existing
concepts and ideas to new situations.
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Report of subgroup A. Study ~eam 4

FARMING SYSTEMS



IN~RODOC~ION

Farmers normally grow more ~han one crop. and ~hey

mus~ in~egra~e a wide range of physical. biological.
economic. and sociological factors in~o a comprehensive
sys~em. Traditionally. however. agricul~ural research
has ~ended ~o address isolated ~arts of ~he total
sys~em. leaving ~he application of the findings ~o ~he

farm opera~or. Athough good research has always. in an
informal sense. been based on ~e research worker's
awareness of ~e ~otal environmen~ in which the results
would be applicable. the formal concept of applying
agricultural research ~c the overall farming sys~em is
rela~ively new. and its me~odology has not yet teen
worked out satisfac~orily.

Since the benefits of physical and biological
research in agriculture can only be realized within a
socioeconomic framework. it can be argued tha~ all such
research has important social and economic com~onents.

This means that economists and social scientis~s must
playa role in helping to solve the world's food
problems. That role is essential if whole farming
systems are to be evalua~ed rather than the
consequences of single technological innovations in the
abstract.

~hus the members of Study ~eam 4 chose to tegin
this report with research profiles on farming systems
and on economic and socioinstitutional considerations.
The first profile provides a framework for a
methodology for farming systems research; the second
eliminates the need for repea~edly defining the social
components of research studies recommended in the
profiles of the o~er sUbgroups. and emphasizes the
systemic nature of socioeconomic effects.
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Profile 1

A METHODOLOGY FOR FARMING SYS~EMS RESEARCH

IN~RODUC~ION

contewporary authors (e.g •• Wortman 1976) generally
agree that a logical strategy for meeting the ~orld's

needs for more food and better nutrition is to
stimulate food production in the developing ccuntries
where the need is greatest. This strategy also is
propounded in the Interim Report of the steering
Committee of this Study (NRC 1975d).

McNamara (1974) estimates that 70 percent of the
people in developing countries live in rural areas. 700
million of whom are landless laborers or farm fa~ilies

who cultivate less than 5 hectares of land. He also
estimates that 100 million farmers in the develo~ing

countries are in the "small" category. and states that
these small farmers constitute. in many developing
countries. the base for increased agricultural
production.

~he typical small farmer in a develo~ing ccuntry
manages a complex farming system. A number of
commodities are produced both for family subsistence
and cash sale. Animals are almost always present as a
source of power. food. fuel. or income. Many and
varied plant species are managed as sources of food for
the family and its animals. as well as for fuel and for
sale to others. some enterprises (e.g•• tree crops)
may be more specialized than others. but providing for
the well-being of the household at the lowest cost and
risk is usually the priority objective.

Most modern technology is designed to im~rove a
single crop or animal s~ecies rather than a com~lete

farming system. As a result. the s~all farmer
generally has not benefited greatly from modern
agricultural technology. which tends largely to be
specific to single crops and requires capital
investment that the small farmer may not be able to
afford or choose to risk. Wrigley (1971) states that
the traditional farming systems used in the develo~ing
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countries will no~ be atle ~o feed growing popula~ions

and produce cash crops wi~ou~ ~e in~roduc~ion of
modern ~echniques. None~heless, he remarks ~ha~ ~hese

~adi~ional sys~ems, despi~e ~heir apparen~ lack of
efficiency and orderliness, are qUi~e well adap~ed to
sustained production with available tools and points to
~e need to be aware of the effect of any new practice
on an entire system as well as the need to provide the
small farmer with both the educa~ion necessary tc
perceive changing si~uations and the incen~ives to
adapt to change. Too often, near-crisis situations in
tropical areas lead to simplistic approaches to
increasing food production, such as applying methods
better suited to temperate countries. In addressing
this point, Wrigley states: "~o repeat such mistakes
would be inexcusable and tropical agriculture must rest
on its own foundations." But does an adequate
foundation exist? While increasing attention has
recently teen given to agricultural research in
tropical areas, the level of research is still
minuscule in relation to need or in comparison to tha~

in temperate areas.

Terms of Reference and Definitions

It is doubtful that one universally satisfactory
definition of a farming system exists. Duckham and
Masefield (1970) enumerate five factors which influence
the occurrence and importance of plants and animals in
a given area: (1) ecological factors, (2)
infrastructural features, (3) external economic
constraints, (4) internal operational factors in the
farm enterprise, and (5) personal acceptance of the
required activities by the farm family. Ruthenberg
(1971), in describing fa~ing systems in the tropics,
speaks of the "natural, economic and socio­
institutional conditions of agricul~ural production"
which vary widely from place to place and over a period
of time. He points out that "in the process of
adopting cropping patterns and farming conditions to
each locality, more or less distinct types of farm
organization have developed." Ruthenberg classifies
farming systems as either collecting, cultivating (with
six SUbdivisions), or grassland utilization (with five
degrees of stationariness).

Eecause of the environment-specific nature of
farming systems, we refrain from making specific
recommendations on known systems. we believe that our
scientific community does not know how best to conduct
research on farming systems, and we propose a
methodology for studying agroclimatic and socioeconomic
systems.
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Some limits must be placed on the scope of the
problem to be considered. Since a farming system is
influenced by many factors, recommendations for
research on farming systems might address concerns
ranging from the individual farm through the
socioeconomic infrastructure of the numerous national
governments to the international system cf trade,
markets, etc. The systems can be separated into micro­
and macrolevels, the microlevel being the systew
practiced on individual farms, and the macrolevel
relating more to regional or national distribution of
inputs and products, international trade, and the like.
A description of the various levels of agricultural
systems is given in the National Academy of sciences
(NAS) publication, African Agricultural Besearch
Capabilities (NRC 1974a). we limit our concerns to
farming ~ystems at the microlevel, and believe that the
recommendations that follow are applicable to farming
systems everywhere. We define a farming systeK as ~
agricultural system that has evolved over time a8 I
result of the interactions among the soil. water. Ind
cli se· h b t e· d econom c et rs
such as c nd ket e • We
recognize that adjustments in an existing systew must
be made cautiously, and that, except at the margins of
the different systems, shifts between systems are
difficult to achieve because of costs, capital
requirements, and cultural values.

RECOMMENDATION AND RA'IIONALE

'Ihis subgroup makes only one basic recommendation:

• Initiate 19Qical. methodical. and
sensitive research into the farming "stems of
the developing countries. with emphasis on
their present !tatus and potential for
improvement.

Improvement of farming systems is one way of
effecting an increase in food production and im~roving

the nutrition of millions of small holder families in
the developing countries. We will suggest a framework
and philosophy for such an approach. Our concern
centers on how research about farming systems should be
done. Major benefits of such research should be: (1)
improved problem identification and more focused
research; (2) better understanding of appropriate
technology for the farm itself; (3) a real basis for
mUltidisciplinary research; (4) reasonable and reliable
partnership with the farmer in solving problems and in
making adjustments in the system; (5) a better

-15-
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under~anding of the land, human, and ca~ital resources
available to individual farm units; (6) a better
understanding of important household matters-­
nutrition, fertility, education, health, etc.; and (1)
a better understanding of the economic, social, and
political environment within which farms, households,
and the related private industries and PUblic agencies
operate.

selecting Candidate Systems

How might farming systems be selected for study?
We propose that the following questions be raised in
order to help set priorities for the study of various
farming systems within a country:

How many people are fed by or are dependent u~cn

each system?
~hat are the nutritional benefits of each system?
Is land and water utilization in each system
degenerative or conservative?
How effectively is the productive labor available
from farms used in the system?
What are the technological opportunities and
potentials for change in each system?
What is the biological opportunity for changing
each system?
What are the external requirements, i.e., what
inputs are needed from outside each syste~?

What kinds of risks are present in each system?

Research on farming systems must be
multidisciplinary. The leader of a farming syste~s

research team is likely to be a "generalist" who has
the ability to diagnose problems and coordinate the
activities of specialists in several selected
disciplines to solve identified ~roblems. The
disciplinary expertise needed will, of course, depend
on the target problem and system.

Because of the broad range of factors that affect a
farming system, the report of nearly every grou~ of the
World Food and Nutrition Study is related to farming
systems. For example, in Profile 4 on plant adaptation
to stress, study Team 1 urges the selection of plants
with improved tolerance to drought and calls for
improvements in cropping and tillage practices.
Likewise, the profile of study ~eam 1 on interactions
of species is pertinent to farming systems. Study Team
2 refers to the need for range and forage improvement
for the maintenance and utilization of animals in
farming systems. Numerous sections of the report of
Study Team 4 are pertinent to farming systems, e.g.,
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Profile 1, SUbgroup B in ~is report, addresses ~he

issue of soil and wa~er managemen~ for crop produc~ion

on oxisols and ul~isols in ~ropical areas, and Profile
2 of the same subgroup proposes research on crop~ing

systems for these important soil groups. Im~roving

plant nutrient efficiency (Profile 2, Subgroup C),
utilization of both human and animal power (Profile 1,
Subgroup D), and machines (profile 2, subgroup D) are
all areas of potential concern and application to ~be

improvement of farming systems.

An Approach to Farming Systems Research

Conventional research approaches are not suitatle
for farming syste~s. Many techniques used presently
are based on plot work at or near research stations.
Most present research also is devoted ~o single crop
systems. Such methods are limited in situations where
(1) the natural resource base varies widely; (2) more
than one crop or enterprise is involved, as in mixed
farming, intercropping, sequential cropping, relay
cropping, and other systems; (3) seasonal changes
affect the crop and/or animal mix, crop growth, crop
utilization, or o~her factors; (q) harvest periods are
staggered or vary widely; (5) yields or returns for
several crops or enterprises vary in types of
measurement or values; (6) the availability of labor at
certain seasons effectively limits the range of choices
among crop-livestock co~binations for typical farmers
in the system; and (7) insufficient inputs or
inaccessible markets effectively limi~ ~be choices
farmers can make.

~he research approach should deal with the dynamic
nature of farming systems while at the same ti~e

identifying cOmmon elements among systems that are
important to the farmer and the household. In ~any

developing countries, women share in the decision
making, management, and physical labor required in ~e

farming system. By considering ~e farm and household
as a uni~ it should be easier to measure the un~arketed

as well as the marketable inputs and outputs tha~

explain the workings of a particular far~ing syste~.

Ecological research techniques have been employed
by range and pasture ecologists ~o understand ~he

dynamics of the growth and behavior of a number of
pasture plants, both desirable and undesirable, across
a widely variable land and clima~ic resource base, and
as influenced by the activi~ies of people and grazing
animals. This research is based on the belief that it
is necessary first to delineate broad ecological zones
which possess certain charac~eristics and then to
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refine progressively the measurements and
characterizations of identified subunits4

The concept of the Transect

In order to understand the limits and ~arameters of
a system, the ecologist lays out transects encompassinq
the principal variations within the system. Spot
sampling along the transect is then used to ottain more
detailed information on representative areas. A~plied

to farming systems, these variations may include
CUltural, social, and economic as well as biological
and physical aspects.

The transect, or line, encompasses areas
characterized by important differences in one or
several significant variables. A line that cuts across
areas of variable precipitation, altitude, or soil
type, for example, would be a meaningful transect.
Once the meaningfUl transect is located, observations
are made along it. These observations can be ~ade at
long intervals for some purposes and at short intervals
for others.

The transect approach has a number of strengths in
farming systems research. Its greatest value is in
identifying components of current systems that need
attention, i.e., it should detect important proble~s

(or limi~ing factors) and provide the context within
which several problems can be compared. This transect
approach also can indicate the representativeness of
experimental plots and identify the technologies to be
tested on farms.

No rules as to the number of transects or their
directions can be given in advance. Professional
judgments are needed on how to orient them in order to
sample adequately the i~portant macro- and
microvariations. The scope of a transect is determined
by macrovariations in climate, resources, populaticn
densities, and customs of the people of the region.
The transect also must encompass such
microenvironmental factors as field slope or drainage.
The width of the transect will generally not be uniform
throughout its length, but it must be sufficient to
take in a whole farm. ~here farms are small, several
may have to be included at a given point along the
transect. Transects may be laid out in parallel to
cross the region, or they may cross at angles to sample
the macrovariations. Sample farms ~st te
representative and reflect the interactions among
physical, biological, social, and economic forces.
Criteria for selecting representative farms are
extremely important because intensive farmer-researcher
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interaction is necessary to achieve the benefits of the
methodology.

Proposed Phases of the Research

~e propose that research be done in four phases
which will usually but not invariably be sequential.
The first phase. the identification of target systems.
involves collecting. collating. and synthesizing.
largely from secondary sources. as much pertinent
information as possible on the natural resource ba8e
for agriculture and the current degree of exploitation
of these resources. This information should lead to
the general identification of constraints and
opportunities for betterment and the selection of
farming systems that seem worthy of study. This is
followed by "windshield" surveys of potential target
areas and the selection of transects for the second
phase.

In the second phase survey transects are conducted.
Survey transects are established so that
multidisciplinary teams can collect data on existing
farming systems. the management of farms. the custO~8

and traditions of the people. and the resource base.
The farm. including the household. is the sam~ling

unit. Survey transect studies will identify research
priorities and representative farms which will undergo
more detailed examination in phase three. Data on
household behavior and human resources on the farm
should be collected in this phase. as well as data on
the physical and biological character of the far~.

In the third ~ase. detailed transect studies by
specialists are used to evaluate important com~onents

of the farming system identified in phase two. Here
the farm field is the 8am~ling unit. Examples of a
detailed transect are a study of disease incidence or
spread in a field. or of competition between two crops
in an intercrop system. phase three will identify high
priority research needs for phase four. The number and
specificity of disciplines likely to be involved
increases during the progressicn from phase one to
phase four.

Most phase four studies can be termed "derived
research" in that problems identified have been derived
from a systematic study of the farming system and its
needs. Some phase four studies might be stimulated by
new biological or technological opportunities. but the
results of these studie8 should be suitable for ready
transfer to the farm. inasmuch as phases two and three
have characterized and analyzed the farmer and the
farmer's needs. as well as the biophysical and
socioeconomic environment of the farm itself.
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~he study tea.'s assessment of the activities,
outputs, and POtential benefits of each phaBe of this
ecological approach to farminq systems research is
presented in outline form below.

Phase One: Identifying Target Systems

Purpose: To use what is known to make better
selection of target systems and to improve research
planning.

OUtputs: Identification of (1) priority syste.s
and initial transects, (2) additional data needed, (3)
needs for information systems and capacity to gather
information, and (4) a multidisciplinary team.

Examples of activities: (1) selecting priority
production systems; (2) establishing baselines through
the use of existing information on soils, climate,
agricultural, and socioeconomic status; and (3)
conducting windshield surveys.

Follow-up: Interpretation, synthesis, and
evaluation of information. The collected information
is interpreted for use in planning farming systems
research. Such information should identify (1) ~ajor

topographical units and changes, (2) rainfall
boundaries, (3) soil boundaries, (4) probable cropping
system land units, (5) major economic factors, and (6)
ethnic boundaries and customs.

Intervention, utilization, and transfer capability_
Intervention possibilities will be small. Utilization
and transfer are likely to be restricted to information
gathered, which then will be available for wider use.
A major benefit should be an increased awareness of the
information available for a ccuntry or a region.

Phase Two: Conducting survey Transects

Purpose: To understand the farm (the field and the
household) as a unit (basically qualitatively), its
characteristics, and the elements it shares with other
systems.

Outputs: Description and characterization of
representative farms and representative systems;
identification of targets (both problems and
opportunities) for detailed study in phase three; and
state-of-the-art studies on existing practices.

Examples of activities: (1) organizing a
multidisciplinary team; (2) obtaining farm management
data on sample farms, across the major sources of
variations (macrorelief) which appear to affect the
system; (3) sampling several farms in an area to assess
variability in microrelief; and (4) collecting the
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physical, biological, social, and economic measureaen~s

needed. ,
~ollow-up: In~erpre~ation, synthesis, and

evaluation of informa~on. Some of the following
identifications should be made a~ ~he end of ~his

phase: (1) an overall picture of ~he system; (2)
apparent problems and those which appear to be ~he mos~

limiting; (3) the problems most capable of solution;
(4) the detailed transects or s~udies tha~ should be
conducted to obtain needed informa~ion; (5) the
characteristics or elemen~s shared wi~h other systems;
(6) ~he policy problems tha~ can be resolved soon; (7)
the innovative farming ~ractices that can be
transferred elsewhere; (8) changes mos~ likely tc be
compatible with existing farming systems; and (9) the
effects ~ha~ recommended policies, programs, and
projects would have on representative farms and farming
systems.

In~ervention, utilization, and ~ransfer capatili~y.

Intervention possibilities will usually be small exce~

in cases where policy issues are a major problem.
opportunities ~o ~ransfer simple, innovative farming
practices may be good. state-of-the-art publications
should assist in the transfer and adoption of such
informa~ion in other areas.

Phase Three: Conducting Detailed Transects

Purpose: TO understand ~he factors affecting the
farm where the field is the sampling uni~ for
biological, physical, economic, and social
measurements, (i.e., measuring the ada~a~ion of ~he

system to the environmen~ and assessing the pros~ects

for improvement).•
Qutputs: (1) Recommendations for high priori~y

research to solve problems, (2) recammenda~ions for
change in the system, and (3) the appropria~e tools ~o

monitor and measure changes on the farm.
Examples of activities: Detailed measurement and

analysis of (1) water management and irriga~ion use and
potential; (2) crop compe~ition and plant varie~y

interactions; (3) role and use of livestock and sources
of feed; (4) pest ecology; and (5) cus~oms, population,
labor supply, risk factors, infrastruc~ure, and
ins~itutions.

Follow-up: Interpreta~ion, synthesis, and
evalua~ion of information. Multivaria~e analysis can
be used in analyzing and interpre~ing socioeconomic as
well as biophysical data. Detailed transec~s in
farmers' fields will ~rovide a basis for measuring and
evaluating the stability of exis~ing farming systems.
Components of systems in the field, including
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measurements of ~e impact of new technology and
analysis of the different sources of risk, can te most
effectively evaluated here.

Intervention, utilization, and transfer capabili~y.

Intervention possibilities are great. Detailed
transects can be used to evaluate the dynamics and
impact of the components of a farming system. Some
intervention opportunities will be quite clear after
these studies are completed. utilization and transfer
opportunities also will be great: research identified
will be of high priority and specific to the farming
system involved.

Phase Four: Derived Research Needs

Purpoee: To conduct problem-oriented studies which:
will support improvements in existing farming systems
or suggest the components of improved systems.

outputs: (1) suggestions for system interventions;
(2) tetter-adapted plant varieties suitable for
specific systems: (3) methodology for the testing and
adaptation of new technology on the farm: (.)
recommendations regarding fertili~er, pest control,
water management, and so forth: and (5) suggestions for
innovations or new systems.

Examples of activities: (1) Conducting research on
system components: (2) developing specific technologies
for existing or improved farming systems: (3)
systematically studying major limiting physical,
biological, and socioeconomic factors: (.) identifying
and implementing institutional roles at the regional,
national, and international levels; (5) training
researchers, technicians, and farmers: (6) synthesizing
and evaluating improved farming systems: and (7)
conducting economic and social research on such
problems as functioning of irrigation systems, input
and output markets, market demand, credit, land tenure,
transportation, educational institutions, and health
institutions.

Follow-up: Interpretation, syn~he8is, and
evaluation will be (1) focused on the farmer and
system: (2) multidisciplinary; (3) action oriented; and
(4) strongly focused on the itrplementation of ideas and
the adoption of new technology, the need for which is
identified in the preceding phases.

Intervention, utilization, and transfer capability.
The intervention cpportunity is great because research
results have been focused on the farmer, and the
action-oriented research approach involves the farmer
in the system. Intervention can be monitored by
continuing the detailed transects of phase ·~ree.

Utilization and transfer will increase, especially if
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~he research is connec~ed with exis~ing soil and land
classifica~ion systems and rela~es or is adapted tc
varying socioeconomic situations.

This proposed me~hodology for s~udying faraing
sys~ems combines ~echniques from several disciplines
and draws from ~he work of other scientis~s (Blau~

1959, Harwood 1976, and P. E. Hildebrand 1976,
unpublished data, International Confederation cf
Technical Agricul~uri8~s [ICTA], Guatemala). An
example of i~s applica~ion and po~en~ial usefulness is
the millet-sorghuE farming system in the Sahel
presented in Appendix A. To give an indication of the
data useful for phase one, secondary da~a on faraing
systems, regions, and coun~ries of ~e world are
included in Appendix B.

IMPACT

Research into farming systems will provide
important inpu~s for other kinds of agricultural
development activities, such as in the design and
implementation of ex~ension, credi~, and land tenure
development prograDs. These programs must be
integrated, not only to make existing systems Dore
effective but also to assure the effec~iveness of new
sys~ems for land to be brought into cultivation and to
make the distribution of income from agriCUlture more
equitable as well as increase the aggrega~e income
derived from agricul~ural opera~ions. Much of the
informa~ion to be o~ained from ~he continuing research
process can con~ribu~e to ~he agricultural statistics
needed for short-run and long-run agricultural policy
decisions by farmers, other private decision makers,
and public agencies.

While the need for highly trained personnel ~o

conduct the farming systems research described here
should no~ be minimized, i~ is also true ~hat local
nationals will receive valuable in-service training
while assisting in each phase of the work. Because
many agricultural scientis~s today, bo~h in the United
States ar.d the developing countries, were not reared on
farms, the application of ~is methodology will hasten
their perceptions of ~he problems faced by people in
actual farming situations. In addition, phases two and
three will help tc spread the many improved practices
devised and i~plemented by better farmers t9 their
neighbors. In the United States, experiment stations
rarely have resources and inputs not available to
better farmers, but in the developing countries some
experiment stations employ techniques and resources
that will not be available to small farmers for many
years. This situation often results in the making of
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recommendations that cannot be adopted by small
farmers. Again, phases two and three of the
methodology will ensure more rapid generation of an
appropriate and applicable technology.

~hree examples of the benefits of combining a
variety of complementary practices into a farming
system are cited below. These examples involve
cropping systems; similar examples could be developed
for mixed farming systems. The first example concerns
coffee production in Puerto Rico, where the use of
improved coffee varieties increases yields 20 percent,
proper pest control increases yields ~o percent,
growing coffee in full sunlight increases yields ~o

percent, proper liming and fertilization doubles
yields, closer planting increases yields 50 percent,
and harvesting with plastic nets reduces the less of
coffee berries by 30 percent. When all these practices
are combined, yields are increased tenfold, frc~ an
average of 200 to about 2,000 kilograms per hectare
(kg/ha).

An example of the benefits of intercropping also
can be found in Puerto Rico. The creation of coffee
plantations which do not use interplanting may cost
over $5,000 per hectare over a three-year period before
the first crop is harvested. But intercropping with
plantains during the first two years and with taniers
(Xanthosoma spp.) during the third year can bring the
plantation a net profit of $3,750 per hectare before
the first coffee crop is harvested. About 40,000 kg/ha
of plantains and taniers containing 10,000 kg cf dry
matter with 6 percent protein are produced during this
period.

Furthermore, the use of selected cultivars can
increase plantain yields ~o percent, close planting can
double yields, and proper fertilization can increase
yields ~O percent. Use of a nematocide and borer
control can increase first-crop yields 30 percent and
make possible the harves~ of two ratoons without
replanting. Application of all of these practices
simultaneously can increase total yield over a three­
year period from 24,000 to 100,000 kg of fruit per
hectare. The increase in profits resulting frOK
decreased production costs together with increased
yield is much greater than might be deduced frc~ the
crop yield figures jus~ given.

A second example of the usefulness of inter-sive
mUltiple cropping is illustrated by a system developed
for small farms in El Salvador where soil, climate, and
moisture are not limiting factors and where labor is
abundant (Hildebrand, unpublished data). Corn is
planted in double rows 1.5 meters apart, and radishes
and beans are planted between rows simultaneously with
the corn. Radishes are harvested as they begin to
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compete with the teans for solar energy. The teans
attain their mature green-pod stage before teing shaded
excessively by the corn and are harvested. Cucumbers
are then planted, and the corn is doubled over fcr
drying in the field with leaves removed so that the
cucumbers receive full sunlight. The corn stalks are
tied to form a tripod which serves as support for the
cucumber vines. Before the last cucumber harvest,
cabbage is transplanted in the rows, and four weeks
later corn is again planted in double rows in the space
where the beans had grown. After the catbage is
harvested, pole beans are planted. When the corn is
harvested the corn stalks serve as supports for the
bean plants. Thus the beans are the seventh crop grown
on the same land within a one-year period.

This system is so labor-intensive that one faBily
can manage no more than one-half hectare, but the
resulting income is much more than could be obtained on
several times that amount of land by traditional
methods. Wooden plows, knapsack sprayers, and hand
tools are the only equipment used.

The third example comes from South Korea (M. Cox
1976, personal communication, University of Arizona),
where there is no longer land to feed the population
using traditional agriCUltural methods. The population
has grown from 19 million to over 31 million since
World War II, and there is no more relatively flat land
to develop. Thus it has become necessary to double­
crop as much land as possible with barley in winter and
rice in summer. Wheat was the first choice for a
winter crop because demand for i~ was high, but barley
was substituted because of its shorter maturity time.

Under the traditional system, rice and harley
interfered with each other. When it came time tc
transplant rice into the fields from seedling beds the
};arley was not quite mature. If the barley was allowed
to mature completely, the rice was planted too late and
its maturity was delayed by low temperatures in the
fall. This resulted in reduced rice yields and also
interfered with the timely planting of winter tarley.
A system had to be developed to assure annual crops of
both rice and barley.

~he problem was further complicated by the fact
that the peak labor demand in the agricultural sector
occurred at rice transplanting time. There was not
enough rural labor to fill this demand except at very
high cost because more attractive industrial jobs in
cities were drawing people from the countryside. If
efforts were made to increase the availability of farm
laborers for rice transplanting they would be largely
underutilized for the rest of the year. While it was
possible to eliminate this peak labor demand by seeding
rice directly in the soil, the transplanting by hand of
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seedlings ordinarily grown under plastic covers
advanced rice ma~uri~y by about 20 days.

If labor demands were to be reduced and two crops
per year made possible, the crop overlap time plus the
20 days lost by direct seeding would have to be
eliminated. The solution can be summarized as follows:

OPERATION

Shorter season rice
Shorter season barley
Quicker seed bed preparation (tractors)
Directly planting barley in rice

stubble without tillage

Direct seeding of rice

NET GAIN

GAINS IN DAYS

20
10

7

There were co~plica~ions in carrying out this
solution. Quicker seedbed preparation and puddling
with tractors saved time, but only on fields large
enough to use the machinery efficiently. Rice paddies
have traditionally been very small (.2 to .8 ha), and
each was hand-leveled separately so that each sKall
field might be as much as 5 to 10 c~ higher or lewer
than contiguous plots. Furthermore, many farmers owned
several widely separated plots.

In order to extend the use of machinery, a program
of paddy rearrangement was instituted to crea~e level
fields of abo~ 2 to 5 hectares. After the
rearrangement each farmer owned approximately as much
land as before, but it was all in one block. ~armers

who wound up with slightly smaller holdings were
compensated in cash, while those with slightly larger
holdings were required to pay for their new land on a
long-term basis.

Larger fields were then graded to uniform levels.
Farmers often had to work their paddy and irriga~e

together, with only small ridges demarcating the land
owned by each. Irrigation and drainage ditches were
rearranged, and this made a little ~ore land available
to be distributed among ~he farmers.

s~eding barley into rice stubble without tillage
required a simple grain drill; this measure was only
possible if the rice fields were kept weed-free withou~

cultivation.
Ey combining all these methods, a new cropping

system was developed that allows two crops per year
about 90 percent of the time at South ~oreals middle
latitudes. Farther south, the percentage is close ~o

100. Farther north, in the Seoul area (about 370
latitude), varieties of rice and harley with even
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shorter maturities were needed to achieve 90 percent
reliability. Further refinements have been made since
the original work was'complete~.

The foregoing examples illustrate that there is a
tremendous potential for improving food production and
the nutritional well-being of people by applying a
systems research approach. However. no new meth~ology

will be useful unless the social and economic climates
of a given country are open to change. ~hat is
outlined here requires a commitment of will. capital.
and patience on the part of governments to build the
necessary capabilities. institutions. and
infrastructures to accommodate change. one advantage
of the methodology is that improvements can be
initiated and tangible results demonstrated in phases
instead of delayed until a long-term conventional
research program is completed.

The testing and improvement of the methodology is a
long-term process that proceeds fro~ broad and
aggregative studies to more detailed analyses of farm
activities and from the early use of a limited number
of disciplines to the later use of a wi~e range of
relevant sciences.

To the extent that regions are reasonably
homogeneous in terms of soil. climate. and
institutions. data and observations collected in one
location can be transferred to other locations.
Consecutive phases of the research can be conducted
simultaneously in some situations. yielding results in
a short time (one to two years). The more detailed
studies will require a longer time frame (two to five
years) for completion.

IMPLEMENTATION

Even though the four phases of our ecological
appreach to research provide a valid framework fer the
improvement of farming systems. it will still be
necessary to ensure that the results of the research
will be applied through some form of "extension."
Research capabilities in the developing countries vary
greatly. but "extension" or -delivery" systems are even
more variable in quality.

Some mechanism for transmitting new research
information to farmers is needed. and this w.echanism
also should be reversible. transmitting needs and
problems at the farm and field level back to
researchers. Several important components of this
mechanism can be identified.

Once new information is developed. it must be
interpreted in light of existing situations and
practices in order to become an integral part of the
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synthesis of an improved farming system. After
synthesis the new technology must be ev~luated in the
real-life farming system. These tasks of
interpretation. synthesis. and evaluation can te
conducted by the researcher or by the researcher and
farmer working as a team. However. if the new
technology is to receive broad application it .ust be
transmitted by "technicians" or "change agents" who can
assist in its implementation by a larger number cf
farmers. Thus the final step in the adaptation of the
new technology can be termed intervention to stiaulate
change in present practices.

A diagram of the information flow system thrcugh
the four phases of the research process is illustrated
in Figure 1. There i8 connection and interaction among
the last three research phases and the processes of
intervention and utilization ty the farmer.
Information can and should flow in each direction.

Applying this methodology to a simple systea in
which there is little variation in soil and climate
over the transect and in which secondary data are
available. phases one. two. and three could be
accomplished with as little as 2 to 6 scientist-years.
In a more complex system. where a transect might cross
wide variations in topography. soils. climate. and
social customs. 20 to 30 scientist-years could easily

Assessment of impact
and need for edjustment

Intarvention

Heavy involve­
ment in
transect
analyses

II:
w
:::E
II:
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improvements and
edjustments in
the system

Ideas for trial on farms
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research priorities
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II

Utilization
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FIGURE 1 Basic operation of the ecological research approach.
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be consumed in accom~lishing phases one ~rough ~hree.

Phase four is ongoing, and its exten~ will depend not
only on ~he complexity of the problem bu~ also on the
need and resources available for i~s solu~ion.

Examples of ~he cos~, ~ime, and com~lexi~y of phase
four can be taken from universi~ies, na~ional

organizations, and international research centers whose
mission is ~o conduct agricultural research.

Public agencies and educa~ional instit~ions of a
country would be involved in all phases of ~he

methodology. The ~raining of more researchers in an
increasing number of disciplines will probably be
necessary. Whether ~is is done in a university or
government agency will depend on the ccuntry, but it
should be emphasized ~hat ~he approach is a
participatory one. In a developing country, it will
involve both foreign and local scienti~s. some
participants could come from universities in the high­
income countries, some from international research
centers, and some from local insti~utions. The
expected result would be a self-sufficient farming
systems research program in the developing country.

~he time required to implement this research
methodology will vary with a country's stage of
development. If institutions to provide basic
education must be created before igplemen~ation begins,
at least a generation (20 years) will be required
before a self-sufficient research effort comes into
existence. Where educational and research
infrastructures are already in place, the time required
will be much shorter.

If the operational mode of much "modern"
agricultural research is evalua~ed critically, it
becomes quite obvious that phases two and three are
often omitted; the researcher moves directly frow phase
one (literature review) to phase four (laboratory or
field plot experiments). Farmers are not involved in
the planning, execution, or evaluation of research done
on their behalf. This way be the harmful result of our
"modern," energy-intensive, monoculture agriCUlture.
The derived research process is expensive, and
experienced, highly trained specialists are needed at
all levels of the research and intervention prccess.

Compare this situation wi~ the one described
earlier, where modest-sized mUl~idisciplinary research
teams function in each of the four phases, an~ two of
the four phases ewploy the farmer as a partner and the
individual farm as a laboratory. Even in phase four,
where derived research is conducted, junior partners
are being trained to make the entire cycle self­
perpetua~ing and adapted to local ins~itutions.
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Appendix A

THE MILLET-SORGHUM FARMING SYSTEM IN THE SAHEL

Farming systeKs in the Sahel ap~ear to be
relatively simple land use systems that have evolved in
response to the physical environment while
acco~odating the~selves to political, cultural, and
economic constraints and opportunities. Traditional
sahelian agronomic research for the,mo8t part has not
focused on these farming systems but on specific cxops,
soils, production techniques, genetics, pest contrOl,
and related elements. Agricultural economists have
generally studied the details of markets, transport,
storage, processing inco.e, credit, and governaent
policies. sociologists have studied customs,
traditions, behavior patterns, political organization,
and related areas. Such research has resulted in a
large amount of useful information on the various
aspects of the farming systems, but it has contributed
only peripherally to the conceptualization and redesign
of farming systems themselves.

Little is known about how the Sahelian far~er,

perhaps through trial and error, has integrated the
various aspects of farming into a ~roduction syst.~~­

coordinating planting dates, harvesting dates, rainfall
patterns, labor availability, storage facilities,
transportation, and the like. Little also is known
about how the natural environment has influenced the
selection of crops and land use patterns, and few
studies have been made that show how cultural and
economic factors have im~osed restrictions or provided
opportunities for improvement. A research methodology
designed to study multifaceted farming systems in a
unified and multidisciplinary manner would not only
provide an understanding of present Sahelian farming
systems but also would indicate points where
intervention in such systems could remove constraints
or enhance opportunities. The intent here is to
indicate how an ecological approach to farming systems
research might be applied to a Sahelian millet-sorghum
production system.
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A research methodology designed to study
multifaceted farming systems in a unified and
interdependent manner must involve investigation of the
ecology of the area being studied. It must include not
only the physical environment (soil, water, topography,
climate, vegetation, and so forth) but also the
institutional artifacts that define the political,
economic, and cultural Ki1ieu in which the people live.
such a research methodology should be broad enough to
take into account the agronomic, economic, social,
cUltural, and physical factors, simple enough to be
generally understood, efficiently managed, technically
possible, and cheap enough to be economically feasible
and operationally practical. ~his ecological approach
to farming systems research requires expertise in a
variety of disciplines, and the large mass of data
involved will require the use of sophisticated
multivariate analysis techniques. A major advantage of
this approach is the increased probability that
significant answers to some production problems Kay
emerge prior to the development of the more expensive
experimental station phase.

Range and pasture ecologists have long utilized
transects as a sampling technique since they are often
confronted with highly variable mixed vegetation
occurring on different slopes and exp08ures, acr088
many soil types, and under different grazing pressures.
The transect method allows considerable accuracy in
measuring these many variables, provided the transects
are carefully laid out across a8 many variables a8
possible. In such a methodology the farmer is a
dependent variable.

PHASE ONE

~his phase is essentially a 8uperficia1 examination
of the country or region to be studied in order to gain
a general idea of the "lay of the land."

~he first step is the collection of as much
published and unpUblished material on the nature of the
study area as possible, including any existing
satellite imagery and/or aerial photographs. Low
altitude flights over the area will provide a synoptic
overview. Gross physiographic features, general
topography, farming areas, livestock areas, towns and
villages, roads, and so forth are noted. From the
above the probable production areas to be studied are
selected, and a preliminary selection is made of the
areas through which the transects might pass. In the
Sahel countries the transects should run north and
south in order to cut across the most critical
variable, the rainfall belts. The east and west
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loca~ion of ~hese DOrtb-sou~h ~ransects will depend
upon ~he da~a collec~ed.

Finally, ~e mul~idisciplinary ~eam should ~ravel

~rough ~he area proposed as a ~ransec~ si~e, observing
~e mos~ obvious cbarac~eris~icsof ~e farming areas.
The goal here is ~o gain general impressions and ~o

avoid being ctiver~ed by d~ails. If an unusual
oppo~uni~y ~o collec~ detailed da~a presen~s i~self,

however, ~e ~eam should ~ake advantage of i~.

A~ ~is poin~ ~he agricul~uris~-ecologis~should be
coll~ing da~a on: (1) ~e quantity and quality of
land available, (2) the topography, (3) general
climatic factors, (.) vegetation, (5) erosion, and (6)
livestock. The sociologist-anthropologist should be
collec~ing data on: (1) local groupings and
population, (2) tribal groupings, (3) areas of tribal
occupancy, (_) villages and towns, and (5) rural
compounds (housing). The economist should be
collecting data on: (1) local markets, (2)
transpo~ation, (3) s~orage, (4) farm size, and (5)
capital and labor availabili~y.

In general, ~he ~eam should ~y ~o determine ~he

loca~ion and boundaries of major variables ~a~ should
be taken into account when locating transects, and in
what areas detailed traneect studies may later be
concentrated. At ~is point a preliminary decision
should be made on the location of the ~ansects, based
upon what was learned in the above steps. Any or all
of these ~ansects may be moved or altered later. An
initial decision also should be made on the width of
the transects, making sure tha~ they are wide enough to
encompass whole farms. Note that these transects need
not be uniform in width, they need not run directly
no~h and so~, and they need not be straight lines.

Outputs of Phase one

The outputs of phase one should include
identifica~ion of the principal agronomic, economic,
and sociological features of the s~udy area that affec~

farming systems. They also should include
identification of ~e variables that should be s~udied

later in greater detail, as well as the establishment
of the preliminary (and possibly the permanent)
location of the transects.

PHASE TWO

This phase consists of a s~udy of the transects to
characterize the existing farming systems. The millet­
sorghum farming systems now in use in the Sahel have
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apparently evolved over long periods of time, with
information and techniques being handed down frow cne
generation of farmers to the nert. Apparently there
have been few innova~ors, or else there have been
hidden factors limiting innovation. Neither plant
spacing techniques nor thinning to reduce the nuKber of
plants per hill in order to better utilize scarce soil
moisture are used. This is difficult to explain, since
lack of moisture appears to be the principal factor
limiting production. Furthermore, these systems dc not
appear to include crop rotation which would be an
effective means of maintaining eoil fertility and
controlling weeds, insects, and plant diseases. It is
common in the Sahel countries to see millet
interplanted with cowpeas or peanuts year after year in
the same fields. ~itchweed, a parasite that greatly
reduces millet yields, is widespread, but it has little
parasitic effect on cowpeas or peanuts. The common
headworm often reduces millet yields by 50 percent, but
it too has little effect on cowpeas and peanuts. Thus
rotating millet with cowpeas or peanuts in alternate
years would interrupt pest reproduction cycles and
greatly decrease losses, while the interplanting of
these two crops perpetuates the pests of both.

Although these systems appear to be very primitive
and seriously deficient in many respects, the team
should be careful not to judge them until research is
done to discover why things are done this way.

~he mUltidisciplinary team should travel along the
transects to collect more data on them, checking both
length and direction to make sure the transects cover
most of the macrovariations, and that they are wide
enough to cover all significant microvariations.

Using one farm (or several small farws, if
necessary) as the sampling unit, the team should obtain
data on: (1) farming methods, (2) farm management, (3)
physical and biological factors, in order to identify
biological opportunities, (4) farm problems, (5)
markets and prices, (6) transportation problems and
storage facilities, (7) social systems, (8) social
conflicts, (9) labor availability and utilization, (10)
nutrition, (11) health, and (12) household practice~

and education.

OUtputs of Phase Two

The outputs of phase two should include
descriptions of the characteristics of the farming
system, descriptions of farm management methods,
descriptions of social systems, descriptions of farm
households, better definition of the transects, and
identification of targets for phase three.
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PHASE THREE

~his phase consis~s mainly of d~ailed s~udies

along ~e transects, wi~h a~temp~s to quan~ify as uany
of the fa~ors as possible, and ~o measure, or a~ least
estimate, ~e in~era~ions among agronomic technology,
economic factors, social organization, and poli~ical

policies. In ~his phase individual fields or ~arts of
fields become ~e investiga~ive uni~, al~hough in some
cases individual farms ~ay be studied in detail.

In ~he production area ~e team should concentrate
on s~udying (1) water management, (2) irrigation and
drainage, (3) salinity, (4) soil fertili~y management,
(5) plant and inse~ ~ests, (6) the role of live~cck,

and (7) farm grain and forage storage techniques.
In the economic area the team should concen~rate

on: (1) price cycles (inputs and o~putS), (2)
commercial storage facilities, (3) produ~ion co~s,

(4) farm income and profits, (5) production risks, (6)
capital availability and use, (7) labor costs, and (8)
employment.

In the social area the focus should te on: (1)
rural-urban relationships, (2) the role of women and
children in agriculture, (3) relations b~ween the
nomadic grazer and the settled farmer, (4) at~itudes

toward ou~siders, and (5) accep~ance of new technology.
Some important and definitive findings should

emerge from this phase, which should reveal whether ~he

farming systems are fully or overu~ilizing the resource
base, whether farmers' incomes are sufficient ~o

promote production incentives, whether ~he systems are
in harmony wi~ the social order, and whether each
country's institutions, laws, and policies tend to
enhance or inhibit farm ~roductivi~y. This phase
should reveal any imbalances, inequities, or
malfunctions in the socio-politico-technico-economic
systems of the countries in the Sahelian study area.
It should suggest possibilities for improvement without
further research and the logical directions of new
research. In short, this phase should define the
effects of all the incentives and disincentives that
bear on farmers, private agribusiness firms, and public
agencies.

Ou~puts of Phase ~hree

Out of phase three should come a recogni~ion of
relevant problems and a set of recommendations for
change accompanied by recommendations for research to
guide future changes. An additional output should be
an estimate of the likelihood of significant
improvement in the overall system.
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PHASE FOUR

The performance of conventional research will te
facilitated by the researchers' experiences during
phases one to three when. it is assumed. problem
identification and analysis have been practiced and.
hopefully. mastered. It is also assumed that the
experienced scientists who supervised phases one to
three were training junior partners during these
exercises. While the experienced partner will continue
to provide leadership during phase four. the junior
partner can demonstrate the abilities of observaticn
and analysis in the design. conduct. evaluation.
interpretation, and reporting of experiments and
experimental results. Targets of biological
opportunity. for example, will have been identified in
earlier phases. The result of proper and successful
attack on the targets should be improvement in the
farming system either quantitatively (yield) or
qualitatively (improved nutrition). In other words.
phase four should provide the means for continuing
improvement of the system through research on specific
problems.

In the Sahel it quickly becomes evident to the
experienced observer that the natural vegetation has
been nearly destroyed by a combination of misuse and
drought. The ecosystem was resilient enough to
tolerate either condition separately, at least fer some
years. but suffered severely when both conditions
occurred at the same time. During a 10-year period of
above-average annual rainfall prior to the drought.
rowcrop farming of millet and sorghum was extended
north into the grazing area. vegetation was
permanently removed by the combination of farming and
overgrazing. The human population increased 25
percent, and livestock numbers went up 60 percent
during this 10-year period. ~hen the drought struck.
the already heavily strained ecosystem virtually
vanished. Rowcropping retreated beyond its normal
position. Nomadic grazers then entered the abandoned
farming areas but found little or nc forage. Social
conflict between nomadic grazers and sedentary farmers
increased. Government officials spoke of
"desertification" or "desert encroachment" as though
the desert was aggressively forcing its way south. when
in reality the desert was being pulled into the vacuum
created by overuse of the resource base.

overgrazing also resulted in changes in the
botanical composition of pastures from perennial to
annual grasses, which produce more seed. This, in
turn, caused an increase in the quelea bird population.
Normally this small and prolific seed-eater feeds cn
native grass seed. but overgrazing on the annual
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grasses during the drought resulted in di~inished grass
seed crops. The birds then turned their attention to
cultivated millet and sorghum.

~hus it is clear that systems devised by means of
the procedures suggested in phases one to four should
be better adapted to this fragile zone and less
susceptible to the predictable variation in rainfall.
This means that phase four activities should be devoted
to problem-oriented research at experimental stations
and in farmers' fields aimed at solving existing
problems or improving the present system. Conventional
research can determine whether changing natural
conditions or human interventions will improve or
degrade the existing system. New or complementary
systems can be designed and tested.

Phase four research also should identify the
appropriate role of existing institutions within each
Sahelian country and region in supporting research
activities as well as providing both formal and
informal training. Depending on the adequacy of local
and regional resources, connections with international
institutions may be desirable to provide essential
assistance in research and training.

OUtputS of Phase Four

The outputs of phase four should include agroncmic,
ecologic, economic, social, institutional, and
political recommendations, the synthesis and evaluation
of improved millet-sorghum production systems, and the
conceptualization of new millet-sorghum systems.
Research organizations should investigate (1) new plant
varieties, (2) cultural practices, (3) inputs and
costs, (4) markets, (5) social impact, and (6) needed
infrastructures. Feedback mechanis~s should be
created.
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Appendix B

SECONDARY DATA ON FARMING SYS~EMS

It may be asked which farming systems should be
studied. The answer will vary according to country,
region, and problems faced. Using data obtained by the
Food and Agriculture organi%ation (FAO) of the United
Nations, Martini has shown that several types of
systems can be identified from existing worldwide data
(Tables 1 and 2). Officials in individual countries
may wish to compare one system with another.

WORLD FARMING REGICNS

~hat follows is an attempt to classify countries of
the world into farming regions. The list does not
include Europe, China, India, the U.S.S.R., Oceania, or
the United States and Canada, ~ich are considered to
be six distinct regions. NO country is listed in Kcre
than one region, although it would have been desirable
to do so.

I

North African Wheat Region
Algeria, Libya, Morocco, and ~unisia.

II

African Millet-Sorghum Region
Botswana, Cameroon, Central African Federation, Chad,
Ethiopia, Gambia, Mali, Mauritania, Niger, Nigeria,
Rwanda, senegal, somalia, Sudan, Uganda, Upper Volta,
and Zambia.
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III

Guinean z~ of Africa--Rice. Corn. Boot'. and tUbers
Congo, Da ey, Equatorial Guinea, Gabon, Ghana,
Guinea, GUinea-Bissau, Ivory Coast, Liberia,
Madagascar, Mozambique, sierra Leone, TogO, and Zaire.

IV

African Corn Region
Angola, Burundi, ~enya, Lesotho, Malawi, Namibia,
Rhodesia, South Africa, swaziland, and Tanzania.

V

Asian and Netr Eastern Whett FegiQn
Afghanistan, Cyprus, Egypt, Iran, Iraq, Israel, Jordan,
Lebanon, Mongolia, Pakistan, Syria, and Turkey.

VI

Asian Millet-sorghum FegiQp
North ~orea, saudi Arabia, Yemen Arab Republic, and
Yemen Democratic Republic.

VII

Asian Rice Region
Bangladesh, Bjutan, Brunei, Burma, Indonesia, Japan,
Khmer, Laos, Malaysia, Nepal, North Vietnam,
Philippines, Sikkim, South Korea, South Vietna~, Sri
Lanka, and Thailand.

VIII

Latin American Wheat and Livestock Region
Argentina, Chile, and Uruguay.

IX

Latin American Corn. Beans. and Foot Vegetable Region
Bolivia, Brazil, Colombia, Ecuador, Paraguay, Peru, and
Venezuela; cuba, Guadeloupe, Haiti, and Jamaica;
Belize, Costa Rica, EI Salvador, Guatemala, Honduras,
Mexico, Nicaragua, and Panama.
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x

La~in American sugar. Rice. and Livestock Regien
Dominican Republic, Fr,ench Guiana, GUyana, Mar~inique,

Puer~o Rico, surinam, and Trinidad and Tobago.
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Table 1. Characteristics of sixteen faJ:min:J regioos, 1973

FaJ:miJ¥J reqiala or ocntinent
V VII II III IV AfrlCi auopt:

Rice (000 ha) 5 776 2,513 150 3,444 404 2,716 371
Nleat (000 ha) 5,447 1,212 17 1,809 8,485 26,545 25,969 269
cmn (000 ha) 470 4,602 2,279 10,020 17,371 12,289 2,103 481
SOrghun (000 ha) 86 10,165 308 673 11,232 120 542 1,400
Mill~ha) 8 12,173 503 1,067 13,751 29 975 651
ALL (000 ha) 9,128 32,331 6,073 13,041 60,573 71,218 39,916 3,568

() R:lots am tubersc (000 ha) 82 4,857 3,499 1,906 10,344 6,712 362 210
0 Pu1sesd (000 ha) 721 7,386 744 1,996 10,847 4,517 3,030 423
0 0il!Jeedsl! (000 :l) 8 4,558 785 7,001 6,352 230 101 410

00 o:mnercial. <::rope (000 ha) 100 5,551 4,587 2,091 12,329 4,178 5,113 94- 17~9 (000 ha) 641 118 48 477 1,284 8,413 2,664 102n
14 Frui (000 t.a1s) 1,900 593 1,744 4,390 8,627 33,095 7,843 197

Population (000) 40,287 158,449 79,364 70,573 348,67.3 469,730 221,747 31,181



Arable land, land in
permanent crops (000 ha) 21,428 112,314 34,706 37,702 206,150 144,296 93,139 4,351

Penlanent neadow am
pasture (000 ha) 53,316 361,440 198,910 226,092 791,758 90,661 197,814 101,115

Forests am
woodlands (000 ha) 8,812 285,446 193,513 117,119 604,889 140,500 57,991 13,561

Irrigated land (000 ha) 740 1,125 388 947 3,200 13,703 28,387 276

axses (000) 682 2,483 12 541 3,718 6,770 4,597 34
In1keys (000) 1,527 7,026 59 652 9,264 1,646 8,789 856
cattle (000,000) 5.3 82.8 17.5 41.2 146.8 129.3 42.4 2.4
Buffalo (000,000) 0.1 3.4 3.5 0.4 2.4 0.7
Sheep (000 , 000) 30.1 55.4 6.1 42.7 134.3 125.5 246.3 6.9
Goats (000,000) . 12.8 71.3 8.8 19.6 112.5 11.7 152.9 10.8
lUONl\NT ANIMM. tmTSJ.

(000,000) 14.0 111.5 20.5 53.7 199.7 157.1 124.6 6.6

Pigs (000) 27 1,850 2,886 2,311 7,074 150,085 394 1,450
Chickens (000,000) 35.9 219.1 56.6 72.2 383.8 1,184.1 219.1 31.0

'lbtal agricultural
tractors) (000) 73.4 18.0 17.2 275.0 383.6 6,626.0 260.1 24.0



Table 1. Continued

Fanning reqiona or continent
Qrina Irrlia VII Asia USSR oceania VIII IX

Rice (000 hal 34,755 37,000 47,556 122,398 462 60 131 6,075
Nleat (000 hal 28,701 19,881 708 75,528 63,155 9,199 4,719 2,814
(bm (000 hal 10,634 6,000 7,441 26,659 4,031 81 3,877 22,828
Sorgtun (000 hal 4 17,400 100 19,446 90 710 2,416 1,514
Millet~ hal 29,804 19,000 340 50,770 2,850 40 198 290

N AIL (000 hal 120,649 101,687 56,790 322,610 120,652 13,534 13,219 34,442a.
cr
'<

~ tubers
c

(000 hal 15,585 1,116 3,975 21,248 8,017 187 291 4,019CJ (000 hal 8,823 20,625 2,217 35,118 6,083 110 222 6,851
0 Oilseedse (OOO~) 16,509 7,360 2,311 26,691 851 66 536 4,306
0

OQ ecmnercial~ (000 hal 6,320 11,814 4,210 27,551 6,551 832 917 14,876- 17 V=l.es (000 hal 300 86 1,630 4,782 2,051 136 667 761
() 14 Frui (000 ta'IS) 3,499 1,890 25,997 39,426 60 1,755 2,965 30,791

Popllatial (000) 814,276 575,380 555,949 2,198,533 249,835 20,560 38,808 258,090

L



Arable 1arrl, 1arrl in
pennanent crops (000 hal 127,000 165,680 94,323 484,493 232,431 46,807 32,511 90,617

PeJ:manent meadow am
pasture (000 hal 200,000 13,000 23,237 535,167 375,300 468,123 169,758 292,911

Forests am
\\OCldl.ands (000 hal 118,000 65,930 312,475 567,957 910,009 84,892 84,000 822,513

Irrigated larxi (000 hal 76,000 31,290 18,074 154,027 11,100 1,784 2,698 5,778

It:lrses (000) 7,000 950 1,629 14,210 7,075 585 3,880 19,243
ID1keys (000) 11,600 980 21 21,746 540 5 106 8,297
cattle (000,000) 63.3 176.9 65.0 350.0 104.0 38.7 67.9 176.4
Buffalo (000,000) 1.1 0.3 4.5 0.2
Sheep (000,000) 72.0 43.3 6.3 374.8 139.1 209.8 63.9 45.6
Goats (000,000) . 58.7 69.2 24.1 315.7 5.6 0.2 6.0 32.5
IUmWn' ANIMl\L UNITS

1

(000,000) 89.4 200.5 71.4 492.6 133.1 80.7 81.9 192.0

Pigs (000) 235,831 4,780 43,264 285,719 66,593 4,058 5,880 61,229
Chi.ckens (000,000) 1,230.3 117.7 646.4 2,244.5 671.1 37.5 55.6 554.2

'lOta1 agricultural
tractorsJ (000) 160 67 329.1 840.2 2,112 435 248.5 440.8



Table 1. Continued

F~ "fEl9i.ooa or oootinent
X Latin J\merJ.ca canada & u.s. R:lrld

Rice (000 hal 235 6,441 878 134,087
N1eat (000 hal 7,533 31,822 222,267
Cam (000 hal 31 26,736 25,513 112,680
50rghun (000 hal 3,930 5,451 40,979
Millet (000 hal 488 67,928
ALL CEREl\rsb (000 hal 266 47,927 83,921 720,435

10Jts~ tubersc (000 hal 55 4,365 686 51,559
Pulses (000 hal 64 7,137 777 64,589
0;] seedse (~) 71 4,913 23,625 62,728
Ccmnercial. (000 hal 636 16,429 6,089 73,959
17Veq~ (000 hal 8 1,436 1,243 19,345
14 Frui (000 tons) 767 34,523 19,577 137,063

PqW.atioo (000) 10,299 307,197 233,060 3,827,588

Arable land, land in
penmment crqlS (000 hal 2,234 125,362 234,820 1,474,359

Pennanent meadow am
pasture (000 hal 4,226 466,895 269,173 2,997,077

Forests am
woodlands (000 hal 39,608 946,121 735,551 3,989,919

Irrigated land (000 hal 293 8,769 16,253 208,836

Ibrses (000) 197 23,320 8,845 64,523
Dcmkeys (000) 171 8,574 4 41,779



N
a.
cr
'<

CJ
o

c£-()

~

cattle (000,000) 2.6 246.9 134.2 1,149.9
Buffalo (000,000) 8.6
Sheep (000,000) 0.3 109.8 18.3 1,111.6
Goats (000,000) . 1.0 39.5 1.6 486.8
1UUNl\Nr ANlM1\L UNITS1

(000,000) 2.8 276.7 138.2 1,478.1

Pigs (000) 1,736 68,845 66,483 648,887
Chickens (000,000) 27.5 637.3 500.9 5,659.2

Total agriGU1tural
tractorsJ (000) 17.3 706.6 5,034 16,137.4

"see Aweniix B far the ooontry makeup of the rnmilered regioos.
baesides those listed above, "All Cereals" inclmes rye, barley, oats, miJced grain, unspecified millet
and sorglun, l:1lckwheat, and mi.scell.anecus cereals.
~toes, lM!et potatoes and yans, cassava, and other starchy roots.
dory beans, dry peas, dry broad beans, chicJqleas, lentils, pigecn peas, oowpeas, vetch, 1up:iile, and other
pulses.
~ and groorxD1uts.
fseea. cotton, ooooa beans, green coffee, sugarcane, sugar beets, tea, coffee, and jute.
9Cal:XJage, tanatoes, cauliflower, squash and IUTPdns, c::uetmiJers, eggplant, chillies, green alials, dry
alials, garlic, string beans, green beans, green peas, carrots, watenle1oos, other mela1s, and grapes
(inc100ing wine grapes) •
~les, pears, peaches, p1uns, apricots, cherries, oranges, tangerines, 1.erIa1s and limes, grapefruit,
.figs, Illal¥}:leB, pineapples, and bananas.
~ttle and l:1lffalo and ooe-fifth (sheep plus goats).
JCraw1er, wheel, and garden tractors.

Soorce: FJlD (1974b).



Table 2. Relative characteristics of sixteen faJ:1ll:IDJ regions, 1973

I
Faxmi.n;z regiona or continent

II III N Africa D.!roW V VI

Rice (ha per 1,000 people) 0.1 4.9 31.7 2.1 9.9 0.9 12.2 11.9
N1eat (ha per 1,000 people) 133.4 7.6 0.2 25.6 24.3 56.6 117.1 8.6
Corn (ha per 1,000 people) 11.5 29.0 28.7 142.0 49.8 26.2 9.5 15.4
Sorghun (ha per 1,000 people) 2.1 64.2 3.9 9.7 32.2 0.3 2.4 44.9
:il~per 1,000 people) 0.2 76.8 6.3 15.1 39.4 0.1 4.4 20.9

223.5 204.0 76.5 184.8 173.7 151.6 180.0 114.4

Imts am tubersC 2.0 30.6 44.1 27.0 29.7 14.3 1.6 6.7
Pulses 17.6 46.6 9.4 28.3 31.1 9.6 13.7 13.6
Oilseedse 0.2 28.8 9.9 99.2 18.2 0.5 0.5 13.2
carmercial cropsf 2.4 35.0 57.8 29.6 35.4 8.9 23.1 3.0
Vegetablesg 15.7 0.7 0.6 6.8 3.7 17.9 12.0 3.3

Arable land, land in pennanent
crops 524.6 708.8 437.3 534.2 591.2 307.2 420.0 139.5

Permanent neadow and pasture 1,305.3 2,281.1 1,876.3 3,203.6 2,270.8 193.0 892.1 3,242.8
Forests and \«Xldl.ams 215.4 1,801.5 2,438.3 1,659.5 1,734.8 299.1 261.5 434.9
Irrigated land 18.2 7.1 4.9 13.4 9.2 29.2 128.0 8.9



~

Rmdnant animU unitJ1 (per
1,000 people) 342.8 703.7 258.3 760.9 572.7 334.4 561.9 211.7

Pigs (per 1,000 people) 0.7 11.7 36.4 32.8 20.3 319.5 1.8 46.5
Cli.ckens (per 1,000 people) 878.9 1,382.8 713.2 1,023.0 1,100.7 2,520.8 988.1 994.2

K:iJ.ograms of fruiti per
1,000 people 46,516 15,671 21,975 62,205 24,742 70,455 35,369 6,318

Itlrses (per 1,000 ha of arable
lard) 31.8 22.1 0.4 14.3 18.0 46.9 49.4 7.8

Dookeys (per 1,000 ha of arable
lard) . 71.3 62.6 1.7 17.3 44.9 11.4 89.0 196.7

TractorsJ (per 1,000 ha of
arable lard) 3.4 0.2 0.5 7.3 1.9 45.9 2.8 5.5

tUIiJer of rmdnant animU unitsh
per hectare of pennanent
neadow and pasture 0.3 0.3 0.1 0.2 0.3 1.7 0.6 0.1

Average si~ of oold.i..r¥J in
8.9 4.2 1.8 18.5 5.0 11.0 3.6hectares n.a.



Table 2. Continued

Farming rE79iona or oontinent
China In::lia VII AsJ.a USSR oceania VIII IX

Rice (ha per 1,000 people) 42.7 64.3 85.5 55.7 1.8 2.9 3.4 23.5
lileat (ha per 1,000 people) 35.2 34.6 1.3 34.4 252.8 447.4 121.6 10.9
Corn (ha per 1,000 people) 13.1 10.4 13.4 12.1 16.1 3.9 99.9 88.4
SoJ:'gtun (ha per 1,000 people) 30.2 0.2 8.8 0.4 34.5 62.3 5.9
Millet (ha per 1,000 people) 36.6 33.0 0.6 23.1 11.4 2.0 5.1 1.1
ALL CERFALS 148.2 176.7 102.2 146.7 482.9 658.3 340.6 133.4

~:r tubersC 19.1 1.9 7.2 9.7 32.1 9.1 7.5 15.6
10.8 35.8 4.0 16.0 24.4 5.4 5.7 26.6

Oilseedse 20.3 12.8 4.2 12.1 3.4 3.2 13.8 16.7
N eatmercial crops£ 7.8 20.5 7.6 12.5 26.2 40.5 23.6 57.6
a. veqetablesg 0.4 0.2 2.9 2.2 8.2 6.6 17.2 3.0cr
'<

CJ Arable larxI, larxI in peI]lBllent
0 crops 156.0 287.9 169.7 220.4 930.3 2,276.6 837.7 351.1
0 PeDnanent meaOOw arxl pasture 245.6 22.6 41.8 243.4 1,502.2 22,768.6 4,374.3 1,134.9

OQ- Forests arxl w:xxllands 144.9 114.6 562.1 258.3 3,642.4 4,129.0 2,164.0 3,186.9
() Irrigated larxI 93.3 54.4 32.5 70.1 44.4 86.8 69.5 22.4



~

lUninant animal unitJ1 (per
1,000 pt:q>le) 109.8 348.5 128.4 224.1 532.8 3,925.1 2,110.4 743.9

Pigs (per 1,000 people) 289.6 8.3 17.8 130.0 266.6 191.4 156.5 237.2
Chickens (per 1,000 pt:q>le) 1,510.9 204.6 1,162.7 1,020.9 2,686.2 1,823.9 1,432.7 2,147.3

KilograllB of fruiti per
1,000 people 4,297 3,785 46,761 17,933 240 85,360 76,402 119,303

H:lrses (per 1,000 ha of arable
land) 55.1 5.7 17.3 29.3 30.4 12.5 119.3 212.4

Donkeys (per 1,000 ha of arable
land) . 91.3 5.9 0.2 44.9 2.3 0.1 3.3 91.6

TractorsJ (per 1,000 ha of
arable lard) 1.2 0.4 3.5 1.7 9.1 9.3 7.6 4.9

Nl.mi:ler of rmrlnant animal unitJI1
per hectare of pemanent
neadow am pasture 0.4 15.4 3.1 . 0.9 0.4 0.2 0.5 0.7

A~ of holdin] in
n.8. 2.5 1.4 2.4 n.8. 1,303 104 25.0



Table 2. Conti.JnJed

F~ regiona or conti.n:mt
X latin AIrerica canada & U.S. w:>rld

Rice (ha per 1,000 people) 22.8 21.0 3.8 35.0
Nleat (ha per 1,000 people) 24.5 136.5 58.1
Corn (ha per 1,000 people) 3.0 87.0 109.5 29.4
Sorglun (ha per 1,000 people) 12.8 23.4 10.7
Millets (ha per 1,000 people) 1.6 17.8
ALL CERFALS 25.8 156.0 360.1 188.2

=r t1Jbers
c 5.3 14.2 2.9 13.5

6.2 23.2 3.3 16.9
0i1seedse 6.9 16.0 101.4 16.4
CCJrmercial crapsf 61.8 53.5 26.1 19.3
vegetab1es9 0.8 4.7 5.3 5.0

Arable lard, land in pe:DIIU'leJlt
craps 216.9 408.1 1,007.6 385.2

Permanent neadow ard pasture 410.3 1,519.9 1,154.9 783.0
Forests and~ 3,845.8 3,079.8 3,156.1 1,042.4
Irrigated lard 28.4 28.6 69.7 54.6

r-. IUninant animal unitJ1 (per\oj I

0 1,000 people) 271.9 900.7 593.0 386.2
0 Pigs (per 1,000 people 168.6 224.1 285.3 169.5

I)Q Chickens (per 1,000 people) 2,671.2 2,074.6 2,149.2 1,485.5-(')
Kilogra1'18 of fruiti per

1,000 people 74,473 112,381 84,000 35,809



lbrses (per 1,000 ha of arable
larr:i)

Dcr1keys (per 1,000 ha of arable
larr:i) .

TractorsJ (per 1,000 ha of
arable larr:i)

NI.11ber of rmdnant animal unitsh

per: hectare of peDIiUlellt
meadow am pasture

Average s~ of mldin} in
hectares

88.2

76.5

7.7

0.7

8.9

186.0

68.4

5.6

0.6

30.7

37.7

0.2

21.4

0.5

161

43.8

28.3

10.9

0.49

12.7

N
a.
cr
'<

CJ
o

c£-()

asee~ B far the c:o.mtry makeup of the rnmCered regials.
Deesides tlDse listed al::ove, "All cereals" includes rye, barley, oats, mixed grain, unspecified millet am

sorgtun, l:ucIaoIheat, and misoel1aneals cereals.
~toes, sweet potatoes and yams, cassava, and other starchy roots.
dory beans, dxy p:!aS, dry l::1I:'cad beans, chicJcpeas, lentils, pigeon peas, oowpeas, vetch, lupine, and other pUlES.
esoybeans and gramd nuts.
fseed oott.al, coCoa beans, green coffee, sugarcane, su:Jar beets, tea, coffee, and jute.
~e, tanatoes, cauliflower, squash and~, CUC\mtlers, eggplant, chillies, green a1i.a1s, dry a1i.a1s,
garlic, strin:J beans, green beans, green peas, carrots, watennel.c:cs and other mela1S, and grapes (incl\ding
wine grapes).
~ttle and Wffalo plus ooe-fifth (sheep plus goats).
J,Apples, pears, peaches, plmlS, apricots, cherries, araB}eS, tan3erines, 1em:lns am liJres, grapefruit, figs,
.1llIIn;lOeS, pineapples, and bananas.
Jcrawler, Wee!, and garden tractors.
~ fran Table 2, Production Yearbook, 1973 (FllO 1974b). 'D1e ru.milers of landless bo1d.ings were eliminated.
Data were IX't available far nearly as many countries as far the production data. PreSlIMb1y the areas of
m1d.ings shown in Table 2 include other than arable larxi, altmugh this is IX't perfectly clear. '1hJ.s the
average shown here is an overestimate of the average area of arable larxi available in each faI1llil¥J reqi.a1
and cxntinent.

Sooroe: FllO (1974b).



Profile 2

ECONOMIC ANC SOCIOINSTITUTIONAL ENVIRONMENTS
AFFECTING AGRICULTURAL PRODUC~ION

All economic activity, whether for producticn cr
consumption, is channeled in one direction or anct~er

by ~he surrounding na~ural environmen~, ~he

~echnological environmen~, ~he economic environmen~ of
prices and marke~s, and ~e socioins~itu~ional

environmen~ of fa~ily, class, and governmen~al

s~ructures. Thus in order ~o gain an unders~anding of
production and consump~ion ac~ivi~ies wi~in a given
geographical area for ~e purpose of suggesting ~ethods

~o increase ei~her produc~ion or consumption, the
followinq procedure would be adopted. Firs~, the
presen~ si~ua~ion would be described in ~erms of each
of the four environments lis~ed above. Then one would
projec~ empirically what would happen in ~he fu~ure

wi~ou~ purposeful change in any of ~e environmen~s.

(Evolu~ionary change also would be examined as part of
~e analysis.) Finally, purposeful (planned) changes
in ~he various environmen~s would be posi~ed, and ~he

effec~s of bo~h ~he "natural" evolu~ionary sys~e~ and
~he new planned sys~em on produc~ion and consuK~~icn

would be evalua~ed and ccmpared.
Profile 1 recognized ~he environmen~al

relationships and proposed a methodological procedure
for: (1) developing a description of an exis~ing

agricultural system, (2) sugges~ing purposeful changes,
(3) investiga~ing the scien~ific and technological
requiremen~s for accomplishing these purposeful
changes, (4) de~ermining the expec~ed impact of ~hese

changes, and (5) moni~oring and assessing ~e actual
effec~s of ~hese changes after ~heir adoption in
farming areas.

Most of the research profiles that follow focus
specifically on the possibilities of modifying the
natural and technological environmen~s. These profiles
are ~e current "best guesses" on ~he prospects for
productive purposeful change in individual components,
given the presen~ state of knowledge about current and
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projec~ed farming sys~ems. These research profiles in
general require extensive biological and/or physical
research in order ~o asce~ain whe~her changes are
possible. In each case, however, i~ is recognized ~ha~

in order for a physical or biological possibili~y ~o be
adopted wi~hin a given farming sys~em, and for ~his

adop~ion ~o increase ei~her agricul~ural produc~ion or
household nu~ri~ion, ~he proper combina~ion of ~he

o~her environmen~al condi~ions mus~ be presen~.

Thus for each of ~he profiles ~ha~ follows,
research is implied on ~he economic and
socioins~i~u~ionalenvironmen~s ~ha~ affect a
pa~icular farming system. This research profile
concen~ra~es on researchable issues ~ha~ arise in the
economic and socioins~i~u~ional environments.

RESEARCH PROBLEM AREAS

The Price-Marke~ Environmen~

This area of research overlaps ~ha~ of S~udy Team 6
(Food Availabili~y ~o Cor.sumers) and Study Team 7
(Rural Insti~utions, policies, and SOCial Science
Research), and is actually a subdivision of the
discussion on ~he socioins~i~u~ionalenvironment tha~

fOllows. The prices of agricultural products are
de~ermined in ~he marke~s where ~ese products are
sold, ra~her than at ~he farm. Similarly, the prices
of agricul~ural inpu~s are de~ermined in ~he marke~s

where inpu~s are sold, rather ~han a~ the farm. It is
~he socioinsti~utional environmen~ ~ha~ establishes ~he

precondi~ions wi~hin which inpu~ and ou~pu~ markets
opera~e and prices fluc~ua~e.

Ye~ scru~inizing ~he economics cf resource use in
agricul~ure is wor~while. This area of econo~ics

chiefly concerns farm and ranch managemen~, whose
problems are much be~~er unders~ood ~han the problems
of ~he socioins~itu~ionalenvironmen~. The econcmics
of resource use problems essen~ially ~ake ~e

socioinsti~u~ionalenvironmen~ as given while asking
the question: Wha~ is ~he effec~ of a given
~echnological or management s~ra~egy on economic
efficiency?

For example, in the con~ex~ of ~he succeeding
profiles on agricul~ural resources, ~ere are several
researchable ques~ions. Flrs~, for each of the
~echnological and scien~ific possibili~ies related ~o

soil, wa~er, machinery, and fertilizer, wi~hin the
con~ex~ of a given geographical area, and current
produc~ion practices and ou~pu~ and inpu~ prices one
should evalua~e:
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The net short-run economic advantage to the
representative farm decision-making unit (in most
cases the household) generated by the ado~tion of
new knowledge or technology. (Net economic
advantage includes household food consumption as
well as the sale of products to others.)
The net long-run economic advantage to the
representative farm decision-making unit stemming
from the adoption of new knowledge or technology,
assuming that farm size remains constant. That is,
will positive changes in net income continue over
the long run or be only transitory?
The implications of the adoption of new knowledge
or technology on the long-term distribution cf
labor use and labor income on representative farms.
The implications of the adoption of new knowledge
or technology on farm size in the long run.
The aggregate long-run effects on net farm income,
labor use, labor income, and farm size.

second, assuming that certain aggregative effects
will be discovered through the above studies, the
aggregative effects on various out~ut and input ~rices,

including the prices of land, water, fertilizer,
machinery, and labor should be estimated. Since input
and output price ratios are likely to change, the above
analyses will have to be revised periodically. The
advantages accruing from the adoption of new knowledge
or technology may be either more or less than
originally estimated if such changes in price ratios
occur.

All of this suggested research ultimately focuses
on improving production and consum~tion advantages at
the household level. While other economic objectives
could be suggested, improvement in food production and
human nutrition at the household level is taken to be
the ultimate objective of the World Food and Nutrition
Study.

In fact, there are economic studies which shculd be
evaluated under this same objective. For exam~le, one
research profile offered in this re~ort, "Factors that
Determine the Supply, Price, Distribution, and use of
Fertilizer," is essentially economic research, and the
ultimate question is whether the development of a
fertilizer forecasting system would help to increase
an-farm production and/or household consumption within
various geographic areas, and if so, by how much.

The Socioinstitutional Environment

This area of research is much wider than Study Team
7's "Rural Institutions, policies, and Social Science

-54-



Research" where the word "institutions" is used in a
narrower sense. As mentioned earlier, the
socioinstitutional environment sets the preconditions
that influence the econoKic environment. It is cnly
within the socioinstitutional environment that the
economic, or price-market, environment functions. All
of the answers to the economic efficiency research
questions posed earlier depend on the
socioinstitutional environment. Thus a tiological or
technological development could prove economically
advantageous in one socioinstitutional environment and
not in another, even though the natural environments
were identical. This concept suggests further areas of
research.

~hat is the socioinstitutional environment? It is
~he whole spectrum of laws, administrative and
management rules, and social customs that determine who
can do what to whom and what defenses "Whom" has
against "who" in relation to agricultural resources and
in sharing the prcducts derived from use of those
resources.

~ithin this spectrum of laws, rules, and custo~s,

we may identify the concepts of "rights and duties,"
"liberties and exposures," "security of expectations,"
"flexibility and transferability," "reversibility," and
"rigidity." Empirical documentation of these concepts
as they affect water, land, and other agricUltural
resource use, as well as how these concepts affect the
distribution of products, are the basic problems to be
studied.

Rights and Duties; Liberties and Exposures

~here are institutions that define agricultural
property rights (e.g., water rights, land tenure
rights), there are institutions that empower public
agencies to administer the laws pertaining to these
rights, and there are institutions that empower pUblic
organizations or private entities (corporations,
businesses, individual producers, or consumers) to
manage the resources themselves (extract, divert,
store, use in production or consumption, and so forth)
within the laws of property rights as administered by
the emPOWering agencies. In addition, social custom at
the household level may be as effective as formal law.

It is necessary, however, to knew more than what
the law or custom says are the rights, duties,
liberties, and exposures of the relevant parties. It
also is necessary to determine what administrative
organizations and the courts have said they are. Thus
administrative regUlations and precedents and court
decisions and precedents, in addition to legislation,
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also must be determined and incorporated into any
description of resource-related institutions.

security of Expectations

In addition to describing empirically the rights,
duties, liberties, and exposures defined by
institutions and customs, the security of expectations
felt by those affected as to the definability and
constancy of their mutually reciprocal rights, duties,
liberties, and exposures, their relations to
agricultural resources and the products derived from
these resources, and the "riskiness" with which people
view future gains from currently legal acts due to
feelings of institutional uncertainty, must be
determined. It is quite usual to encounter more doubt
about who really has power within a syste~ than a
cursory description of the system might suggest.

Flexibilities

The flexibility permitted by institutions and
customs regarding the allocation and reallocation cf
agricultural resources and products among uses and
users (i.e., the degree of transferability permitted in
resoufce use and development) also must be determined.

Reversibility

As a corollary to flexibility, one must determine
the degree to which institutions incorporate provisions
for the reversal of allocations of resources among uses
and/or users, particularly in regard tc recovering
their productivity or quality, reducing the capital
intensity of their development, or permitting persons
adversely affected by existing allocations to reattain
a previous condition of well-being. Such
reversibility, if found, will be in contrast to the
usual condition, which is that allocations are flexible
only in the direction of greater intensity~

Rigidity

One also must attempt to determine the rigidity,
meaning the degree of "evolutionary fluidity," in the
institutions themselves, that is, their susceptibility
to change in form or conduct, with particular attention
to the opportunities for and constraints on purposeful
action to generate changes within these institutions.
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categorization of agricultural resource instituticns
must be empirical. What must be determined are the
existing right-duty, liberty-exposure relations as
defined in the institutions, together with their
security, flexibility, reversibility, and rigidity.

These empirical findings should be incorporated in
analytic economic models of agricultural syste~s in
order to predict what will occur if nothing purposefUl
is done to change agricultural prices, markets, or
socioinstitutional arrangements.

The final "payoff" step is to posit an array of
practicable, purposeful changes in the
socioinstitutional environment, that is, in
institutions that supervise water, land, and related
resources, in institutions that regulate markets and
prices, and in institutions designed to increase the
knowledge of resource users.

Each of these posited changes must, in turn, be
incorporated into analytical models to determine its
probable impact on future growth and well-being in the
region. The purpose of this exercise is to provide
policymakers with an array of options when they face
the task of making choices in the light of political
realities and the people'S preferences.

A desirable addendum but one probatly beyond our
capabilities will be to assess the political
feasibility for realistic change in institutions and
practices as contained in each of our posited array of
changes. Doing so would provide an additional
dimension to our assistance to policymakers in their
onerous task of making hard choices.

IMPAC't

Two types of impact will flew from research into
the problems listed above. The first is the positive
impact measured in increased production and/or
consumption. The second, equally important, is that of
avoiding undesirable side effects (externalities) of
resource development.

Increased Production and/or Consumption

'the pervasiveness of economic and
socioinstitutional issues suggests that analysis of
pro~lems in these areas is a prerequisite to
improvements stemming from any application of new
technology in the developing countries. In other
words, virtually any new technology runs into barriers
at the household and institutional levels. These
barriers must be pushed aside if adoption of new
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technology is to occur. In fact, the technolcgical.
economic, and socioinstitutional environments are so
closely intertwined that it is quite artificial to
examine them separately. Both economic and
socioinstitutional analysis form an integral part cf
each prospective ~chanism for increasing food and
fiber production anywhere in the world.

Thus no specific monetary or index numter estimates
of impacts are made for these econo~ic and
socioinstitutional analyses. Wherever a monetary or
index number estimate of increases in production and/or
consumption is given in a technologically-oriented
investigation. the chance of that estimate being
realized is slight unless it is accompanied by economic
and socioinstitutional research. But if technological
progress can be made and combined with the elimination
of economic and socioinstitutional barriers,
nutritional improvements could be immense.

Avoiding Undesiratle Impacts

As briefly discussed earlier, economic and
socioinstitutional analyses should take place within
the context of a given geographical area, and therefore
within the farming system implied by the surrounding
natural, technological, economic, and
socioinstitutional environments. There is no such
thing as the "economics of land" or the "econo~ics of
water." Economics does not begin to have relevance
until the land or water is introduced into some
production or consumption activity in combination with
other inputs and within a socioinstitutional context.
The same is true for the other social sciences, such as
anthropology, sociology, or political science.

For example, the subgroup on land and water
suggests research on agricultural soil fertility. Such
research has no economic content until it is put into
the context of a particular farming area where the
possible benefits of that research may be evaluated
relative to its cost and the economic and social costs
that may be associated with its adoption. such costs
and tenefits may te evaluated only within the context
of alternative combinations of farming and
socioinstitutional systems.

Similarly, hydrological studies may contritute to
understanding the alternatives in the design ar.d
management of agricultural irrigation systems. But the
economist has little to say about irrigation water
until possible alternatives for the design and
management of such systems have been deter~ined within
the context of a specific agriCUltural area. Once
given alternative construction costs, economists and
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other social scientists can then examine the trade-offs
among all the economic and social ccsts and benefits.

Thus economists and other social scientists must
play a role in the effort to relieve world hunger.
Their most useful role will be to help evaluate whole
systems rather than simply the costs and benefits of a
single technological change related to a single
resource, such as land or water, within a rigidly
restrained system. In the past, economists and other
social scientists usually have restricted their work
much too narrowly. This narrow focus has contributed
greatly to the agricultural and social problems of the
United States up to the current time. Economists have
generally concentrated on issues of economic efficiency
while neglecting questions of welfare and distribution.
The latter questions are more difficult to exa~ine but
are of crucial importance in making adjustments when a
new technique is adopted.

For example, agricultural economists in the United
States have concentrated on developing techniques that
decrease the costs of production for a given level of
output or, what is the same thing, techniques that
raise output from a given level of resource use. With
reference to water, agricultural economists have
contributed toward the economically efficient
management and use of irrigation techniques. ~he

result has been increased food production for a given
set of resources, the very goal of this study. At the
same time, however, agricultural economists (and
others) have failed to study the social implications of
technological advances on the farm popUlation. ~he

unanticipated result (in the context of our free
enterprise, econoKically competitive socioinstitutional
environment) was tremendous growth in farm size, great
diminution in far~ numbers, and the movement of most of
the farm population to the cities, an outcome that
created enormous new social problems.

There is a good deal of evidence which suggests
that u.s. efforts to increase food production in the
developing countries are generally following the
pattern described above. That is, great emphasis is
being placed on research to increase the efficiency of
food production, with not enough thought being given to
the possible welfare and distributional effects on the
total economy of the nations in question. In India,
for example, some 90 percent of the total population
lives in rural areas, most of them on farms. Virtually
every analysis of the farm-food situation states that
if Indian farmers were provided with adequate economic
incentives--say, a large technological advance or a
guarantee of stable net income--they would respond as
American farmers have, and India would be on its way to
a satisfactory level of development.
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This may be so. But, after the United states ~as

totally populated (that is, after there was no more
undeveloped land on the frontier) further agricultural
improvements relied on the coercive powers of pure
economic competition in combination with econemies of
size. These developments forced marginal farmers out
of business, and their lands were absorbed by their
larger and more affluent neighbors. The fact that
these forces would inevitably lead to this result
within the context of the socioinstitutional
environment was not well understood until the early
1960s when it was far too late to reverse the process
even if the nation had wanted to.

As yet we have no real idea of what the long-run
effects of technological develepment will be in India
within its socioinstitutional environment. Will its
population b,e forced off the farms? We do not kno~,.

But if such a move does occur, it would appear to be
highly undesirable. Economic and socioinstitutional
research is desperately needed to fcresee and suggest
ways to avoid such undesirable impacts.

It is natural for u.s. economists to undertake
econemic analysis of emerging agricultural resource
problems in other nations by applying conventional
economic wisdom. In so doing these economists would
tend to presuppose (1) constant nonentropic natural
systems (entropy = zero), (2) an existing
superstructure of socio-political-economic
institutional environments (or worse, an idealized
socioinstitutional environment of perfect competition
and perfect markets for resources in situ, for
extracted resources, and for material goods and
services produced from resources), (3) the present
structure of relative preferences for resource-derived
goods and services among consumers, as revealed by
their reactions to current prices for such resource
services, (4) some projected rate of technological
change, (5) some projected rate of population growth,
and (6) an objective function to maximize a
unidimensional set of welfare goals, such as the gross
national product.

Eut if economists were to follow this conventicnal
economic analytic wisdom, they would be of little help
to policymakers in foreign nations. They would have
assumed the disappearance of the very conditions that
generated requests for analytical help, and would in
fact be adopting the implicit premise that whatever
exists is both good and right, SUbject only to
considerations about the adequacy of the knowledge
possessed and applied by resource managers, public or
private. Economists would in effect be saying to
policYmakers that all they need do is ensure that the
channels of communication are open and functioning
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adequately so that resource managers can be hel~ed to
"fine tune" their views as to the most appropriate
input-output mix of the natural resources they control,
and all would be well.

Many social scientists now recognize, however, that
most resource policy prcblems are cases in which the
resource manager does not generate the greatest
possible public benefit even though the manager may be
balancing inputs and outputs in the most productive
way. This being the case, educating resource managers
in new technologies will not solve a problem because
its source does not lie in the manager's incomplete
knowledge. The source of the problem will be found in
(1) the socioinstitutional structure that surrounds
resource decision making behavior, and (2) the public's
goals and preferences in relation to the goods,
services, and amenities that can be derived froK the
resource's use. Thus the problem shifts from the
resource manager's shortcomings in knowledge to the
inadequacies in the socioinstitutional environment and
the preferences-goals structure of the surrounding
society. The problem shifts from conventional economic
wisdom to political economy. law, and socia~

psychology.
while economists and other social scientists can be

useful in evaluating microadjustment and
microtechnological alternatives at the farm systems
level, their greatest potential is in examining the
implications and goal preferences of the
socioinstitutional environment within which the farming
systems operate. SUch study is broader than, say, land
and ~ater policy. In relation to India, for example,
social scientists might suggest that as long as the
United States and other countries have a highly
restricted immigration policy, as long as u.s.
advisers, presupposing a competitive environment,
recommend American-style agricultural develop~ent, and
as long as the Indian government attempts to negate the
effects of economic competition by supporting socialist
measures, at least some of the standard preconditions
for economic development do not hold in India. Major
advances in technical knowledge on the use of land,
water, and other agricultural resources will be -nice"
and may be adopted in some areas, but they will not
solve the overall population-food imbalance in India in
the near future. In fact, where adoption does take
place, the side effects could be so disruptive that
adoption would be seen as undesirable. This profile
proposes a way to understand the balance between
desirable and undesirable effects. The benefits of
avoiding undesirable effects could be very large.
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IMPLEMENTATION

Multidisciplinary Teams

It is recommended that the United States establish
highly skilled mUltidisciplinary teams to study and
model the systems made up of the natural,
technological, economic, and 8ocioinstitutional
environments in which agricultural development must
take place. such teams would of necessity work with
and train their disciplinary counterparts from the
areas under study. These teams would work with, and
with the approval of, the governments in question.

Modeling such systems is a demanding job. The
policy implications of such models will not always be
immediately acceptable to the decision makers, and may
never be. Or they may become acceptable over a long
period of study, through revision of policy
recommendations and interactions between analysts and
decision makers.

The cost of making significant research
contributions to the economic-socioinstitutional
environment is estimated at S3 to SS million per year
per study region. An expenditure of this magnitude can
be expected to provide significant impetus toward
desired changes. The time required for such
accomplishment is seen as two to five years per region,
with some acceleration occurring due to accumulated
experience and research results.

Preconditions for Multidisciplinary Teams

Action on the part of U.s. agencies requires the
involvement of Awerican universities. Universities
have the needed labor pool. Yet, just as the .
socioinstitutional preconditions for agricultural
development may not be present in scme of the
developing countries, the socioinstitutional
preconditions for forming highly skilled
multidisciplinary teams are not present at most
uriversities.

While increased funding is obviously implied, such
funding is not the crucial issue. The issue is the
reward system of the universities, that is, how
excellence is to be defined. Excellence currently is
widely defined in terms of disciplinary analysis, the
results of which are pUblished in the leading
disciplinary journals. Multidisciplinary work in
problem solving, on the other hand, is not always
highly regarded, and the results of such work do not
appear in the journals. Further, members of problem­
oriented type institutes (e.g., a "water center" or
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"food institute") often are not as highly recognized as
members of disciplinary departments, even when the work
of institute members clearly is useful for problem
solving. Promotion and tenure committees at the
universities are seldom impressed by mUltiple
authorship.

~hus young professors may not be working in their
own best interests if they devote themselves to
multidisciplinary research to solve problems.
Frequently, it is rational to wait until they are
promoted to a professorial positon with tenure before
undertaking multidisciplinary work. This absence of
early encouragement is present both at prestigious
privately funded universities, where promotion and
tenure policies are combined with the institute
problem, and at land-grant and other state
universities, where the above problems are compounded
by the belief that state-supported educational and
research institutions should work on state-related
problems.

~hese problems can only be solved by modification
of the preferences-goals-reward structure of the
universities. u.s. government agencies and private
foundations dealing with international agricultural
development must help convince the public that state
institutions should participate in such work, and
university employees at every level, from president to
undergraduate, must learn to recognize the value of
such work and reward such work accordingly.

Until educational and research institutions within
the United States truly believe in supporting
multidisciplinary research and solving the problems of
the developing countries, they will contribute
relatively little toward the world's need for increased
food production and better nutrition. We must change
our socioinstitutions as necessary preconditions for
effective research before we can expect the developing
countries to modify their socioinstitutions and
preferences-goals structures as necessary preconditions
for agricultural development.
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Report of Subgroup E, Study Team 4

LANe AND ~ATER



IN'I~ODUC'IION

~ater covers about 71 percent of the earth, and
land 29 percent. Slightly more than one-tenth of the
land is covered with permanent snow and ice, leaving an
ice-free surface of 13 to 14 billion hectares (J. M.
GOldberg et ale 1966, unpublished data, u.S. Geological
Survey open File ~eport; Buringh et ale 1975).

LAND

In 1967, as part of a world food study, a fairly
comprehensive attempt was ~ade to determine the extent
of potentially arable soils in the world (President's
science Advisory Committee [PSAC] 1967). The then
somewhat surprising result was that 24 percent of the
ice-free land surface was physically suitable for
cropping. This was notably higher than earlier
estirrates. Kovda (1971), a Soviet authority, states
that the proportion of the earth's land under
cultivation could be expanded relatively easily from
about 10 percent to 16 to 17 percent, and adds that "if
marshlands were drained and arid land irrigated the
percentage could be raised to 25-30 percent." In 1974,
perhaps the most comprehensive study to date was done
by a team of scientists in the Netherlands (Buringh et
ale 1975). Their conclusion was that 25 percent of the
ice-free land surface is potentially arable. In short,
as more has been learned about the soils of the world
and how to use them, estimates of potentially arable
land have moved upward.

Between 10 and 11 percent of the ice-free land
surface is now under cultivation (FAO 1974b), about 41
percent of the total available as estimated by Euringh
and associates. The potentially arable land is not
evenly distributed. There is none in the Arctic, not
much in the subarctic, and the deserts would provide
less than 10 percent even if it were assumed (quite
unrealistically) that water could be brought to all
desert areas containing Fotentially useful soils
(Orvedal and Ackerson 1972). The temperate and
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tropical regions contain the largest blocks of
potentially arable land. Unfortunately, the
distribution of this land does not ~atch the
distribution of people very well (Table 3). Asia, with
58 percent of the world's population, has only 20
percent of the world's arable land, of which 77 percent
is cultivated already. In contrast, South America,
with 5.4 percent of the world's population, has 17.5
percent of the arable land, only 13 percent of which is
now cultivated.

North and Central America and the caribbean Islands
are estimated to have 353 million hectares physically
suited for cropping that are not cropped today (Buringh
et ale 1975). (This is 126 million more hectares than
estimated in the FSAC study.) Most of this
uncultivated land is used for forestry or grazing, or a
combination of the two. While not wasted, it is used
less intensively than it could be. The saue is true of
most uncropped but potentially arable land on other
continents.

In the southeastern United states, much of the
uncropped land was at one time cleared and used for
growing cotton and corn but is now again in forest.
Yields on these "abandoned" soils were low under the
farming system common until 30 or 40 years ago, a kind
of shifting cultivation. Accelerated soil erosicn, not
limited to the Southeast, was so widespread that it was
called a national menace (Bennett and Chapline 1928).
Today many, perhaps most, of the sloping soils of the
southeast are producing wood for pulp and lumber and
forage for grazing, important but less intensive uses
than cropping. In the meantime, they are being
conserved.

~he truly huge uncropped reserves of land are in
South America and Africa, each of which has more than
500 million potentially arable hectares. Some of this,
particularly in Africa, is cropped in a system of
shifting cultivation, but most of the tiue the land is
in fcrest, brush, or savanna. The potentially arable
land in the Amazon Basin of South America and the Congo
Basin in Africa equals in aggregate area somewhat more
than one-half of the coterminous United States (Euringh
et al. 1975). These basins are sparsely populated,
with less than 3 percent of the land under cultivation.
The dominant soils are oxisols and ultisols. Eoth
classes of soils are low in fertility by temperate
regicn standards, and much remains to be learned about
how to establish sustained, high-level production on
them, but enough is known to justify optimism. Oxisols
and most ultisols will grow plants every day of the
year if water and nutrients are available. Fertilizers
and lime are needed, but knowledge about the proper
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Table 3. Potentially arable land am cultivated land, by continents

TOtal of
Unculti- culti-
vated 00t vated
poten- am~

Poten- Culti- tially tential1y 'lbta1
'Ibtal tially Culti- vated arable arable arable
area arable vated lam land land land~
(million land land (mi1lioo (million (million capitad

Continent ha) (percent) (percent) ha) ha) ha) (ha)

N:>rth Anericaa 2,4201> 25.9 11.3 273.4 353.~ 626.7 1.84

SOUth Anerica 1,780 33.5 4.4 78.3 518.0 596.3 2.81

Africa 3,030 23.5 5.2 157.5 554.5 712.0 1.85

Europe 1,050 37.9 20.2 212.1 185.8 397.9 0.60

Asia 4,390 20.2 15.6 684.8 201.9 886.7 0.39

Australia am New Zealand 860 23.2 3.9 33.5 166.0 199.5 9.97

KED 13,530 25.3 10.6 1,439.6 1,979.5 3,419.1 0.88

aIr¥:llX1es Central Anerica am the earili:lean Islands.
Onus is 312 million hectares 1aIger than the cxuparab1e figure in the u.s. study (PSl\C 1967)
am 174 millioo hectares 1aIger than the eatparabl.e figure in FNJ's Production Yearbook, 1974.

onus is 126 million hectares 1aIger than the ~le figure in the u.s. study (PSAC 1967).
daased on population data in FNJ' s Producti.oo Yearbook, 1974.

Source: Bul:'ir¥1h, et ale (1975).



kinds, amounts, and placements of these for cropping
systems, including multiple cropping, is limited.

Full use of oxisols and ultisols for food
production is also complicated by two other problems.
One is that these huge areas are sparsely populated and
lack the infrastructure that exists in the high~income

countries. The other is that these areas are thousands
of kilometers froK the densely populated regions of
southeastern Asia and western Europe.

In the 1967 PSAC study, nonarable but potentially
grazeable land was esti~ated at about 28 percent of the
ice-free land surface (PSAC 1967). About 22 percent
(FAO 1974b) is grazed now, most of it in arid and
semiarid regions, and including some that is
potentially arable. In a substantial portion of it,
forage production is far below what would be possible
with improved range management, including controlled
grazing. More information is needed, not only about
soil and range management and farming systems but also
about social and cultural systems in the little known
parts of the world where nomadic grazing has been
practiced for hundreds or thousands of years. Even if
a severalfold increase in the production of forage and
livestock was to be brought about, its effect would be
relatively small in comparison to the worldwide
production of grains and other food crops. However,
increased meat production could improve diets
substantially.

~ATER

Eetween 97 and 98 percent of the total water on the
earth is in the oceans. Only about 2.5 percent of the
total is fresh, and 97 percent of that is stored in
glaciers or as groundwater (Nace 1969). The rain and
snow that fallon the continents each year, only
106,000 km3 or .007 percent of all water, provide
almost all the precipitation used by plants. About 65
percent of the land precipitation is evaporated or
transpired, and nearly all of the remaining 35 percent
(0.0025 percent of the total) supplies the annual flow
of the rivers (Mather 1974).

Rivers are the principal source of water for
irrigation, although as much as one-third of the annual
supply of irrigation water may be supplied by
groundwater (peterson 1971). Most of the groundwater
used for irrigation is associated hydrologically with
river flow and accordingly is renewable. The amount of
nonrenewable groundwater in relatively long-term or
semipermanent storage that can be used economically for
irrigation is conjectural, in view of its depth and
frequent salinity. The total amount in storage is
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relatively large, 0.615 ~ercent of ~e global total
(Nace 1969).

Although only about 6.5 percent of the annual
precipitation on ~e land surface is actually used for
evapotranspiration to produce crops, precipitation is
highly variable both as to time and geographic
distribution. Much of the world gets too little, while
some gets too much, at least at certain times.
Damaging floods due to excessive precipitaton or
inadequate surface drainage often have ranked along
with drought as major causes of shortfalls in focd
production in China, India, Bangladesh, and Pakistan.
Precipitation and irrigation often mean too much water
in millions of hectares of soil, and artificial
underground drainage is often needed to grow acst crops
other than rice. Too little precipitation is much more
widespread than too much, but time variances in
precipitation constitute perhaps ~e most serious
threat to stable agriculture. Short-term droughts
during the growing season, as well as wide annual
fluctuations in rainfall, are the principal causes of
shortfalls in agricultural production (NRC 1976a).

Irrigation to supplement precipitation has been
critical to agriculture in much of the world for fcur
or five millenia, and has now become critical on a
global scale. The latest estimate (Buringh et al.
1975) of total land under irrigation is 201 million
hectares, or 14.3 percent of the land under
cultivation. 2 This is higher than the estimate of 11
percent made nearly a decade ago (PSAC 1967) and
indicates that irrigation continues to increase. In
the People'S Republic of China, for example, irrigated
land has been expanded (U.s. Department of Agriculture
(USDA] 1975a) and now amounts to 40 percent of the
cultivated land (Peterson 1974).

If all water resources available for irrigation
were to be used, an estimated 470 million hectares
could be irrigated (Buringh et al. 1975). This is
slightly lower than an estimate of 500 million hectares
published in 1969 (Framji and Mahajan).

~ovda (1971) estimates that in "value terms"
irrigated farming produces almost as much food as
nonirriqated farming. He further estimates that
roughly two-thirds of the irrigated land is in rice and
one-third in cotton, sugar beets, sugarcane, fruits,
and grains. Much of the irrigated rice is not in arid
areas but in subhumid and humid regions of the world,
mainly in the Indian subcontinent, Southeast Asia, and
the Far East. Double or even triple cropping is
commonplace where climate permits, although this
practice is not as widespread as will be necessary to
meet world food needs.
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Nearly everywhere irrigation is expensive, and the
return is not always high. The water in an irrigation
system does not remain under individual control, and
social institutions are generally not effective in
governing its distribution. This human factor may be
~he principal difficulty in improving the effectiveness
of irrigation. In the arid and semiarid regions, where
irrigation is used mainly to grow dryland crops, soil
deterioration due to salt accumulation is common.
Drainage to flush out excess salts usually is needed
but often not provided. One estimate is that SO tc 60
percent of the preViously nonsaline soils in the arid
zone have now become saline due to irrigation (~ovda

1971). In addition, water use efficiency in terms of
evapotranspiration compared to the amount applied or
diverted for irrigation is still low. Even in the
western United states, irrigation efficiency is only
about 40 percent (BrOwn et ale 1975). The problems
inherent in irrigation are serious, but through
research and the application of known technology the
~rospects are good that food production on irrigated
land can be increased SUbstantially.

Important as irrigation is, the management of
rainwater is no less important. About 85 percent of
the land cultivated today is dependent on rainwater.
Hence even a small but widespread i~provement in the
conservation and use of rain and snow can result in a
substantial increase in food production worldwide. In
India, where moisture conservation is poor, a
conservative estimate is that a 50 to 100 percent
increase in yield would be possible with improved
moisture conservation, fertilization, and responsive
crop varieties. ~ithout better moisture conservation,
however, fertilization and improved crop varieties will
mean only insignificant gains, or even losses. In
fact, improved moisture conservation sometimes ~akes

the difference between a crop and no crop (USDA 1966
and D. A. ~illiams 1976, personal communication, The
Ford Foundation). Moisture management on the world's
vast grazing lands, primarily by varying grazing
practices but also by changing plant species, is
important also.

Adequate water control is essential to improved
control of soil erosion, which remains a serious
problem. Substantial increases in food production are
possible from widespread application of known
technology and the development of still tetter ways to
use fully the water resources that corne as rain and
snow.
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TRANSFER OF SCIENCE AND TECHNOLOGY

~he disparity between the high-income and
developing countries in yields of cereal crops is
severalfold. The disparity between yields obtained by
researchers and innovative farmers and those shown as
national averages are even greater. This disparity
suggests that a substantial increase in food production
could be brought about if ways and means could be found
to transfer and apply relevant technology to the s~all

farms of the developing countries.
While there is no absolute assurance that

technology developed in one area will be applicable in
another, the new soil taxonomy (USDA 1975c) provides an
improved vehicle for the transfer of soil and water
management technology. Although soil scientists
developed this taxonomy for the United states, they had
much help from foreign soil scientists, and the
resulting soil classification is worldwide in scope.
It is a versatile classification that can he very
useful in the transfer of technology.

~he probability is high, for exarople, that a soil
and water management system successful on a specified
kind of soil in the Congo Basin in Africa also will
work on similarly classified soils in the Amazon Basin
of South America if farming systems permit. Full use
of the soil taxoncmy will require classification of
soils in both the source-information localities and the
target-application areas. This will entail soil
surveys, at least in the target areas.

~he fact that yields have been increasing worldwide
in the last decade or two shows that improvement is
possible, but the increases (in terms of kilograms per
hectare) generally have been greater in the high-income
countries, indicating that technology transfer has been
slower in the developing countries. speeding this
transfer to the millions of s~all farms in South and
Southeast Asia, where additional arable hectares are
scarce, could have a tremendous short-run impact.

YIELDS

For centuries grain yields in western Europe were
low, about 800 kg/ha (DeWit 1968). Today the average
grain yield in the Netherlands exceeds 5 tons/ha, and
in several other west European countries it exceeds 4
tons/ha (FAO 1974b). Research discoveries and
innovative farming, along with compatible social and
economic conditions, have made this phenomenal increase
possible. As long ago as the early 1950s in India,
paddy yields of 1S to 17 tons/ha were obtained in
production contests (Simonson 1955)i today the average
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paddy yields are cnly 1.6 ~o 1.7 tons~ha (FAO 1974b).
Rice production of 26 tons~a has been ottained ty
means of experimental triple cropping in the
Philippines (Devries et al. 1967, ci~ed by Buringh et
al. 1975). Yet that country's average is only atout
1.6 ~ons~ha (FAO 1974b). In much of the world,
particularly in ~he developing countries where yields
are low, the pros~ects for improvement are high if
optimum combinations of in~eracting inputs can be
discovered and adjusted to the kinds of soils
available.

MAXIMUM POSSIBLE PRODUCTION

Buringh, et al. (1975) com~uted the "absolu~e

maximum food production" capacity of the world assuming
full use of all soil and water resources, including all
possible irrigation, and also assuming full use of
modern production technology, including adequate
fertilization and improved and responsive plant
varieties. The researchers took into account
constraints imposed by climate and permanentiy
unfavorable soil characteristics. According to their
computation, " ••• the absolute maximum production
expressed in grain equivalents of a standard cereal
crop••• is almost 40 times the present crop production."

Some may find this tigure unrealistically high,
particularly in view of the implicit assumption that
all inputs--including fertilizers; seeds of im~roved

and adapted crop varieties; pesticides; aachinery and
fuel for timely plowing, planting, and harvesting; and
irrigation water--would be available in adequate
amounts at the right tiae wherever needed. The
estimate illustrates, however, that food production
will continue to be hampered more by shortages of cther
needed inputs than of soil and water resources, and by
persistent traditions, social customs, unfavorable
economic conditions, and inadequate institutions. To
bring about substantial increases in food production
will be neither easy nor instant, but globally, at
least, the soil and water resources needed to
accomplish the ~ask exist.
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Profile 1

SOIL AND ~TER MANAGEMENT SYSTEMS FOR
THE TROPICAL OXISOLS AND ULTISOLS

~he world is currently using about 40 percent of
its po~entially arable land resources. It has been
estimated (Buringh et al. 1975) that 1.4 billion of a
total 3.4 billion hectares of potential agricultural
land in the world are being cultivated at present, and
~ha~ 201 million of a total 470 a-illion hectares of
irrigable agricultural land are currently irrigated.
From the standpoint of land and water utilization there
are two main strategies for increasing world food
production: increasing yields through more intensive
use of land already under cultivation, and increasing
the total amount of cultivated area in the world. A
priori judgments about the value of either strategy as
compared to the other ignore important geographic and
demographic considerations. This profile focuses on
the prospects for increasing world food production by
expanding the cultivated area in regions with the
greatest potential; other profiles emphasize ways to
increase the productivity of land already in use.

The largest proportion (about 40 percent) of the 2
billion hectares of potentially arable but virtually
unused land in the world lies in the vast tropical
forest and savanna areas that have acid, highly
weathered soils classified as oxiso1s and ultisols
(Kellogg and Orvedal 1969). These regions comprise
approximately 1,660 million hectares, of which 822
million are potentially arable (Table 4). The largest
contiguous regions are in the interior of South America
and in Africa, with srea1ler but important areas in
Indonesia and Malaysia. Most of the remaining
potentially arable land lies in northern portions of
North America and Asia which have severe te~perature

limitations.
~he bulk of these oxiso1s and u1tisols are in their

natural state or are devoted to shifting cultivation
and extensive cattle grazing. The climate in the
tropical forest and savanna areas is ideal for year-
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Table 4. AppraxinBte extension of ultisols and axisols in the
tzepics (million hectares) *

POten=Dry
Soil season Trcpica1 Trcpica1 Total tially
order (m:nths) America Africa Asia area arable

Oxisols <3 390 380 0 770 460

3-6 170 170 0 340 190

Ultisols c:::: 165 75 190 430 122

3-6 35 25 60 120 50

'1UI1U. 760 650 250 1,660 822

*ca1culated fran a "Soils of the WJrld" nap (1972) and Orvedal and
Ackerson (1972).

round crop produc~ion since there are virtually no
~emperature limita~ior-s; about 70 percent of these
areas have high annual rainfall with no prolonged dry
season, while the remaining 30 percent have a 3- ~o 6­
month dry season (Table 4).

Many of these soils have excellen~ physical
proper~ies with gentle topography sui~able for
intensive crop produc~ion. Although these areas lack a
well-developed social and economic infrastructure, ~he

main reason these favorable lands are no~ being
cul~ivated extensively is the general lack of native
soil fertility. The luxuriant vege~a~ion of oxisols
and ultisols in tropical forests and savannas is
decep~ive, since ~here is a ~ight nutrient cycle
be~ween vegetation and soil. When these areas are
cleared fertili~y declines rapidly and weed control
becomes difficul~ (Nye and Greenland 1960). FarKers
withou~ access ~o fertilizers or manures normally shift
to o~her areas.

The ~erms "low soil fertility" and "low base sta~us

soils" encompass a general deficiency of several D1acro­
and micronu~rients, low ca~ion exchange capaci~y of the
clay fraction, high soil acidity, aluminum or manganese
toxicity, and, in many loamy or clayey textured
topsoils, high phosphorus fixa~ion capacity. pecple
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have traditionally settled first around soils with high
native fertility. To a large extent, populaticn
density and high base status soils are still highly
correlated except in arid regions, where water is the
main limiting factor (Sanchez and Buol 1975).

~he tropics do not have a monopoly on low base
status soils. Large areas of very similar u1tiso1s are
found throughout the southeastern United states and
southeastern China, where they are now under intensive
crop production. These regions were first settled
where pockets of high base status soils existed. When
popUlation pressures increased, the low base status
soils were made productive through the intensive use of
fertilizers and aKendments. This approach,
unfortunately, is not directly transferable to Kost
tropical regions because of a totally different
economic and social environment and recent increases in
the prices of fertilizer and related inputs. The basic
principles for improving low base status soils are the
same anywhere, but appropriate technology suitable to
different environments needs to be developed (see
Profile 1, Subgroup A).

~he conquest of the tropical low base status
oxisols and u1tisols has been attempted for decades.
Following a classic example of failure in the attempt
to transplant temperate region high-energy technology
to what is now zaire in the 1930s (Jurion and Henry
1969), progress generally has been limited to small
areas with arople capital available for export crops, of
which Hawaii and the state of Sao Paulo in Brazil are
perhaps the best examples. systematic research aiaed
at developing realistic soil management practices for
food crop production on tropical ultisols and oxiso1s
is underway in a number of tropical countries and is
supported by both U.S. and international organizations.
Where population densities are low, national
governments have not felt an immediate need to develop
their "empty" lands, but the need to put them into
production is rapidly approaching. Programs to
disperse popUlations into ultisol and oxisol regions
without a sound agronomic base predictably fail. Major
commitments are now being made for rapid agricultural
development in these areas. Research and development
on the most appropriate ways to manage these tropical
soils is a prerequisite for the success of these
efforts.

~he emphasis here on acid, low base status seils
should not be taken to imply that the management of
relatively fertile, high base status tropical soils is
unimportant. That subject is addressed in most of the
other profiles of this study team. Much more is known
about high base status soils than about the oxiso1s and
ultisols. For example, dark colored, heavy clay
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vertisols are important in many regions and cause
severe problems due to their tendency to shrink or
swell under variable moisture~ Dudal (1965) summarized
these problems and their solutions: what is needed, to
a large extent, is the application of known technology.

RESEARCH NEEDS

!n order to put the vast areas of oxisols and
ultisols into full agricultural production, the
following research and development activities should be
carried out. This research should be conducted at
representative sites so that the results will have
utility over the widest possible area. The following
components must be included in a proper time sequence.

Survey of Possible Impact Areas

Available information on soils, climate, water
resources, and present cultivation practices must be
compiled. soil surveys should identify the suitability
of soils for crop production, pasture, or forest. In
essence, the identification of potentially arable land
is done at the microlevel. Determining local
variability is extremely important because potentially
irrigable areas and areas with high base status soils
exist and can be utilized more intensively with the
technology already available. Soils with very limited
potential, on the other hand, should remain under
forest or savanna. ~ise evaluation of soil and water
resources will prevent ecological catastrophies and
guarantee a positive rather than a negative
environmental impact. Although forest areas have been
described by the «-edia as the "lungs of the world," it
should be remembered that a hectare of productive
cropland produces as much oxygen as a hectare of
tropical forest (H. Leith 1915, personal co~munication,

Department of Botany, University of North Carolina,
Chapel Hill).

Soils must be classified according to the newly
developed soil taxonomy and interpreted according to
various technical classification systems in order to
allow the extrapolation of research results to a large
area (see Profile 4). Research stations aust be
located on soils that represent the range of local
variability, usually along a topographical or drainage
gradient. These rather obvious principles are
emphasized here because the majority of field stations
are established without such preliminary studies. As a
result, they frequently are placed at unrepresentative
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locations where research produces results with limited
extrapolation value.

Land Clearing and Preparation

7he method used to clear forested areas is one of
the most critical parameters affecting the productivity
of new agricultural projects. Experiences in the
Amazon jungle of Peru (Seubert et ale 1977) and in
Africa (R. Lal 1976, personal communication,
International Institute for Tropical Agriculture,
Ibadan, Nigeria) show that mechanized land clearing
methods often accelerate the decline of fertility and
the deterioration of the physical properties of land,
particularly in forested areas. I~proper land clearing
methods are considered by knowledgable persons to be
probably the single most important reason for the
failure of large-scale settlements. The dissemination
of knowledge on proper land clearing is needed tc
assure that proper use is made of the ash that remains
after trees have been burned. This ash is a valuable
source of fertilizer and lime. Dissemination of such
knowledge also is necessary to ensure that soil erosion
problems are not created in areas with frequent
rainstorms.

Correction of soil Fertility

After the first one cr two crops in tropical
forested areas, and immediately in savanna regions,
severe fertility limitations are encountered that
should be corrected in an economical fashion. The
principal research problems are outlined below.

soil Acidity and Liming

Aluminum and manganese toxicity is a common problem
of ultisols and oxisols. Although the basic che~istry

of soil acidity is well established, much needs to be
learned about its application in tropical ultisol and
oxisol areas (Pearson 1975). The residual effects of
lime are believed to last for several years, but the
exact duration is known in very few areas. Deep lime
application (down to 30 cm) has proven extre.ely
beneficial in the oxisols of Brazil, where the subsoil
is so acid that root development is restricted and
plants suffer fro. water stress during the teK~crary

droughts which co.monly occur in the rainy season, even
though the subsoil has ample available moisture (North
Carolina state University 1973:14-23). More efficient
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ways to use lime should be fUlly developed and coupled
with the use of plant varieties more tolerant cf scil
acidity.

Phosphorus Deficiency and Fixation

Most loamy or clayey ultisols and oxisols have a
high capacity to "fix" phosphorus into slowly available
forms. Phosphorus is almost universally deficient in
these areas, but adding phosphorus fertilizers aay not
be economically feasible because of the large amounts
needed. OVercoming this problem under present energy
constraints involves the following strategies (Sanchez
and Uehara 1977): (1) improve the efficiency of
phosphorus fertilization through better placement
methods and the use of cheaper, low solUbility rock
phosphates; (2) decrease the soil's capacity to fix
phosphorus through liming and silicate applicaticns;
and (3) develop crop varieties tolerant of phosphorus
stress and maximize the utilization of mycorrhiza or
micrcbia1 populations that increase phosphorus
absorption by plant roots (see Profiles 5 and 6).
Field studies also are needed to evaluate the long-term
residual effect of phosphorus applications.

correcting Other Nutrient Deficiencies

Most tropical oxiso1s and u1tiso1s are also
deficient in other nutrients essential for plant
growth. These include nitrogen, potassium, calciua,
magnesium, SUlfur, zinc, iron, boron, copper, and
molybdenum. Nutrient deficiencies must be identified
by rapid, inexpensive, and accurate soil and plant
analysis so that deficiencies can be corrected at
economically optimum rates. The capacity of soil to
supply nutrients is not static; after land is cleared,
nutrient capacity changes with time until a new
equilibrium is reached. Fertilizer requirements,
therefore, vary during the first few crucial years.
The use of leguminous crops to provide nitrogen
fixation must be a part of the program (see Profile 6).
Although the basic principles of soil fertility are
well established, the application of such knowledge to
ultisol and oxisol regions from a systematic viewpoint
needs to be strengthened (see Profile 2, Subgroup C).

Maintenance of soil Physical Properties

After new lands are cleared the soil is exposed for
the first time to increased temperatures and the direct
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impact of rainstorms. These factors make newly cleared
land susceptible to compaction and erosion. This is
particularly important in forested ultisols with a
sandy topsoil texture, but it is also importan~ in ~he

well-s~ructured oxisols. A large portion of ~he

Piedmont region of the southeas~ern Uni~ed Sta~es

became unsuitable for agricul~ure when ul~isols were
cleared and severe soil erosicn occurred. Technolcgy
for preventing ~he de~erioration of the soills physical
proper~ies needs ~o be developed for specific
environments. Low-energy technologies based on zero
tillage, mulching, and mUltiple cropping appear to be
promising (Lal 1975). Short-term fallows with
leguminous crops also should be included.

Many well-structured oxisols have a low water­
holding capaci~y due to the strong aggregation of clay
particles, which are cemented by ircn and aluminum
oxides (Wolf 1975). Such practices as mulching and
deep liming are needed to overcome this problem.
Practices aimed at conserving the physical properties
of soil also are likely to improve certain chemical
properties.

Developmen~ of Suitable cropping Systems

Long-term studies are needed to establish the wost
productive cropping systems for newly cleared ultisols
and oxisols and for different levels of capital
investment and farm size. The best combination of food
crops with or without pastures and/or fruit crops
and/or forest needs to be established at the local
level. These studies also should devote at~ention to
intercropping and other forms of multiple cropping (see
Profile 5). The use of crop species and varieties
tolerant of soil-related stresses, such as aluminu~

toxicity, should play an important role (see Profile
5). Many important tropical crops, including wost root
crops and plantains, are poorly understood in terms of
their fertility and moisture requirements, which need
to be established. The question of long-~erm crop
rotation also needs investigation. Continuous food
crop production may not be as adVisable as the use of
short-term fallow periods to improve the soil. Fallow
land, in some cases, can be used for grazing animals.

Reduction to Practice

After research has established adequate soil and
water management sys~ems, the inforwation should be
utilized on a wider scale in development projects,
whether pUblic or private. Close contact between
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research and development is needed in order for them to
operate as a logical continuum.

IMPAC~

On ~orld Food Production

A successful, tropics-wide research and development
program would make it possible to increase the world's
cultivated area by 50 percent. The probability of
success in soil and water research is high. Ultisols
are extensive and well managed in the southeastern
United States, and oxisols are extensive and well
managed in Hawaii. Because of year-round production
possibilities in the tropics, increases in world fcod
production are likely to be substantially higher than
the increase in area, perhaps on the order of 70 to 100
percent. Because of the vast areas involved and the
need for parallel infrastructure develop~ent, the
proposed research is a necessary but not a sufficient
condition to achieve these increases in cultivated area
and food production. The management of these tropical
soils, however, is one of the least understood aspects
of the food-population i~balance. and the success of
research in this area is a key assumption in long-term
~sti~ates of the world's ability to feed itself (Kahn
et ale 1976:123-124).

~he potential for major increases in food
production in these oxisol and ultisol areas within the
physical, economic, and social constraints of the
tropical environment has been demonstrated in several
areas. ongoing research in the jungle areas of Peru
(North Carolina State University 1974:27-41) and
Nigeria (International Institute for Tropical
Agriculture 1974) shows that two or three grain crops
can be harvested every year from these soils if they
are well managed, with each crop yielding about 80
percent as much as in the United States. With two or
three crops a year these lands may produce about 150 to
200 percent as much grain as temperate regions, where
only one crop can be grown each year. Si~ilar

indications of the potential productivity of the
savanna oxisol areas have been documented in Colomtia
(Paladines 1975) and Brazil (Anonymous 1975b). Due to
the severe dry season in most savanna areas, however,
no more than one crop a year can be expected without
irrigation. A great potential for increasing teef
production in these areas also exists, despite the long
dry season (Paladines 1975).
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Timing and Geographical Implications

Because of the vast areas involved, the full i~pact

of the proposed research is expected to co~e after
1985. However, there are certain tropical forests and
savanna regions which are rapidly being developed where
a pre-1985 impact is ex~ected. The time scale of such
a development is envisioned as follows:

Short Run (0 to 15 Years)

The most immediate impact is likely to occur in
parts of south America where the agricultural frontier
has ~oved to the oxisol and ultisol areas. The cpening
of new highways in the South American interior has
resulted in a significant migration of people away from
the densely populated Andean valleys and northeast
Brazil. The governments of Brazil, Peru, Colombia, and
Venezuela have made major commitments to occupying and
developing their savanna and jungle regions and to
developing the necessary physical and economic
infrastructure. Brazil is currently committed to
opening 3 million hectares of its cerrado (oxisol
savannas) by 1979 and 50 million hectares by the end of
the century (Anonymous 1975b). peru, which has no
cerrado, is committed to developing 2 million hectares
of its Amazon jungle for crop production in order to
feed its expected 1990 population. similar short-run
efforts are expected in other regions. FAa esti~ates

that developing countries can expect to increase their
cultivated land from 737 million hectares in 1970 to
890 million hectares in 1985, an average increase of
about 10 million hectares per year (FAa 1974a). Mcst
of this increase is expected to take place in oxiscl
and ultisol areas of Africa and South America. FAa
also assumes that 75 percent of these areas will be
occupied spontaneously and 25 percent through organized
settlements sponsored mostly by governments. Much of
this rapid development will take place without the
benefit of solid information on how to manage these
soils profitably for continuous agricultural
production. This problem is likely to be particularly
acute along neWly opened roads in jungle areas. After
the native soil fertility is exhausted during the first
few years, settlers will return to their crowded
hometowns, often leaving severe ecological da~age

behind. The question is not whether these areas should
be settled, since they will be in any case. The issue
is how to provide the proper technology so that
settlements remain productive and the environ~ent is
not damaged.
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Long Run (Post-1985)

In the years after 1985 the agricultural frontier
will continue to advance into other oxisol and u1tisol
areas of Africa, Southeast Asia, and tropical South
America. The previously cited FAO study suggests that
the rate of opening new arable land after 1985 will be
higher than the present rate of 10 million hectares per
year. The problems discussed in the previous paragra~h

also will apply to areas opened up after 1985. ~he

pressure to increase food production will be greater at
that time, however, as the rate of increase in cro~

yields from high base status soils begins to level off
fol1cwing the achievement of major research
breakthroughs in the fertile areas.

Other Im~acts

The conquest of the low base status soils cf the
tropical forests and savannas is likely to result in
population shifts similar to those that followed the
opening of the u.s. West about a century ago. While
the ~ain centers of population are likely to remain
where they are (on the coast or in mountain areas of
the tropics), pioneering families will migrate to the
more isolated areas, relieving some of the pressures in
older population centers and creating new ones as well.
For example, the city of Brasilia, located in the heart
of the oxiso1 savannas, already has a metropolitan
population of 1 million although it is only 18 years
old. Whether the newly opened rural areas are occupied
by large or small farming operations will depend on the
dominant social ideology of the countries involved.
There is room for both approaches. In any event, these
sparsely settled areas will be net exporters of food to
crowded urban centers of their own countries and to
other nations as well.

Research on the management of tropical ultiso1s and
oxiso1s is also likely to have a beneficial effect on
u.s. agriculture. Ultisols are the dominant soils of
the United States from New Jersey southward through
Texas. Oxisols are present only in small areas of
Hawaii and Puerto Rico, but many oxidic soils in the
Piedmont region of the southeastern United states have
similar management problems. In the past most of the
transfer of knowledge have been from the temperate
regions to the tropics. Implementation of the pro~osed

research in the tropics should result in feedback
applicable to the "red" soils of the United States,
particularly in the development of energy~saving

management systems.
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IMPLEMENTATION

A number of u.s. and U.s.-supported institutions
are deeply involved in the development of the ultisol
and oxisol regions in cooperation with foreign
governments. These include North Carolina state
University, Cornell University, the International
Institute for Tropical Agriculture (IITA) in Africa,
and the Centro Internacional de Agricultura Tropical
(CIAT) in Latin America. FAO is increasingly i~volved

in agricultural research around the world, and the
Institut de Recherches Agronomiques Tropicales et de
Cultures Vivrieres (IRA~), the French agronomic
research organization, conducts research on
agricultural objectives in francophone African
countries. Because of the site-specificity of this
research, no single location can produce all the
necessary information, and major regional centers need
to be developed. The IITA facility at Ibadan serves
this purpose well for West Africa, but research centers
for the jungles and the savannas of Central Africa also
are needed. Similarly, a major center for the Amazon
jungle is needed urgently, while the Cerrado Research
center of the Empresa Brasileira de pesquisa
Agropecuaria (EMBRAPA) in Brasilia can serve as the
regional center for the South American savannas. Even
more important than these regional centers is the
establishment of a dyna~ic, well-coordinated, trcpics­
wide network of field stations to develop specific
practices for specific environments.

~he annual cost of developing new regional centers
for the A~azon, the Central African jungles, and the
central African savannas, as well as strengthening the
existing centers in Africa and Latin America and
developing a cooperative field station network, is
likely to amount to $30 to $40 million per year for an
initial three-year period, followed by an estimated
annual operating cost of $15 million.

Development projects financed by the private sector
are in operation in the Amazon of Brazil and other
areas and are generally needed and encouraged. Massive
government-sponsored colonization programs also are in
operation. The estimated costs will vary with the
number and size of these projects.

-84-



Profile 2

SOIL AN£ WATER MANAGEMENT PRACTICES
FOR MULTIPLE CROPPING SYSTEMS

Most of the scientific knowledge acout soil-~lant­

water relationshi~s is tased on crops grown in single
stands, usually once a year, in temperate countries.
For centuries, however, farmers in the tropics have
taken advantage of adequate year-round temperatures and
sunlight to grow not one cut several crops a year when
water is availacle.

MUltiple cropping can be defined as growing two or
more crops on the same field during one year. Its
various forms can ce divided into two main categories:
sequential cropping, where two or more crops are grown
one after the other in the same field during one year;
and intercropping, where two or more crops are grown
simultaneously in the same field (Andrews and ~assam

1976).
Growing a variety of crops in a seemingly random

arrangement has long ceen scorned cy many agricultural
scientists as primitive and disorderly, notwithstanding
sucstantial evidence to the contrary, and it was not
until Bradfield did pioneering scientific work at the
International Rice Research Institute (IRRI) that
international attention was attracted to multiple
cropping. Most scientists now agree that multi~le

cropping practices are scientifically sound and usually
result in higher production per unit area than
monoculture. Yields from intercropping normally range
from 20 to ~O percent higher per hectare (Andrews and
~assam 1976).

Agronomists and social scientists also have
discovered that the vast majority of food consu~ed in
the developing countries is produced on small farms
using a wide variety of complex multiple cropping
systems. About 70 percent of the food consumed in
Colombia and Central America, for example, is ~roduced

on small farms (Pinchinat et ale 1976). The aggregate
importance of small farming systems in the tropics is
enorwous. In tropical Asia 75 percent of the farms are
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smaller ~han 2 hec~ares (Harwood and Price 1976).
A1~hough many are devo~ed ~o paddy rice monocul~ure, a
large number also produce several crops in multi~le

cropping sys~ems. In cen~ral America 69 percent of all
farms are smaller than 5 hectares (Pinchina~ et ale
1976). FAOIS 1973 Production Ye,rbogk (197~b) repo~s

d,~a indicating tha~ ~he average farm size in 20
~ropical African countries was 5.~ hectares.

The demand for increased production also has
resul~ed in ~he extension of sequential mUl~iple

crop~ing practices ~o parts of ~he Oni~ed states, where
~wo crops per year are now harves~ed on land ~ha~

previously produced one crop. Approximately 25 ~ercen~

of ~he soybeans produced in North Carolina during 1975,
for example, were double cropped wi~ wheat (J. A.
Phillips 1976, personal communica~ion, Nor~ Carclina
Agricul~ural Ex~ension Service).

In 1975, ~he American society of Agronomy sponsored
a symposium a~ which worldwide knowledge of ~he ongoing
prac~ices, basic principles, and research needs of
multiple cropping was presen~ed by an in~erdisciplinary

group. This symposium showed ~ha~ one of ~he ~a1n

obs~acles ~o increased food crop production is
inadequa~e knowledge of soil-plant-wa~er relationships
where ~wo or more crops are growing simul~aneously in
the same field.

RESEARCH NEECS

Fundamen~al Aspec~s

Mo~ of ~he principles of plant competition have
been developed ~hrough experiments wi~h varieties of
~he same species or through experiments using both
grass and legume pas~ure species. HOW do combinations
such as corn and ceans interact when planted toge~herl

No~wi~hs~anding some valuable experimen~s, agronomis~s

simply do no~ know. Fundamen~al research on in~ercrop

and intracrop competition is needed in order ~o

understand how two interacting crop canopies u~ilize

available solar radiation, how ~wo interac~ing roo~

sys~ems absorb wa~er and nu~rients fro~ the soil, how
~he presence of the roo~ of one species affec~s the
grow~h and func~ioning of another, and whe~her the
differen~ roo~ systems in~ermingle or tap different
soil depths. While some in~ercropping systems are
known to be pest suppressant, the mechanisms involved
also need to be understood. Intercropping leguainous
crops with cereals or root crops is commonly practiced.
What is the fate of biologically fixed nitrogen under
these conditions?
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Logically, existing intercropping systems should be
studied first in order to find out how they work. The
basic understanding developed from such studies would,
it is hoped, provide the knowledge needed to improve
these systems and develop new ones.

Nutrient Requirements for Xntercropped Systems

Preliminary work in Trinidad (Dalal 1974) and the
Philippines (XRRX 1974b:339-342) shows that certain
interoropped mixtures take up more nutrients from the
soil than monoculture fields of the same plant
varieties. This suggests that intercropped plants may
use fertilizers more efficiently. This possibility
needs to be explored systematioally in view of the
potential for utilizing expensive fertilizer in~uts

more efficiently. The most eoonomical sources of
nutrients, as well as the most suitable rates of
application and timing and placement practices, must be
developed for the different intercropped syste~s. The
role of crop residues, slow release fertilizers, animal
manures, and biological nitrogen fixation of legumes
needs to be established. In a corn-soybean
intercropped system, for example, fertilizer nitrogen
should be added only to the oorn rows in order not to
disturb nitrogen fixation by the legume. But in order
to take advantage of this free nitrogen, the next
cereal crop should be planted in the rows previously
occupied by soybeans. studies need to be conducted on
all aspects of soil fertility, including the use of
soil amendments.

Selection of Varieties and Plant TypeS

Plant breeding traditionally has been aimed at
developing improved varieties for monoculture, but a
plant variety good for monoculture may not be the aost
efficient one for intercropping. It is already known
that the most efficient intercropped comtinations are
those that combine a tall-statured erect plant with a
short-statured plant whose leaves are horizontal.
Specific breeding objectives for intercropped systems
are needed (Francis et ale 1976a). Likewise, new
varieties adapted to the different day length,
temPerature, and moisture regimes encountered by
sequential cropping systems in the United States are
needed. What ha~~ens below the ground is not known,
although it can be speculated that an aluminu~-tolerant

plant variety will permit its roots to extend into an
acid subsoil while the accompanying plant may restrict
its rooting volume to limed topsoil (see Profile 5).
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COnsequently, well-focused programs on varietal
improvement are needed as part of the overall
interdisciplinary effort.

Water Management and soil Physical Properties

Some intercropped systems are intensively irrigated
throughout the year, but little is known about their
water requirements, such as the effect of frequency of
water application and the efficiency of water use as
compared with monocultures. Other sys~e~s are
complet~ly rainfall-dependent. The possibilities for
irrigating rainfall-dependent syste~s or for i~~roving

their drought tolerance need to be established.
In many clayey soils of the deltas and valleys of

Southeast Asia, the growing of rainfed crops after the
rainy season-flooded rice crop may result in dramatic.
increases in food production and in the nutritional
quality of the farm household diets. This practice is
known to be possible in sandy or loamy soils because
the destruction of soil structure caused by puddling
for the rice crop can be reversed rather quickly. In
heavy clay soils, particularly those with
montmorillonitic mineralogy, changes in soil structure
are slow and depend on precise water management.
Research on how to overcome this problem is needed.

~he effects of intensive intercropping on the
physical properties of soil need to be determined. In
general, protecting the soil by maintaining a crop
canopy throughout the year is likely to retard erosion,
but this needs to be quantified for specific
situations.

Pest Control

certain multiple cropping systems are considered
pest suppressant (Litsinger and Moody 1916). There is
less opportunity for weed growth when land is cropped
for a longer period of time, especially where two or
more crop canopies are present. There are fewer insect
and disease attacks in certain intercropped systems
than in their respective monocultures. The amount of
actual data on this subject, however, is restricted to
a few systems. A broad study of the conditions under
which multiple cropping favors pest control may have
major worldwide implications.

-88-



Equi~~ent Research

A common limitation to the spread of multi~le

cropping systems is shortage of labor for planting and
harvesting. Even on small farms the introduc~ion of
small specialized tractors can permit the farmer to
utilize labor more effectively. Although excellent
research on this subject is being conducted at IITA and
the International Rice Research Institute (IRRI), it
should be extended to cover other multiple cropping
systems (see Profile 2, SUbgroup D).

The main limitation to the spread of intercrop~ing

systems into capital-intensive large far~s in tew~erate

and tropical regions is the need for specialized
equipment. The genius of the agricultural engineers
who d~veloped machines to harvest grapes and tobacco
leaves should be put to use to design planting,
cultiva~ing, and harvesting equipment for intensive
multiple cropping systems. Both new designs and
adaptations of present designs are needed.

IMPACT

On Increasing Focd Production

A worldwide interdisciplinary effort to im~rove the
productivity of multiple cropping systems is likely to
have a major impact on food production in areas already
under intensive cultivation. Since multiple cropping
is still a largely unexplored scientific area, it seems
reasonable to expect major breakthroughs and widespread
adaptation of new systems within the first 1S years of
a major research effort. The preli~inary results
already obtained (Indian Agricultural Research
Institute 1972, Bradfield 1972, Papendick et ale 1976)
fully support this assum~tion. These publications show
numerous instances where annual food production was
doubled or even quadrupled with improved sequential or
intercropped systems. The wide variety of multi~le

cropping systems in different physical and social
environments makes it impossible to give a quantitative
estimate of expected increases in food production.
Although the major impact is telieved to be shcrt run,
continuing long-run improvement (post-198S) also can be
expected.

On Farmers and Consu~ers in Developing countries

The proposed research is aimed directly at
improving the yields of small farms in tropical
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countries. Farmers in these ccuntries are likely to
enjoy more stable production and more stable income
when multiple cropping systems are improved, lessening
their dependence on single crops. The proposed
research also can be expected to improve human
nutrition through the production of protein-rich and
vitamin-rich crops in addition to carbohydrate-rich
crops.

Since most of the food consumed in tropical
developing countries is produced on small farms
relatively close to urban areas, the proposed program
also should have a positive impact on these areas.
Greater and more stable food production on the far~

will result in more stable supplies and market prices
to local consumers.

On U.s. and Other Large-scale farming systems

Multiple cropping research also can be expected to
have a favorable impact in the United States, since
some of these ancient tropical practices can be adapted
to large-scale mechanized far~ing systems. Sc~e

innovative concepts tested under limited conditions
show the potential impact. In western Minnesota, for
example, strip intercropping of corn and soybeans
modified the micrcclimate in such a way that total
yield was increased by 25 percent (Radke and Hagstrom
1916). Intercropped systems of corn and soyceans in
North Carolina have produced 40 percent more yield per
hectare than crops of each grown in separate fields of
one-half hectare each (R. E. Mccollum and A. Cordero
1916, unpublished data, Soil Science Department, North
Carolina state University).

In many areas of the United States the
possibilities for further increasing monoculture yields
per hectare appear quite limited. Monoculture also has
led to specialized, capital-intensive (and sometimes
counterproductive) pest control. Multiple cropping
concepts of intensification in time and space may
spearhead the next breakthrough by providing
opportunities for better soil and water management and
decreased dependence on high-cost pesticides.

A similar potential exists for large-scale,
mechanized farming in the tropics as well as in cther
high-income countries. The absence of temperature
limitations in the former should increase the
advantages of multiple cropping even more
significantly.
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On the Environment

Improved multiple cropping systems are likely to
have a positive impact on the environment. Multiple
cropping is essentially a form of low-energy technclogy
that should make for better utilization of human and
animal labor in small farming. Better use of available
solar energy, water, and nutrients by multicanopies
above and below the ground, a different approach to
pest control, and improved soil conservation are
examples of positive environmental impacts.

IMPLEMENTATION

The site-specific nature of different systems
requires that agronomic-economic research intc ~ultiple

cropping be widely scattered in regions where such
systems are already practiced. Whereas basic work can
be done anywhere, the research is probably best done at
regional research centers in order to focus more
specifically on social, soil, and climatic constraints.
Ongoing research efforts by IRRI, IITA, and the Centro
Agronomico Tropical de Investigacion y Ensenanza
(CATIE) in Costa Rica, and at North Carolina state
University in the United States, should he
strengthened. More iwportantly, a coordinated network
of field stations throughout the tropics should he
estahlished. In ~~st cases the physical and social
infrastructure is already in place, and all that is
required is a change in research program orientation.
The estimated additional operating hudget for a
functioning mUltiple cropping network including hoth
fundamental and applied research is likely to he on the
order of $10 to $20 million a year for at least 15
years.
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Profile 3

WATER MANAGEMENT AND UTILIZATION
IN RAINFED AGRICULTURE

Much of the world's food is produced by rainfed
agriculture. Success in this type of agriculture is
highly dependent on careful water managereent.
unfortunately, rainfall is extremely variable in vast
regions of the world, including central Africa,
Southern Asia, and eastern south America, all of which
have annual rainfall variations of ~40 percent or ~ore

(Landsberg 1975). Our basic concern, however, is not
with variations in rainfall but with their effects on
crop production.

In view of their importance, grains and pulses are
probably the most logical crops for concentrated
research in water ~anagement. Small upland grains are
grown primarily on temperate and subtropical steppes,
but upland grains and pulses are increasingly being
grown as dry season crops in tropical and subtropical
wet-dry climates. Rice flourishes in tropical and
SUbtropical monsoon areas. Maize can thrive in both
temperate and ~ropical regions.

The water requirements for these crops are almost
never in phase with the water availab~e from natural
rainfall. The vagaries of precipitation are somewhat
modified by the ability of soils to store moisture, but
usually not enough. Of 3.4 billion hectares of
potentially arable land (less than half of this is now
cultivated), more than 1.6 billion hectares are in the
tropics. On three-fourths of this tropical land,
however, the productivity is limited because of
insufficient moisture all or part of the year.
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RESEARCH NEEDS

~here are two ways in which advances can be made:
(1) altering physical conditions to make more water
available to the crop and to remove excess water, and
(2) improving management of the entire crop-soi1­
weather system.

Improved Physical Conditions

~he options avai1ahle for water manage~ent include
surface and internal drainage, supplementa~ irrigation,
changes in cropping patterns, tillage, and engineering
structures as well as a host of others. Irrigation per
se ie covered in Profile " but its use as one part of
a total water management plan is discussed here.

Primary objectives are to increaee the amount of
captured precipitation (rainfall and snowmelt) and the
amount stored in the soil (Goetze 1913). Past research
has led to successful methods adapted to specific
circumstances. Both infiltration rates and scil water
storage can be enhanced by tillage practices, such as
zero or minimal till, thus reducing evaporation losses
from low intensity rains and runoff from high intensity
rains. Crop rotations, use of crop residues, land
surface modificaticns, and conservation structures have
been used effectively. Chemical amendments to increase
surface infiltration or reduce evaporation have been
tried, with but limited success (American Academy of
Arts and Sciences and Hebrew University 1915).

Soil erosion and sediment control continue to be
serious threats to increased agricultural production.
TOO often, gains made by clearing and developing new
lands are short-lived and may be counterproductive,
even in the short run. Increased summer fallow
designed to conserve moisture may increase the erosion
hazard. Despite extensive erosion control efforts in
the United States, no more than 25 percent of the
farmlands are under approved conservation practices,
and gross annual losses are estimated at an average of
8.3 tons of soil per hectare of cropped land. The
situation is even worse in developing tropical areas,
where increases in population are reSUlting in the
expansion of subsistence agriculture to steeper slopes,
shallower soils, and areas with more erratic rainfall
patterns. Under these conditions crop failures are
more frequent, and landslides may occur without good
soil conservation practices. Even if it were available
to farmers in these areas, knowledge of soil and water
conservation techniques would not be enough. Such
knowledge will be ignored unless it is associated with
profits to the farmer (pereira 1975). Thus if soil
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conservation practices are to succeed, it is essential
to develop improved cultivation practices and cropping
systems which are profitable under widely varying soil
conditions.

Water-holding capacity and depth of soil govern how
much water the soil can store for later plant use.
Thus the development or selection of cultivars having
more adventurous and deeper rooting systems is an
important research goal. Microclimatic influences on
evaporation rates, improved summer fallow techniques,
intercropping, and reduction of weed growth can all
help increase soil moisture storage.

Where and when water is not a limiting factor,
drainage often is. Both surface and subsurface
drainage technology is well advanced in the high-income
countries. Recent innovations, such as the
substitution of corrugated plastic tUbing for clay or
concrete drain tile and the use of laser-controlled
plow-in machines to replace trenchers, have
SUbstantially reduced labor requirements and unit
costs. But these innovations are not necessarily well
suited to lese-developed areas.

Many interesting concepts for concentrating and
conserving rainwater, especially on the more arid
lands, are presented in a recent publication of the
National Academy of sciences (NRC 1974b). Such
techniques as rainwater harvesting and runoff
agriculture, as well as more conventional approaches,
are discussed.

Supplemental irrigation is often possible and has
been extensively applied; however, its potential to
augment natural rainfall, even in humid areas, has been
widely neglected, ev~n though it has been particUlarly
effective in some rice-growing areas. Supplemental
irrigation may be provided by the relatively
uncontrolled spreading of water from its natural
channel during high runoff, or it may be done "ore
precisely, such as through a sprinkler system using
surface storage or groundwater.

Both fundamental and adaptive research is needed to
improve on the arsenal of tools available, to adapt
them to specific circumstances, and to learn their
usefulness beyond the area for which they were
developed.

~he need is for total water management plans
tailored to specific farming systems in the developing
countries. In Montana, for example, a few rows of tall
wheatgrass across a wheat field increase snow catch and
thus grain yields; in Minnesota two rows of maize
alternating with 16 rows of soybeans modify the
microclimate so that 25 percent more grain is
harvested; in South Carolina a subsurface system of
tubes that either removes or supplies water, as needed,
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compensates for the vagaries of rainfall. Im~rove~ents

like these raise interesting questions. Can crop
geometry in the cerrado of Brazil or the jungles of
Peru be manipulated to enhance water storage? Can the
high-cost concept develo~ed in South Carolina be
modified for use in Nigeria?

Grass backslo~e terraces with rate-controlled
drainage are extremely well adapted to the loess hills
of western Iowa; they conserve water, reduce erosion,
reduce effective landslope, and accommodate six-row
machinery conveniently. Is it ~ossible to design a
terrace system where land holdings are just a few
hectares in size and property lines run up- and
downhill?

In the eastern United States, reasonable estimates
are readily made of the expected rate of erosion due to
land, crop, and cultural factors. But these estimates
are not valid even in the western United States, not to
mention other regions. with even the best of
conservation technology, hydrologic changes and
accelerated erosion became severe when a forest was
converted to a tea plantation in Kenya (pereira 1975).

In short, there is a wide array of practices that
have proven useful under certain circumstances. Some
of these can be transferred confidently to other
regions, while others can be adapted. In many cases,
however, not enough is known to evaluate their
transferability. Furthermore, there are opportunities
not yet developed or, perhaps, even conceived. Often
overlooked is the possibility of augmenting soil
moisture storage by irrigation during the noncrop
season. This practice could increase soil moisture
storage for a single cro~, mitigate short-term drought
during the growing season, and extend the cropping
season in order to produce more than one crop.

Research should lead to the creation of overall
water management ~lans that will assure better
utilization of limited or poorly distributed
precipitation. Greater specificity at this point
serves little purpose, in view of the wide range of
conditions found on the 1.5 billion hectares of rainfed
agricultural land. Nonetheless, the all-pervasive
problem of water excesses and shortages demands top
priority for research on water use efficiency.

Improved Management of crop-soil-Weather Systems

Management strategy involves selecting the test
cultivar and planting date at an acceptable level of
risk in a highly stochastic environment, especially
with regard to climate and water. ~o extract li~ited

water supplies in a way that produces the greatest

-95-



re~urn, account must be taken of nutrient availabili~y,

desirable planting, harves~ing, and nutrien~

application practices, and pest control.
Cropping systems are discussed elsewhere in this

repor~, bu~ in this section particular emphasis is
given to them as a water conserving technology.
Traditionally, field trials have been used to determine
the plant varieties and agricultural practices most
desirable for local situations, and this technique will
continue to be used extensively. Nonetheless, field
trials have disadvantages. Since a large number are
required, they are expensive both in terms of financial
and manpower resources, and they are not easy to
control, especially under conditions in developing
countries. Furthermore, unless they are conducted for
relatively long periods, they will cover insufficient
samples of the local climate. But when they are
conducted over long periods, new varieties usually will
have been developed in the meantime.

Soil indicators and climatic analogues have been
found to be very useful tools. On the other hand, one
of the most significant recent technological
developments, automatic data processing coupled with
simulation and/or optimization techniques (widely used
in nonagricultural management), has no~ been u~ilized.

A number of crop production models are in existence
or under developmen~ which can relate produc~icn tc
environmental variables. By linking ~hese models to
stochastic models of weather (climate), simulaticn
models should be developed to predict production levels
for various cultivars under sequences of equally likely
climatic events. Such combined models have been worked
out in a rather crude fashion for a few cultivars of
soybeans and corn (Hill et al. 1974).

Crop production models describe the growth of
selected plants as affected by site environmental
conditions. The environmental model requires a
measurement or estima~e of the soil water in storage at
the beginning of the season, as well as total soil
water storage capacity in the root zone, daily values
of rainfall, maximum and minimum temperatures, day
length, and specific parameters for each cultivar that
relate phenology to weather data. The combined model
would utilize production and weather data from a number
of sites as well as a single site, thus decreasing the
length of the test period. For any preselected
planting date, the models could predict yield as a
function of relative transpiration during each of the
several important growth periods. For soybeans, for
example, the periods would be emergence to start of
flowering, start of flowering to start of podfill,
start of podfill to end of flowering, and end of
flowering ~o maturity. Proper attention would have to
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be given to such constraints as soil characteristics
and freezing dates.

Management may be improved by the selection cf a
set of crops or cultivars and planting dates such that
production under the dynamic weather variables of a
specific site is rraximized. Tillage, application of
nutrients, and other physical modifications can be
applied in the most timely fashion. It seems likely
that plant and insect pest dynamics eventually cculd be
related, at least in part, to the sequence of
environmental and phenological events.

Even the crude programs available now have proven
useful for estimating, from historical weather data,
the ~robable effects of management on the yield of
specific cultivars. Such programs do not elirrinate the
need for field trials, but they can be used to identify
the most promising cultivars, planting dates, plant
populations, and water management practices.

IMPACT

~he approaches suggested here are important to
nearly all rainfed agriculture in varying degrees.
They are particularly applicable to grain, oil, and
pulse crops, which (see ~able 5) occupy nearly 100
million hectares, almost one-half the currently
cultivated land of the world (Gray 1915). Only about
10 million hectares of this land (OOorenbos 1915) are
irrigated. Because of their importance and the
availability of data about them, these crops are used
here as the major, but by no means the only, indicators
of in:pact.

Yields in the developing countries are low. Wheat
yields, for example, are only 1.2 tons/ha ccmpared to
3.25 tons/ha in western Europe; current rice yields are
only 1.3 tons/ha (milled); sorghum yields in the grain­
deficient countries of Asia and Africa are only 0.65
tons/ba compared to 3 tons/ba in the United states and
Argentina; the average maize yield during 1969·1911 in
India was 1.05 tons/ha as against 5.15 in the United
States (USDA 1915t:122-143).

By planting new high yielding dwarf wheat varieties
and using a statistical management strategy that
considers Climate, stored soil water, and rate of
nitrogen fertilization, wheat farmers in northwestern
rainfed areas of the United States have almost doubled
their yields to over 2.3 tons/ha in recent years.
similar systems using summer fallow have been
successfully introduced in Turkey and Jordan. The
proposed research could do much toward irrproving the
prospects for higher yields in other developing
countries. Even raising yields in the developing
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Table 5. ~rl.dwi.de areas of najor grain crops

Millions
of hectares

ReSPQiiSih1E!
internatiooal
institute

N1eat

Rice (paddy)

Oilseeds

Millet am. sorghun

Maize

Barley

Pulses

217.2

134.9

120.8

113.4

112.9

82.2

62.5

31.2
19.7

894.8

ICRISAT**

CJl+1YT

CJl+1YT

CIAT, II'D\,
ICRISAT

*International Maize am. Wheat Inp:ovanent center.
**International Crops Research Institute far the semi-Arid Trq>ics.

Source: Gray (1975).



coun~ries ~o a poin~ midway be~ween their curren~ level
and ~he level in ~he high·income coun~ries would
elimina~e the curren~ food defici~.

IMPLEMENTATION

~a~er conserva~ion techniques for rainfed
agricul~ure range from basic general principles having
wide application ~o innova~ive practices ~ha~ ap~ly ~o

ra~her specific crop. cUltural. and ecological
condi~ions. Wha~ is ~he bes~ way to s~i~ula~e ~he

development of ~o~al wa~er managemen~ plans tailored ~o

specific farming systems? HOW does one draw on ~he

~eadily increasing base of ~echnical knowledge and
enhance ~he transfer of innova~ive pra~ices? The
exis~ing in~ernational crop research cen~ers.

pa~icularly the I~erna~ional Crops Research Ins~i~ute

for ~he Semi-Arid Tropics (ICRISAT) and the
In~ernational Cen~er for Agricultural Research in try
Areas (ICARDA). can con~ribu~e both in iden~ifying

physical processes and in developing informa~ion needed
~o design improved crop-soil-weather sys~ems. In·
coun~ry organizations mus~ be involved in
sys~ematically collecting and contribu~ing infor~a~ion.

pa~icularly abou~ crop-soil-weather in~eractions: and
in e~ending pe~inen~ informa~ion and adap~ing it
innova~ively. Much abou~ ~he physical processes and
~eir application to upland grains and rice is already
known and can be applied through technical assis~ance

programs. These effo~s need ~o be mul~iplied.

especially for upland cereals. For grain legu~es and
other crops ~he li~ of cultivar species is a long one.
and transferable knowledge is much more limi~ed.

Emphasis needs to be given to (1) facili~ting ~he

developmen~ of in-coun~ry research and extension
capability. and (2) improving the network for t;ansfer
of technology. These aspec~s of the programs of the
u.S. Agency for International Development (AID) and
FAO. and the combined effo~s of in~erna~ional centers
with related u.S. research institutions. such as ~he

whea~ research at Oregon State University. should te
stren~hened. Studies should be impleKen~ed on how ~o

improve ne~work capabili~y. utilizing special teams or
workshops. perhaps sponsored by the Consultative Group
on I~ernational AgriCUltural Research (CGIAR) or one
or more of its members. This would be a long-term
program. probably requiring an increased inves~reen~ of
$1 million ~he fir8~ year and $12 to $15 million in
about four years. The Uni~ed States should move
aggressively to get the ~rogra~ s~arted and could
probably interest other donors in providing part (say
50 percent) of the funding.
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crop-water-soil systems research is viewed as an
important part of this task as a means of designing
research, transferring results, and stimulating
indigenous innovations. The requirements for such a
program from a water management point of view (as
described in Profile 8) must be integrated with the
systems approach outlined by Study ~eam 8. A
multidisciplinary group should be assembled to organize
and implement this phase of the program. Leadership
and coordination might be provided through contractual
arrangements with an appropriate institution or group
of institutions, following one or more planning
workshops organized by NAS, AID, or USDA. By selecting
one or two main crops as a starting point (say maize or
soybeans), significant results could be expected in
three years at a cost of $3 to $5 million per year.
Following this first effort, depending on the
experience gained, the progra~ should be expanded at an
appropriate level of funding.

~e management approach described here has the
advantage of involving ~rivate enterprise, particularly
the seed industry, which already conducts many field
trials on literally thousands of seed varieties. Any
seed production enterprise will want its products
included in the information bank and will be interested
in reducing the costs of field testing. In previous
work on corn seed, private companies have cooperated
enthusiastically and have agreed to utilize o~en

pedigree and indicator strains in place of closed
strains. They would be expected to share some of the
costs.

~he optimal strategy for mobilizing the research
program would be to select research sites at existing
facilities according to the following criteria: (1)
technical competence and support already available, and
the prospects for upgrading it; (2) location within an
important "reference climate": and (3) location on a
"benchmark soil."

Only one or two research sites are needed for each
climate and soil of major importance.. By selecting
existing facilities where there is a reasonable
expectation of competent performance, maximum advantage
can be qained from the field research. From this base,
the experiments could be broadened to more extensive
field trials and demonstrations. The probability of
success is high if an adequate commitment is made, but
is low or negligible otherwise. The tarqet--clcsing
the gap to a point midway between average yields in the
developing countries and yields achieved under similar
ecological conditions in the high-income countries-­
should be achievable in 6 to 10 years for major cereal
crops.
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Profile 4

TECHNICAL LAND CLASSIFICATION SYSTEMS

The 1.4 billion cultivated hectares and the 2.0
billion uncultivated but potentially arable hectares of
land in the world today include thousands of kinds of
soils. Each kind has a unique set of characteristics,
and the importance of these characteristics varies
according to the use made of the soils. In detailed
soil surveys of counties in the United States, the
different kinds of soils recognized and Kapped ccmKonly
range between 100 and 200. Dealing with soil
information, especially for large areas, is difficult
because of the large number of soil types and the
scientific nomenclature applied to them. It is so
difficult that persons unfamiliar with soil science
usually give up in frustration when they attem~t it.

But a way has been found to bridge the gap between
makers and users of soil surveys. Those who make soil
surveys can group soils according to pragmatic
objectives, i.e., make technical land classifications.
Many such classifications (groupings) can be made from
a modern soil survey, and technology exists for using
computers to assist in the pre~aration of land
classification ma~s based on soil surveys.

The Land capability Classification System
(Klingebiel and Montgomery 1961), used widely for many
years in the United States, is one example of a
technical land classification system. Even with its
shortcomings, it has ~roved usefUl, especially for
providing a quantitative evaluation of the soil
resources of counties, states, and drainage basins, as
well as the entire country. Through interpretation of
detailed soil surveys (which now cover about half of
the United States) and sampling in unsurveyed areas,
soil scientists have determined how many hectares Kake
up classes I to VIII. The U.S. land inventory is
unmatched by that of any other large country.

The Land capability Classification System, however,
is not helpful in determining alternative uses of the
same tract of land. There is a great need for this
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kind of comparative evaluation, particularly in the
developing countries. Most tracts of land can be put
to several kinds of use. A technical land
classification is needed for each kind of reasonable
alternative so that government officials and others
concerned with land use decisions can evaluate
comparative suitability.

While land use classification systems should be
applicable globally, coverage by every system need not
be worldwide. A land classification system for wetland
rice, for example, needs to be applicable only to those
parts of the world for which such use of the land is
one of the reasonable alternatives. The areas of the
world to which a classification is applicable,
therefore, will vary according to the nature and
objective of the classification.

Basic to the development of technical land
classifications, including the making of maps, is the
system of soil classification set forth in a new
publication, SOil TaxonomY; A Basic System of Soil
Classification for Making and Interpreting Soil SUrveys
(USDA 1975c). This soil taxonomy is the result of many
years of develop~ent and testing in the United States
with substantial help from foreign soil scientists.
Although developed for use in this country, it is
international in scope and is being used in ~any

countries. While it is a natural classificaticn in the
same sense that plant taxonomy is a natural
classification, it also is a practical classification;
the soil taxa (classes) are well differentiated in
relation to alternative soil and water management
systems. This means that soils classified according to
the U.S. soil taxonomy also are classified so as to be
usable directly for technical land classification.
other information. such as climatic data. may te needed
too. but good information on soils always can serve as
a base for making the kinds of land classifications
envisaged in this research profile.

Another imPOrtant potential advantage of the U.s.
soil taxonomy is that it can serve as a tetter basis
for the transfer of soil and water management
technology. Such use of the taxonomy goes hand in hand
with its use for making technical land classifications.
Therefore. use of this taxonomy ought to be encouraged.
or even required, where the United states supports soil
and water management research.

RESEARCH NEEDS

Modern soil surveys provide the best known
inventories of soil resources. Many technical land
classifications. including maps, can be derived from
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such surveys. Every modern detailed scil survey in the
United States contains a do%en or more land
classifications which can be translated into ~a~s as
needed. Although significant progress has been made
worldwide in soil surveying at medium and s~all scales
(1:100,000 to 1:1,000,000), important areas remain
unmapped even at these scales. Hence, soil surveying-­
classification, mapping, and interpretation~-shouldbe
encouraged, especially in the developing countries, in
order to improve recorded knowledge of the nature,
quality, and geography of soil resources. Since the
technology for making soil surveys is well advanced,
however, augmentation of ongoing research in this field
is not suggested.

What is suggested is substantially increased
research and development of technical land
classification systems--what kinds to make, how to make
them, and how to use them--which would be adequate for
global use and relevant to food production. The
~echnology for such systems, while reasonably advanced
in the United States and a few other countries, is
lagging elsewhere. Moreover, most of the technology
that exists is provincial rather than global in
application. More research and development usable
internationally for land use planning is needed at all
levels--farm, community, provincial, national, and
international. They are needed so that, as soil
surveys are completed, appropriate and full use can be
made of them by government officials and others who
make land use decisions, thereby reducing or preventing
costly mistakes and buman suffering.

Technical land classifications, including maps, are
derivable primarily, although not exclusively, fro~

soil surveys. The classification of land to show which
soils are naturally wet and which are not is a kind of
technical land classification derivable entirely from
soil surveys. A classification of land according to
suitability for wetland rice production is an example
of a land classification for which information on
climate and hydrology needs to be combined with that
derivable from soil surveys.

Three Research Phases

The first research phase is the determination of
the family of technical land classification systems
most urgently needed. A classification made for one
purpose seldom, if ever, can serve another. Hence the
list of possible classifications can be much tQo long
for all to be designed at once. A selection of a
dozen, or preferably less, of those most needed should
be made first, and the purpose of each objectively set
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forth. Among these might be land suitability for
wetland rice production. for production of dryland
grain crops. and for irrigation.

'Ihe second phase is the development of the
technical land classification systems themselves. This
entails specification of map scale. definition of
categories if mere than one. definitions of classes
within each category. and the setting forth of the land
use significance of each class in language
understandable to the intended users. supportive texts
and the kinds of data that can be helpful should be set
forth too.

~he third phase is the specification. for soil
scientists. of criteria for placing (grouping) kinds of
soils in each class of each technical land
classification system. The Guide for Interpreting
Engineering Uses of Soils (USDA 1971) is an example of
the kind of guidance that needs to te developed. A
start has been made (Brinkman and Smyth 1973) for
developing international guidance for technical land
classifications in general. but additional guides are
needed which are specific to each classification
system. The guides also should contain specifications
for handling cli~atic data and data from other
disciplines. Moreover. the guidance should be such
that the resulting information is amenable to storage
in a computer system so that land classification data
easily can be used with other kinds of information
(data banks) as one of several tools to achieve the
best possible land use decisions. For example. a land
classification system for cropping should be relevant
to and usable with data about crop tolerances of stress
caused by unfavorable climatic and soil
characteristics.

Research and development on technical land
classification systems ~ust go on indefinitely because
such systems. and the maps made according to them. are
temporary. Both the systems and the maps become
obsolete due to advances made in soil and water
management. changes in social or economic conditions.
or other reasons. The capability for updating old
systems and designing new ones therefore needs to be
maintained.

IMPACT

The use and management of soils should be
compatible with the characteristics of the soils and
should be such that the soils are maintained or
improved as resources for growing plants. Many soils
are not physically suited to cultivation. many have
limited suitability and then only under exacting
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management, and some have a wide range of suitability
and are not exacting in management. Land use or land
management not in harmony with what the soil requires
for its maintenance results in loss or other
deterioration (EckbolE 1916). Perhaps the most common,
and certainly the most visible, kind of loss is
accelerated erosion, which is a hazard on most slo~ing

land. Less visible but nevertheless important is salt
accu~lation in irrigated soils in arid lands. There
also are other kinds of deterioration, such as
waterlogging, loss of fertility, bad tilth fro~

cultivation when too wet, and compaction from heavy
machinery. This list could be extended.

More commonly than not, decisions about the use and
management of soils are made without due regard to the
characteristics of the soils themselves. consequently,
many unwise decisions are made unwittingly, resulting
in uneconomic production or crop failures, wastage of
precious soil resources, and untold misery for people
trapped in unprofitable or failing land development
projects. GOod, relevant technical land classification
maps with supporting texts and data will not guarantee
an end to unwise land use decisions, but they would
make possible a drastic reduction in such decisions.

The impact, therefore, of research and developEent
in bringing about the production and use of relevant
land classification maps and supporting data lies
mainly in a drastic reduction in unwise land use
decisions unwittingly made by well-intentioned peo~le.

The monetary savings easily can amount to hundreds of
millions of dollars, and the reductions in hu~an misery
also can be substantial.

The major use, or at least an important use, of
technical land classification maps and data is by
local, provincial, and national govern~ents in
formUlating land use policy. Such maps and data will
be a relatively new kind of input in most countries.
Integrating new information into the formulation and
execution of policy takes time. The impact, therefore,
will take time too. While the impact should be
significant in the short run (before 1985), the ~ajor

impact is likely to manifest itself after 1985.

IMPLEMENTATION

Implementation of this research requires
interdisciplinary cooperation between (1) soil
scientists familiar with soil surveys, (2)
climatologists and scientists in other fields, and (3)
potential users of land classification maps and data.

The third group roay, and probably should, include
government officials who may not be scientists but who
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have responsibilities in administering programs
affecting land use. Experience in the United States
indicates that involving the third group is the only
way to be sure that the land classification systems are
in fact usable, and likely to be used, by the in~ended

users. The participation of ~he tbird group is
especially needed for the first two phases, the
determination of the initial family of classification
systems and definitions of the categories and classes
of each system. Their participation is less urgent in
the third phase, the specification of criteria
regarding soils and the determination of climatological
or other data needed to execute the classification
systems. Economists, however, may be needed in the
third step.

~he nature of the research is such as to suggest,
as a focus for i~plementation, consideration of the
National cooperative Soil Survey (NCSS), the national
leadership of which is vested in tbe soil conservation
Service. Several ether federal agencies, all state
agricultural experiment stations, and many local units
of government cooperate in NeSS work. NCSS scientists
have participated in FAC-sponsored international
conferences on soil surveying and land classification.
A major portion of the o.s. expertise in land
classification resides in NeSS and the institutions,
especially the state agricultural experiment stations,
participating in it.

At least several countries in addition to the
United states have an interest and some co~petence in
land classificaticn. FAO is definitely interested and
other international establishments including IRRI Ray
be also. As the areas most in need of technical land
classification are outside the United States,
interna~ional participation is essential.
International research centers, such as IRRI, could be
quite helpful, but participation by the relevant
agencies of at least some of the target countries is
essential.

An international institution with access to
computers certainly would be helpful, and eventually
might be essential, in helping to process raw data into
land classification maps and to take on the
responsibility for leadership in the updating of the
first family of land classification systems and the
designing of new ones when necessary.

It is quite likely that the three research phases
outlined in this profile could be completed in 5 to 10
years at a probable cost of $5 to $10 million. ~his

estimate does not include the actual classifying of
land tracts nor the preparation of relevant ma~s.

Neither does it include the cost of continuing the
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research and development beyond the initial faKily of
technical land classification systems.
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Profile 5

PLANT ADAPTATION TO SOIL AND WATER STRESSES

Agricultural research has largely been geared
toward overcoming various soil, climatic, and wa~er

limitations and breeding plan~ vari~ies tha~ yield
well when grown in well-fertilized and appropria~ely

watered soils. Although the world owes much of its
presen~ food supply to this approach, limitations in
energy-rela~ed inputs and the need to bring vast new
areas of arable land into cultivation suggest that an
alternative strategy be pursued. This strategy is to
adapt the plant to the soil's limitations rather ~han

building up soil to compensate for plan~ limi~ations.

Wi~h ~he exception of breeding for drough~

tolerance in semiarid areas, however, ~his approach has
largely been ignored un~il recently. The adven~ of ~he

energy crisis has spurred the in~erest of plant
breeders and soil scientists in breeding new va%ieties
to1eran~ of such soil stresses as short-term drough~ in
humid climates, aluminum toxicity, phosphorus
deficiency, salinity, iron deficiency, iron toxicity.
and zinc deficiency. Moreover, adap~ed plant varie~ies

can be used by small farmers without the high levels of
investment and skill necessary for environmental
modifications. Successful breeding for aluminum
tolerance (DaSilva 1976) suggests that it is no longer
invariably necessary to breed for optimum soil
conditions. In addition, there is also the possibility
that species no~ now considered worthwhile in a
commercial sense can be effectively integra~ed in a
total resource management system.

This profile proposes that this approach be
exploited fully. The word "tolerance" is used to mean
adequate plant growth in the presence of higher levels
of stress than previously used in selection programs.
"Tolerant" varieties would need smaller inpu~s of
fertilizer. lime, irrigation, or drainage than
"sensitive" varieties to produce acceptable yields.
Osing tolerant plants, therefore, will make better use
of already scarce agriCUltural inputs.
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RESEARCH NEEDS

Tolerance to Soil Acidity Stresses

Most plants suffer when grown at soil pH values
lower than 5.5 because of a1u~inum and/or manganese
toxicity, and/or calcium, magnesium, or phosphorus
deficiency. These factors do not always occur
simultaneously, but tolerance to aluminum, and to
phosphorus and calcium deficiency, seem to be related
(Foy 1914). Crop and pasture species that have evolved
or been selected by breeding programs in acid soils
have developed certain degrees of tolerance, while
those developed in neutral or alkaline soils are
usually very susceptible to soil acidity stress.
Farmers in acid tropical areas have selected the most
tolerant species, such as cassava, rice, and many
pasture species, and the most tolerant varieties within
these species. Australian scientists adapted this
concept to their country's acid tropical grasslands and
have made profitable ventures using tolerant species,
such as Sty10santhes guyanensis, instead of the ~ore

demanding alfalfa (Andrewet al. 1913). ~ork at
Beltsville, Maryland and Oregon State university has
shown that inheritance of susceptibility to aluainum
toxicity in barley is controlled by one or two genes
(Foy 1914). The physiological mechanisms. however. are
very complex and need to be understood. Recent
research on the acid tropical savannas of Colombia
(Spain et a1. 1915) and Brazil (North Carolina State
university 1914:128-142) show that tolerant varieties
of several tropical crops can be identified. Mass
screening methods have been developed for testing
tolerance of alu~inum toxicity and phosphorus
deficiency.

~hese results show the possibilities for adapting
crop plants to acid soil conditions and underline the
need for a systematic effort (1) to determine the
differential tolerance of most varieties of major food
and pasture crops, and (2) to cross tolerant but
usually low yielding varieties with sensitive high
yielding varieties to produce. in effect, a new "Green
Revolution" for acid infertile soils.

Liming does not solve aluminum toxicity proble~s in
many instances. In many developing countries lime is
either extremely expensive or not available at all.
Even where lime is cheap and available it can only
eliminate aluminu~ toxicity to the depth applied, which
is commonly the top 15 em. or at IDOst, 30 em. Lime
does not move down and therefore cannot affect a1u~inum

toxicity in the subsoil. Subsoil aluminum toxicity is
very common in many acid soils of the tropics and the
southeastern United States. The development of
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aluminum-tolerant varieties will stimulate deeper root
development which, in turn, will alleviate temporary
drought stresses by allowing plants to utilize stored
subsoil moisture from depths _here aluminum toxicity
previously impeded root growth (North carolina State
University 1974:128-142).

Drought Tolerance

similar varietal differences in drought tolerance
have been identified in semiarid areas. Temporary
droughts also affect yields in humid regions, and
varietal differences in drought tolerance have been
identified in rice, one of the crops most susceptible
to water stress. Work by IRAT in Africa and a
comprehensive program at IRRI (International Rice
Research Institute 1972-74) show that certain early
maturing varieties with deeper and more aggressive root
systems can avoid and/or tolerate the frequent water
stresses that occur during the rainy season. The
physiological mechanisms are not well understood nor
the genetics established. The IRRI program shows the
tremendous potential rewards from a systematic search
for drought tolerance. Plant breeders in humid regions
have unintentionally selected varieties more tolerant
to water stress simply because they performed best in
plots when the stresses occurred. In most cases trials
of plant varieties are conducted with adequate water
availability, and drought-tolerant varieties cannot be
identified.

Other stresses

It is known that there are varietal differences in
tolerating soil salinity, high sodium saturation,
temporary flooding, extreme temperatures, phosphorus
deficiency in nonacid soils, zinc deficiency, iron
deficiency, and iron toxicity (International Rice
Research Institute 1972-74). Similar arguments made in
the previous sections are applicable to the whole
spectrum of environmental stresses.

search for and Adapt species
Not Now Considered "Commercial"

In addition to genetic selection and/or breeding of
commonly grown crops for stress tolerance, the
opportunity now exists to identify species growing
naturally under stress conditions for which economic
uses can be developed. Examples in the recent
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literature include the wing bean and jojoba bean (NRC
1915c). The first apparently has a significant
potential for enhancing food production, the second for
increasing cash income.

With respect to sa1t tolerance, for exaKple, such a
search may lead to plants that can be grown where no
currently available crops can. It also Kay perait the
development of integrated systems of water and land
utilization that make better use of the total resources
at hand. For example, rather than dispose of drainage
water too saline to grow conventional focd crops by
means of expensive conveyance systems or evaporation
ponds, it could be used to grow biomass for methane
production, wildlife habitats, or direct U8e a8 fuel.
SucceS8 could lead to alternate solution8 to water
quality problems of significance in the united States
(e.g., in California and the Colorado River Ba8in) as
well as abroad.

Need for a Systematic Effort

A major, worldwide re8earch effcrt of thi8 kind
should be considered a matter of high priority in an
energy-short world. It would have the following
components:

identification of the physiological mechani8as and
genetic8 of various plant tolerances of soil­
related stresses and the interaction among
stresses;
cataloging of species and varietie8 according to
their tolerance of critical stress levels (percent
aluminum saturation, bars of 80il moisture tension,
etc.) in order to permit worldwide extrapolation of
this information;
incorporation of tolerances intc breeding
objectives;
development of mass screening 8election methods;
tests of different varieties in the field at
several stress levels at a sufficiently large
number of sites to firmly establish tolerances and
yield potential;
incorporation of the results in technical soil
classification data tanks.

IMPACT

~he systematic research and development effort just
outlined is likely to have three ~jor impacts: (1)
increased plant yields under stress conditions; (2)
more efficient use of high energy inputs, such as
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fertilizer. lime. irrigation. and drainage; and (3)
economic cultivation of lands where previous varieties
or sPeCies failed to survive. These impacts are
related and what follows is an attempt to discuss them
within the context DOCUMEN~ of the different stress
factors under consideration.

On Food Production and
on Using Inputs Efficiently

~he development of high yield crop varieties
tolerant of relatively high aluminum saturation levels
(SO to 80 percent) is likely to have a profound im~ct

on food production in acid soils in both temperate and
tropical regions (see Profile 1). Success in this
endeavor is virtually assured.

It would not be unreasonable to estimate an annual
increase in cereal grain production of 1 ton per
hectare from varieties able to tolerate high levels of
aluminum. There may be as many as 500 million hectares
of land in the tropics of South America. Africa. and
Asia where such an outcome could te obtained. Thus
success from this line of investigation could be
expected to produce an additional 500 million tons of
cereal grains annually.

~he use of aluminum-tolerant varieties is likely to
decrease but not eliminate lime requirements. Properly
determined liming rates will neutralize the
exchangeable aluminum to the depth at which it is
incorporated. In many acid soils of the southeastern
United States and the tropics. the subsoil has toxic
levels of aluminum that impede the root development of
sensitive varieties just as if they were physical
barriers. The use of aluminum-toleran~varieties.
therefore. will permit deeper exploitation of the soil
and the use of available water and nutrients in the
subscil.

A recent example from the oxtsols of the cerrado of
Bra~il illustrates the concept of increasing the
efficient use of liming. In this acid soil a
conventional grain sorghum variety required 6 tons/ha
of lime to produce a grain yield of 5 tons/ha. but an
aluminum-tolerant variety required only 1 ton/ha of
lime to produce the same grain yield (North Carolina
State University 1975). ~e low lime rate supplied
needed amounts of calcium and magnesium as fertilizer.
The tolerant variety also suffered less drought stress
because of its deeper root system. Similar impacts can
be expected for grain varieties that can utilize lew
levels of available soil phosphorus more efficiently
(Salinas and Sanchez 1976).
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The benefits that wculd accrue from the develo~ment

of crop varieties better able to avoid or withstand
drought periods is obviously very great. It is
extremely difficult, however, to put any precise
measurement on what the current economic losses are,
partly because of the difficulty in defining what
drought is. Furthermore, the probability of success is
considerably less than in the case of aluminum
tolerance. For present purposes a useful, if rough,
estimate can be obtained from a look at what happened
ir. India during the drought pericd froR 1965 to 1967.
Other factors were at work that normally would have
tended to increase production over this period, but
yields during these two years appear to have fallen
below the trend line by perhaps 15 percent. This can
be taken as a rough measure of what the aggregate
losses might be over a large area with a broad range of
farming systems in climatic conditions ranging from
very humid to semiarid. If the effects of drought can
be reduced, farmers can utilize fertilizer and other
inputs with less fear of loss. Thus the net gain aay
be greater than avoidance of loss alone would suggest
(see Profile q of Study Team 1).

~he improvement of crop tolerance of soil salinity
and the use of new crop species tetter adapted tc
saline soils is likely to have a large impact, toth in
increasing food production and allowing the cultivation
of land currently considered unsuitable for
cultivation. For the western United States alene, it
has been calculated that increasing the salt tolerance
of a range of crops (so that the same yield would te
obtained if the salinity of the irrigation water were
increased by 350 ~illigrams per liter) would result in
a potential benefit of $80 million a year (U.S.
Salinity Laboratory 1975). Very preliminary results
suggest that this approach will succeed, but
substantial results should not be expected in less than
15 years.

~iming Considerations

~he preliminary results already in hand suggest
that a major portion of the iKpact can be achieved in
the short run (0 to 15 years). Like other aspects of
crop improvement, improved tolerance requires sustained
efforts through the years, but unlike breeding for
insect and disease tolerance, researchers will nct have
to contend with pathogen mutations.
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Geographic and Scale Considerations

the proposed research will have global applications
since the stresses under discussion occur throughout
the world. Drought probl~s are worldwide; aluminum
toxicity problems occur in high rainfall areas of toth
tropical and temperate regions, while salinity problems
occur globally in low rainfall areas. This research
will be of particular significance to the United States
and other countries as a means of conserving h~gh

energy-related inputs and nonrenewable resources like
phosphate deposits. Although the technology is scale­
neutral, some of the main beneficiaries will be farmers
who lack the funds to invest in high energy inputs.

IMPLEMENTATION

A systematic, worldwide research and develop~ent

effort to adapt plants to soil and water stresses means
a new approach to agricultural research. The
interdisciplinary nature of this research also should
be recognized. A joint effort ty plant breeders, plant
physiologists, and soil scientists is needed throughout
the world. The major international centers (IRRI,
IITA, CIAT, the International Potato Institute [ClP],
CIMMYT, and so forth) and national centers for the
various crop and pasture species should take the lead
for the appropriate commodities, with connections to
basic research centers in u.S. universities and the
Agricultural Research service, such as the Plant Stress
Laboratory in Beltsville, Maryland. These efforts
should be linked to an international network of field
experiment sites similar to those developed to study
plant tolerance to disease a~d insects. The ultimate
test is in the field, and tests should be conducted at
several stress levels instead of under optimu~

conditions, as traditionally has been done. U.s.
institutions and U.S.-supported institutions overseas,
along with Australia, have been the leaders in
tolerance research and are expected to continue to
provide such leadership. Commercial seed companies
should be involved at the developmental stage.

~he yearly cost of a full research network is
difficult to estimate, but the magnitude of the task
suggests that a total of $20 million per year is
reqUired to cover all the major important food and
pasture crops on a systematic basis for the next 15
years. Required funding thereafter can only be
estimated after more experience is gained, but is
likely to be less.
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Profile 6

BIOLOGICAL UTILIZA~ION OF ~HE RHIZOSPHERE

~he region of the soil in which micrcflora are
affected by the presence of plant roots is called the
rhizosphere. It is an incredibly complex and ever­
changing region. As the roots of plants grow they
secrete a mucilagenous material that coats their outer
surfaces and eases their passage through the soil. A
number of other substances also are excreted from the
roots. including sugars. amino acids. organic acids.
nucleotides. flavones. and phenolic compounds.
Moreover. portions of the root tissue are ruptured by
abrasion. releasing additional organic material.
Recent estimates indicate that up to 18 percent of
photosynthetically fixed carbon may be released by the
roots of plants growing in unsterilized soil. This
array of materials provides a rich substrate. and the
various microflora of the soil respond differently to
this material. the nature of which varies greatly with
species. with distance along the roots. and with
different stages in plant development. The ensuing
microbial populations in this region thus differ
enormously. both quantitatively and qualitatively. from
those in bulk soil. Furthermore. these populaticns may
change dramatically with time. with plant species. and
with the soil and aerial environment.

In addition to the biotic components. the chemical
attributes of the rhizosphere differ greatly fro~ those
in bulk soil. This results from (1) the incorporation
or metabolic transformations of organic material by the
microflora. (2) the variable secretion of hydrogen and
hydroxyl ions from roots and microbes. and (3) the
movement via diffusion and convection of soil· and
fertilizer-derived nutrients. The physical state of
the rhizosphere also differs from that of bulk soil due
to (1) the compression of mineral and organic
components as root apices penetrate the soil. (2) the
release of organic materials from the roots which
affect the physical state of the soil. and (3) the
marked changes in gaseous composition as root
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respiration and inten8e microtia1 activity exert their
effects on the consumption of oxygen. release of carbon
dioxide. and generation of volatile metabolite8.

It i8 the complex region of the rhiz08phere. not
the bulk 80il medium. in which the roots of plants
exist and to which they respond. The microflora that
flourish in the rhiz08phere. 80me of which sub8equently
infect the root tissue. can either markedly promote or
markedly restrict the development of plants. But our
understanding of this crucial region is quite limited.
This is because of the difficulty of gaining access to
it without simultaneously altering it severely. and
because of the complexity and dynamic nature of its
biotic. chemical. and phY8ical attribute8. It has been
documented that microflora can influence plant growth
greatly; what remains to be discovered i8 how to
manipulate and control the ecology of the microflora in
a predictable way. The quantities and proportions cf
organic materials excreted. the apparent marked
differences among species given the stage of plant
development and environmental condition8. together with
the varying nutritional requirements of the soil
micrcflora and the beneficial effect8 caused by
promoting the proliferation of specific roicroorganisms
in the rhizosphere. all combine to indicate that
selective manipulation of the rhizosphere ecology to
promote plant growth should be pos8ible.

There are two general processe8 of crucial
importance in crop production. the optimal functioning
of which is directly a consequence of the ecolcgy of
the rhizosphere. First. extremely importan~ are the
associative symbioses in which microorganisas
(diazotrophs) capable of reducing atmospheric nitrogen
to ammonia infect the roots of a host plant which
itself is not capacle of nitrogen fixation. In these
symbioses the host provides a favorable environment and
energy for the diazotroph. and receives at lea8t part
of the reduced nitrogen from it. There are two kinds
of associative syacioses. one is the Rhizobium-legume
association in which the bacteria invade the roots.
nodules are developed. and the bacteria receive
photosynthate and other substances from the shoots and
carry out their nitrogen-fixing activity in highly
organized. close association with the host's root
cells. Some nonlegume nodule symbioses also occur.
although the diazotrophs have not yet been positively
identified and seem not to be important with crop
plants.

The other associative symbioses are not se closely
organized as those involving nodules. They range from
nonnodular. intracellular root-microbe associations.
such as Spirillum with Diqitaria and ~ roots. to
rhizosphere associations in which the nitrogen-fixing
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microbes exist in the rhizosphere and receive their
nourishment from excreted products of the roots.. All
associative symbioses are affected by the
characteristics of the rhizosphere, the nodular systems
and the nonnodular intracellular one because they are
established by means of infection from the diazotrophs
which proliferate in the rhizosphere, and the others
because the diazotrophs must be sustained by, and carry
out their functions, in the rhizosphere. For the
former, rhizosphere conditions must be such as to
maximize infection of the host until the diazotrcphs
reach the more sheltered environment within the root
tissue. For the la~ter, the rhizosphere conditions
obviously must be maintained in a state that encourages
the growth and nitrogen-fixing activities of the
diazotrophs to the relative exclusion of other
microflora, if need be.

Numerous studies have recently been made which
document the critical importance of enhancing
biological nitrogen fixation to the maximum extent
possible. The considerations here involve (1) the
necessity for high rates of crop production for world
food supplies, and (2) the increasing cost of the
production and transport of fertilizer nitrogen, the
consumption of fossil fuels in its manufacture, and the
pollution hazards that aay result from its inefficient
use. These intensive studies also emphasize that
enough is now known to generate optimism about the
prospects for enhancing efficiency of Rhizobium-legume
symbioses and to expand the other associations to a
considerable extent. It should be emphasized. however,
that these advances require the optimization of
specific events in the rhizosphere for specific
purposes, i.e., an optimal development of specific
microorganisms at specific times, either to effectively
infect the host or for the organism to flourish and
function in the rhizosphere.

~he Rhizobium-legume symbioses afford the largest
opportunity for a substantial increase in nitrogen
fixation in the near future. This is because of the
intimate relationship between the diazotroph and the
host, which restricts competition with other
microorganisms and creates an efficient pathway for the
flow of materials to and from the nodules after
infection takes place. The major research efforts
should include (1) optimizing the effectiveness with
which the Rhizobium strains are able to infect major
food grain and forage legumes; (2) optimizing the
efficiency with which nitrogen is fixed per unit of
energy consumed in the process; and (3) prolonging the
capability for nitrogen fixation longer into the fruit­
filling period.
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some doub~ curren~ly exis~s as ~o the magni~ude of
ni~rogen fixa~ion in the nonnodular extracellular roo~

associa~ive symbioses and in ~he rhizosphere sy~tioses.

The uncer~ain~y qoncerns the oxygen ~ension within ~e

ro~s' cells where ~he diazo~rophs exi~ and ~he

apparen~ absence cf a mechanism ~o keep ~his oxygen
concen~ra~ion sufficien~ly low. Recen~ assays fer
ni~rogenase ac~ivi~y have no~ resolved the ma~~er, and
~here is an urgen~ need ~o demons~a~e unequivocally by
aSN. me~hods the actual amoun~ of ni~rogen fixed by
these processes. If such s~udies clearly show
significan~ ni~rogen fixa~ion, a suts~an~ial effor~

should be made immedia~ely ~o delinea~e the diazotrophs
involved, ~o ex~end the range of hos~ species and
environmen~al condi~ions under which effec~ive

inocula~ion by ~he diazo~rophs can ~ake place, and ~o

enhance ~he efficiency of the process in ~erms of the
amoun~ fixed and ~he energy expended.

~he second general rhizosphere process tha~ may
have considerable impac~ in crop produc~ion is ~he

preferen~ial developmen~ of fungal a8socia~ions wi~h

roo~s, i.e., ~he ~corrhizae. Many plan~s, including
mos~ of ~he major food crops, are capable of developing
these associa~ions. Marked increases in crop grcwth
have resul~ed in soils of low or modera~e fertili~y

when roo~s bave been induced ~o form endomycorrbizae.
The oxisols and ul~isols of the ~ropical savannas are
generally deficien~ in phosphorus and o~her rela~ively

immobile nu~rients, and tran8por~ing fer~ilizers ~o

~hese regions is expensive. Some drama~ic increases in
crop yield on th~8e and other phosphorus-deficient
soils have been observed when roo~ sys~ews were
infected wi~h the appropria~e fungus. Mos~ mycorrhizae
on crop species are of the end~ophytic type wi~h

extensive hyphal developmen~, which ex~ends from ~he

host and effectively permea~es the soil. Because the
~ransfer of nu~rien~s from the fungus to ~he hos~ is
quite efficient, the association resul~s in an enormous
increase in the surface area of the root sys~em a~

rela~ively low cost ~o ~he host. In consequence, a
much more e~ensive exploi~ation of the soil takes
place, and the total phosphorus requirement of ~he

plant can be met at very low levels of soil supply.
Evidence is also available ~o suggest distinct
advantages from mycorrhizae in obtaining the required
amounts of o~her relatively immobile nu~rients.

potential advantages are not limi~ed to monocul~ure:

enabling low roo~ density species ~o compe~e with bigh
root density species in ~ixed culture also see~s

feasible. Immediate attention should be focused on
selection and development of fungal strains able ~o

sus~ain themselves in the rhizosphere and able to
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infect the roots of important crop species under
specific soil and environmental conditions.

RESEARCH NEEDS

Optimize Nitrogen-fixing Associative Sy~tioees

Increase the efficiency of nitroge~xation

(guantity of nitrogen fixed per unit of carbohydrate
consumed) by RhiJobiurn-legume symbioses of the maior
food and feed legumes. Current evidence with soybeans
and peas indicates that the capacity for nitrogen
fixation in Rhizobium-legume symbioses is limited by
the supply of photosynthate. This is especially
crucial after the onset of reproductive growth, when
diversion of the photosynthate from the root system to
the developing fruit occurs. Furthermore, recent
evidence suggests that 40 to 60 percent of the energy
supplied to the nodules and consumed in nitrogen
fixation may be used for the reduction of protons and
the evolution of hydrogen at the expense of nitrogen
reduction. A restricted photosynthate supply and
inefficient use of the energy that is available for
nitrogen fixation combine to impose a severe li~itation

on the total nitrogen input; seed yields are thereby
restricted even under optimal environmental conditions.
The reasons for these limitations in efficiency of the
nitrogen fixation process need to be established, and
the ext~nt of the limitations needs to be thoroughly
docum~nted under soil and climatic conditions where
leguroes are grown. It ~ust be emphasized that
uncritical reliance on the currently employed acetylene
reduction method for estimating nitrogen fixation in
these studies will be a mistake. Rigorous verification
of the applicability of the method using 'SN z
procedures is mandatory in all studies. Attempts
should be initiated to develop legume cultivars capable
of effectively proportioning photosynthate between the
developing seed and nodules so as to sustain
substantial nitrogen fixation lcnger into reproductive
growth. Intensive searches in the tropics for
cultivars of legumes having this attribute may be
rewarding.

Optimize the matching Fhizcbia and legume genoty~es

for effective inoculation and efficiency of nitrogen
fixation by the maior food and feed legumes. Rhizobia
survive saprophytically in the soil, and the SUbsequent
infection and development of effective nodules are
extremely complex processes that require a remarkable
adaptation on the part of both the bacteria and the
host. The development of superior Rhizobium strains
for specific soil conditions for each major legume
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should be advanced. Such strains must be able tc
compete effectively with the native Rhizobia and other
microflora of the rhizosphere so as to be able to
establish the dominant symbioses with the host. Such
strains also should be able to continue to fix nitrogen
efficiently in the presence of significant quantities
of soil nitrogen so that legumes can profit from both
nitrogen sources, i.e., they ~ust be able to prevent
repression of nitrogenase. Extending the promiscuity
of Rhizobia to a number of legumes would be highly
advantageous.

Characterizing the genetic and molecular
determinates of infection and efficiency in fixation of
both the diazotroph and the host will be fundamental to
significant progress in all of these endeavors.
Rhizobia can now be cultured so as to synthesize
nitrogenase in the absence of the host, offering
promise of the opportunity to select mutants that are
highly efficient in nitrogen fixation.

Optimize nonnodular root-microbe and rhilosphe;e
associative symbioses in the maior nonlegume food
crops. That associative sYmbioses other than those of
nodule systems can result in nitrogen fixation is
clearly established; it is not so clear how much
nitrogen is fixed by these processes. It is necessary
to establish unequivocally by the use of extensive lSNz
experiments how much nitrogen these processes
contribute under conditions where the synbioses
currently are found. Intensive efforts should then be
made to increase the efficiency of the processes by
developing effective diazotrophs and by developing host
cultivars which optimize the associations under
specific soil and aerial environmental conditions.
Transfer of nitrogen-fixing genes from one bacterial
species to another has been accomplished, making it
possible to introduce nitrogen-fixing capability into
organisms which may more effectively infect higher
plants. oevelopment of host cultivars whose root
metabolism results in the synthesis and/or excretion of
compounds specific for the desired diazotroph appears
to be a promising approach. Optimization of these
processes also will depend upon diazotroph strains that
are capable of proliferation in the rhizosphere and
root cells of the host against the intense competition
of endogenous microorganisms and under a wide range of
soil and environmental conditions. It also will depend
upon the host being able to partition photosynthate in
such a way as to provide continual sustenance to the
diazotrophs during a large part of the growing period.
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Increase the Efficiency of
Nutrient Absorption and Crop Growth

Develop methods for introducing and «aintaining
highly efficient mycorrhizal fungi for particular
plants and soils. Marked crop responses on soils of
low and medium fertility have been obtained by
inoculation with endomycorrhizal fungi. Many of the
naturally-occurring fungi are not effective, and marked
differences have been noted among selected fungi. An
intensive effort is needed to define fungal strains for
particular soils and crops. Methods for producing
appropriate inoculum are well advanced, but methods for
application need to be worked out for areas where
large-scale production with little labor input occurs.
Although there is good reason to be optimistic,
uncertainty exists about how consistently the
beneficial strains can be introduced, maintained in the
rhizosphere, and develop effective infections. Soils
vary greatly in selective suppression of certain
microorganisms and in enhancement of others. The
mycorrhizal fungi are no exception, and the controlling
forces are not evident. A concentrated effort tc
develop sound principles of rhizosphere ecology is
imperative for sustained advance in this promising
field.

Establish how roots and rhizosphere microorgapis~s

interact in moderating nutrient absorption and Rlant
growth. periodically there are reports which indicate
that a definite advantage in crop yield results from
soil inoculation with various bacteria and
actinomycetes which do not fix nitrogen nor develop
mycorrhizae. The experiments have been difficult to
reproduce experimentally, but their occurrence in
specific instances is unquestioned. Similarly,
significant increases in plant growth following
fumigation have occurred under conditions where the
effects apparently could not be accounted for by the
control of known pests or pathogens~ The presence of
subclinical pathogenicity is inferred. Some effects
may te exerted by subtle alterations in root morphology
or function, or by metabolic products of the
rhizosphere microorganisms. Compounds formed in the
presence of rhizosphere microorganisms have been shown
to give a marked enhancement in manganese absorption by
plants, and other similar effects are likely.
Degradation or alteration of potential allelopathic
compounds also are likely to cccur in the rhizosphere.
All of these events are poorly understood; when, where,
and how they occur cannot be predicted. Yet their
cumulative effects on crop growth are likely to be
extremely important for sustained, predictable
production at high levels, especially in mixed culture.
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IMPAC'I

'Iwo recent studies (Evans 1975, Hardy et ale 1975)
have emphasized the crucial importance of increasing
biological nitrogen fixation immediately. Briefly,
forecasts indicate that 160 x 10. tons of fertilizer
nitrogen will be required for crop production within 25
years, compared with about 40 x 10. tons used in 1974,
unless a substantial change in the proportion of
nitrogen supplied by nitrogen fixation relative to that
supplied by industrial fixation occurs. The
progressively increasing expenditure of energy and the
cost and consumption of fossil fuels in the current
manufacture of fertilizer nitrogen make it imperative
to alter this proportion as soon as possible. It has
been suggested that about 90 x 10. tons of nitrogen are
currently fixed by agricultural soils, of which abcut
35 x 10. tons occur with legume crops. Increasing the
acreage planted in legumes and pulses, and increasing
their efficiency of nitrogen fixation from the
approximate present value of 50 percent, could at least
double the amount of nitrogen fixed and correspondingly
decrease fertilizer nitrogen requirements while
increasing yields.

More dramatic improvement would result if nitrogen­
fixing capability could be fostered even partially in
nonleguminous plants, since these constitute a much
greater proportion of current world food crops. It
seems reasonable to expect that up to 50 percent, and
eventually 100 percent, of the nitrogen requirements of
all crops could be supplied by nitrogen fixation. It
is necessary to strive vigorously for this independence
from industrial nitrogen fixation.

About 50 percent of the tropics are occupied by
highly leached, low base oxisols and ultisols.
Rainfall patterns and soil physical conditions per~it

good crop growth in these soils when their nutrient
status is enhanced. Given the immense area invo~ved,

an enormous increase in world food production would
result if the nutritional limitation can be met
econcmically.

'Ihe development of efficient mycorrhizal
associations, together with the development of
cultivars more capable of utilizing low base soil
nutrient supplies under acidic conditions, offers
excellent promise for sharply decreasing the cost of
bringing these areas into efficient production (Jackson
et ale 1975) '.
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IMPLEMENTATION

A substantial number of public and private
organizations are deeply involved in studies of
biological nitrogen fixation. The scope of the work
ranges from fundamental to ap~lied research. What is
most needed is that the good laboratories be identified
and be assured of solid financial support over a
prolonged period of time in order to develop into
centers of excellence. perhaps a doubling of ~resent

financial support could be effectively used, with
expanded attention being focused on food and feed
legumes other than soybeans and on the potential for
nonlegume nitrogen-fixing associations with major food
crops. The present organizational framework is
adequate, although a national center that emphasized
nonlegume studies would be desirable.

Investigations on mycorrhizal associations are not
as well funded as those on nitrogen fixation, although
there is a solid core of scientists active in the area
who realize the potential worth of these approaches in
enhancing food production. These groups also need to
be assured of sustained support in critically examining
and developing methodologies for ~romoting effective
and efficient infections in the major food crops on
nutrient-poor soils. Since the greatest immediate
benefit of this ap~roach will be in the low base
tropical savannas, an international center with
specific responsibility for those studies should be
established in one of the countries where xhe ~otential

is greatest.
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Profile 7

UTILIZATION OF IRRIGATION WA~ER

In most countries, irrigation of some type is
desirable or necessary to improve and stabilize food
production and nutrition levels. However, there have
been (and continue to be) notable failures in the
implementation of irrigation projects. serious
problems of water control occur on existing projects
and can be expected on many under construction or
planned. While these problems have much in co~mon,

each situation has its own characteristics which must
be taken into account. Although the proper selection
and management of irrigation methods is only one part
of any complex agricultural ,system, it plays an
important role in the activities and success of the
family farm.

Irrigation efforts are undertaken both by
individual farmers and by groups of farmers, usually as
a result of government-sponsored programs. In most
organized projects, emphasis is given to the
construction of storage facilities, water diversion
facilities, and main canals. Toe often, little or no
attention is given to the proper selection and
subsequent management of conveyance systems for the
distribution of water from main canals to farms, to
irrigation systems on the farms themselves, and to
onfarm management practices. The water delivery system
is often operated without proper regard to farm needs
(Reidinger 1974). These difficulties result in water
use efficiencies which are seldom as high as 50 percent
and more typically nearer 25 percent (Doorenhos 1975).
More importantly, ho~ver, they result in low yields,
sometimes as low as one-tenth that expected by
planners.

u.s. and Israeli experience has shown that farm
irrigation efficiencies of, 70 percent (the current U.s.
Bureau of Reclamation design assumption) to 95 per~ent

are possible, and that 80 percent is not difficult to
Obtain technically. Experience also has shown that the
actual efficiencies have increased very little in some



30 years. The reasons are co~plex, but they are ~cre

often institutional and econo~ic than technical.
In view of the large investment expec~ed in

irrigation and drainage development in the future,
growing limitations on resources (water. energy,
fertilizer), and the often irreversible consequences of
·wrong" decisions, finding solutions to irrigation
problems is an urgent matter.

Kovda's estimate (see Introduction, report of this
subgroup) may be excessive, but waterlogging and
salination are likely problems for new systems as well
as older ones. Attempts to meet the objectives cf U.S.
water quality legislation (P.L. 92-500) have revealed
the high costs both of maintaining old habits and
meeting new standards (e.g., the Central Valley drain
in California and the Colorado River salinity Control
Plan, P.L. 93-320).

Even if a system is reasonably adequate in ccncept
and construction quality, poor management can be
expected to decrease the efficiency of water use by 50
percent (Doorenbos 1975) and result in waterlogging,
salinization, erosion, reduced crop yields, plant
pests, and human diseases.

Any attempt to choose or improve an irrigaticn
design and management program must consider all of the
relevant social, economic, political, and technical
conditions. Too often, important considerations are
overlooked, ignored, or their consequences undervalued.
Irrigation system failures have been, to a large
degree, the result of the improper matching of
irrigation methods with the social, political,
economic, and technical management capabilities cf
those responsible for the irrigation and farming system
as well as the physical characteristics of the land and
water for crop production. Such mismatches are bound
to result in partial or total failure of the syste~.

Proper consideration of the important components of
the various irrigation methods in terms of measurable
site conditions can lead to greater success for both
old and new syste~s. This process would be facilitated
by systems approaches that take into account the full
range of various irrigation methods, so that on-site
recommendations or decisions can be made rationally and
with due consideration of the many alternatives.

RESEARCH NEEDS

Our general otjective is to increase the
effectiveness of irrigation within acceptable
environmental standards, an objective described in the
following statement issued by the international
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conference on crop productivity (Erown et al.
1975:222):

Food producticn is the first demand one must
place on the use of the soil and water
resources, and irrigation plays a Kajcr rcle
in this reqard. Optimization, however, should
be towards maximum food production while
protecting the environment: minimum use of
renewable resources, minirum degradation of
environmental quality (if not enhancement),
and minimum adverse impact on societal values.
Achieving or approaching such a goal will
require the application of present technology
and development of new technology; as
important, however, may be a redirection of
the criteria for success used by scientists in
their research and by all in implementation.

In the end, knowledge has to be applied
innovatively to each site. success will require a
diagnostic approach based on as much relevant site data
as can be obtained, including the views of farmers.
Finally, results must be translated into action by
human beings, individually and collectively. The chief
principle to be kept in mind is that water sup~ly and
weather need to interact properly with cropping
systems, which themselves may be modified to iK~rove

the utilization of weather and water supply.
Much of the technology that is being promoted to

improve the effectiveness of irrigation throughout the
world was instigated in the high-income nations. This
technology reflects the economic, social, and political
predilections of the countries where it originated, and
it may be ill-suited to the developing nations. This
general concept has been well illustrated by Schumacher
(1975), who pleads for more emphasis on "intermediate
technology" proqrams. Often, alternate technologies
better suited to the developing nations have been
bypassed, rejected, or have remained largely unknown.
The development and promotion of alternative irrigation
me~ods could form an important part of the solution to
the world food problem. For example, simple hose fed,
low pressure sprinkler systems may be ideal for Kany
developing areas, but they are seldom recommended.

Sometimes, too, it may be advantageous to Kix
advanced with simpler technoloqies. For example,
surveying for land leveling might be done by a service
organization using laser planes, while the farmer uses
a bullock to move the earth.

Whatever the system, the primary function of
irrigation is to provide water of adequate quality to
the root zone of plants in proper quantities at

-126-



appropriate times. The cruxes of this deceptively
simple statement are the words "proper" and
"appropriate."

~hile irrigation principles are reasonably well
understood and universally ap~licable, their
application is strongly site-specific. Gene~ally, the
implementation of these principles must match ~hysical,

social, and economic factors on the farm and includes
finding a compromise among varying social objectives.
Sometimes technological and management options are
readily at hand; at other times, innovative or new
methcds must be devised.

The main goal of irrigation research is to get a
complex system to work better. Because of the
interactions and linkages in irrigation syste~s,

separating the problem into discrete research projects
actually may retard progress toward the goal. Thus the
systems research and the research on components,
physical and human, should be conducted interactively.
we suggest three interactive efforts.

First, classify and evaluate irrigation methods and
develop an information system about them. To ensure
steady progress in agricultural production, a constant
flow of practical information on new techniques and
improved irrigation practices is required (Doorenbcs
1975). In a world where published work increases
almost exponentially, there seems an obvious need,
first of all, to assess all that is new and then tc
adapt and improve it so that it can be used in
conditions very different from those under which it was
developed.

In a general sense, much is known about the
physical and economic as~ects of various irrigation
methods, and a number of texts are available.
Unfortunately, however, most of the available
information is not presented in a manner that is
helpful in selecting the "bes-t" method for a given
physical site.

An analysis of the physical and economic ~roblems

related to the selection of irrigation methods points
toward the value of developing a meaningful taxonoay of
irrigation methods. This would result in a more rapid
and efficient matching of irrigation method and site.
At present, matching is often done either
inefficiently, with a personal bias, or not at all.

Since it is people who must administer, manage,
use, and operate the irrigation system, the taxonoay of
irrigation methods must devote some attention to social
interactions and customs. This is neither trivial nor
easy, and it must be done if there is to be adequate
matching of irrigation methods to indigenous cultural
sites. An example of a general taxonomic approach to a
complex sociotechnical system is contained in the study
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made by ~be Technical Commi~~ee of the Wa~er Resource
cen~ers of ~be Thi~een Wes~ern S~a~es (U.S. Departmen~

of ~he In~erior 1974).
Second. develop methode of diagpoeie and anAlveis

for that p1r~ of the irrigAtion syet" thAt includes
water dis~ribution to farmers' fields and management of
water on the farm. one of the more difficul~ problems
of irrigation is ~he physical extension of wa~er

networks eo ~ha~ every field is adequa~ely served in
areas where land ownership is fragmen~ed and owners
~ake s~eps opposing any cammon use, e.g., through di~ch

rights-of-way. Oki~a and Takase (1976) point out tha~

no other single a~ion could have as much impact on
rice prOduction in southeast Asia as ~his one.
Al~erna~e technologies, such as the use of inexpensive
closed conduits underground, make solu~ion of ~his

problem easier. Bu~ even if the physical sys~em can be
constru~ed difficult problems of management still
remain.

Irriga~ion syetems can be classified broadly into
those ~ha~ deliver water to tne edge of a field and
depend on gravi~A~ional flow lor di~ribu~ion, and
those tha~ deliver wa~er a~ prescribed ra~es ~o ~he

poin~ of use. The former (including furrow, basin, and
flood irriga~ion) depend for uniformity of dis~ribution

on the time water is ponded on the eoil surface and the
rate at which the soil will absorb wa~er. The la~ter,

in con~rast, depends on engineering appu~enances for
uniformity. Both types have inherent, but differen~,

limitations.
For optimal management, wa~er should be delivered

to the field on demand, meaning that ~he farmer should
have the option of applying a prescribed amount of
water when needed. Delivery on demand, however, is
only possible if the conveyance system is designed with
sufficient capacity ~o accommoda~e peak demand and is
operated with that objective in mind, and if adequate
surface reservoir or groundwater storage is part of the
supply system.

Proper irrigation scheduling requires careful
control of both the amount and time of irrigation, And
a rational determination of the amount required a~ a
given time. In many instances, neither the knowledge
nor the equipment is readily available to make ~hese

determinations.
Both uniformity of distribution and ~roper

scheduling are needed for efficient irriga~ion.

Efficient irrigation, in turn, is generally importan~,

and sometimes crucial, for effective resource use.
Efficient irrigation, for example, reduces the drainage
requirement, and it reduces energy requirements since
much of the wa~er is pumped either for irriga~ion or
for drainage. It also reduces fertilizer requiremen~8
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by reducing leaching IOSBes. Reuse pits can greatly
improve the efficiency of some irrigation syste~s.

All irrigation water contains salts, and its use by
crops increases the salt concentration in the water
that remains. Provision must be made to remove this
salt through leaching. The resulting drainage water
will have a higher salt concentration that will degrade
water in the receiving water course.

All of these concepts are well established, but
their use to develop effective irrigation systems that
optimize water use for crop production, the manageJrent
of the salt, and the subsequent use or disposal of the
drainage water remain major probleme. While general
principles can be quoted readily, details are often in
contention or unknown. For example, the aJrount of
leaching required to maintain a vigorous crop and not
adversely affect soil properties has not been
established satisfactorily. specific application of
general principles also depends heavily on local
circumstances. For example, uniformity in a furrow
irrigation system can be increased hy reducing the
length of run: short runs can interfere with mechanized
operations, but they will affect farmers with sKaller
farms and less equipment differently than those with
large farms and ample equipment.

The need is for careful determination of optimum
management procedures and for innovative solutions to
achieve such management levels within local
socioeconomic and physical restraints. These studies
must be interdisciplinary in nature and should take
into account human and socioeconomic factors as well as
physical and technological ones. Institutional
relationships must be understood thoroughly, and
technical changes muSt he evaluated as to impact and
feasibility. Such studies can be conducted best as
case studies on existing projects. Comparisons among
cases should help identify common criteria of success
or failure.

1hird. provide a steady flow of research ang
technology on basic and applied problems. The types of
research needed for irrigation and drainage prohlelrs
have been treated in detail by several recent studies
(USAID 1974, 1975; NRC 1975a: USDA 1975b:10~-113: Brown
at al. 1975). Below are some research needs we found
important.

First, evaluate existing systems and develc~ new
ones for applying water to meet crop needs exactly.
For example, dead-level irrigation has an important
place in eliminating tail water and increasing
efficiency, but where is it applicable? Does it need
laser leveling and automation to come to full fruition?
Pump-back systems become economical if water prices are
high enough, or if penalties are applied for excessive
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drainage. In the Imperial Valley of California ~he

price of wa~er is now ~ripled if ~he irriga~cn

dis~ric~ judges i~s application to be excessive. Tree
crops can be irrigated at 98 percent uniformity, using
simple plastic tubing dis~ribu~ion systems, if water is
continuously available at the field with only 1 meter
of hydraulic head.

second, provide practical means of i~plemen~ing the
scheduling of time and amoun~ of water. Required are
on-site wa~er measuring devices; computer scheduling is
one approach--with limita~ions; soil-water moni~oring

with a limi~ed number of neutron access tubes and
individual field calibration from experience may be an
al~erna~ive.

Third, utilize field irrigation scheduling data to
opera~e delivery/distribu~ionsys~ems. computeriza~ion

and feedback control are probably needed, bu~ as yet
are no~ available in workable form for open channel
conveyance systems.

Fourth, through systems analysis, develop hydraulic
and economic parame~ers for ~otal system designs that
will distribu~e water from source to field in correct
quan~i~ies when needed. This ~ay involve increased
dependence on in~ermedia~e s~orage facili~ies and
delivery through closed condui~s.

Fifth, evalua~e the concept (Rawlins and Raa~s

1975) of frequen~ irriga~ion. In some cases soil
properties may restric~ the infiltra~ion rate when the
soil is kept wet from ~oo frequent irrigation,
resulting in low oxygen or other stresses. Feedback
systems are needed to control application rates.
Current drip systems, for example, are frequently
supplied with water by ~eans of guesses as to need.

Sixth, evaluate leaching requirements. Limiting
leaching to a minimum can have high benefits in total
water use in some circumstances, but it has no value in
others. However, the management skills and techniques
needed for low leaching are different from those needed
for high leaching, and theoretical limits are not yet
well established physiologically.

seventh, develop low-cost closed conduits, using
indigenous materials if possible. These would help
solve many problems, such as right-of-way space and
excessive seepage, as well as providing controlled
delivery with low expenditures of energy.

IMPACT

Improved irrigation could increase (1) yields on
present and future irrigated lands, (2) farmer income,
(3) amount of productive land in the world, (4) returns
on capital investments in irrigation, and (5) stability

-130-



of agricultural production at all levels, from
individual farmer to international market.
Furthermore, it would decrease harmful environmental
impacts and increase conservation of resources.

How rapidly these benefits could be obtained, and
what size they would be, is difficult to estimate.
Some period of time, say five years, will be needed to
gain momentum. At the end of 10 years, i~proved

irrigation could reasonably be expected to contrihute
200 to 400 million tons of equivalent food grains, and
three or four times that amount hy 2000.

~he critical importance of irrigation in increasing
crop yields cannot be overemphasized; water, in
shortage or excess, is the most common limiting factor
in food production. Areas of a~ple annual
precipitation often suffer from periodic droughts, as
well as periods of excess water. The efficiency with
which irrigation water is used is highly management­
dependent. Where total supplies of water are short
relative to available land, maximum production may
result from limited irrigation in extended areas.

According to the Asian Development Bank (1969:516­
561), rice production (which occupies over h.lf of the
world's irrigated area) can be raised from typical
average yields of less than 1 ton/ha to over 2 tcns/ha
through better water management practices alone. Ey
also using better cultivating methods and higher
yielding varieties with more fertilizer and pest
control, average yields in Japan have heen raised above
5 tons/ha. This is still well below half of what could
be achieved with multiple cropping under optimu~

conditions.
There are an estimated 201 million hectares of

irrigated land in the world, and the prospects are for
at least a doubling of this area. Under optimu~

production the area now irrigated could feed the entire
world population, at least at subsistence level.

According to Okita and Takase (1976):

As of 1975, the total harvested paddy in
sixteen Asian countries or areas (excluding
China and Japan) was approximately 80 ~illicn

hec~ares. Of this, 65~ depends on rainfall,
33~ is inadequately irrigated, and only 2~ is
adequately irrigated.

Unlike other areas there is a close
correlation between food production and
irrigation rate only in Asia. In the case of
paddy, water is an absolute prerequisite and
varieties and fertilizers have effects only
when there is sufficient water.
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In order ~o meet ~h. requiremen~s of ~1s area,
which had a 1975 popula~ion of 1.13 hillion and
produced only 150 million tons of rice in 1970, rice
production should be douhled by 1990. This will
require 26.4 million hectares of rainfed and 21.5
million hectares of inadequately irrigated areas to he
adequately irrigated by 1990 at a cost of $48.2
billion. This is a cos~ of $1,000 per hectare on ~he

average for land ~a~ is already under cultiva~ion.

The investment cost of new irrigation works and
land preparation has been es~imated to range from abou~

$500 per hectare for small river projects to $1,500 for
sprinkler irriga~ion using groundwa~er, $2,500 for
complete ~rickle systems for intensive horticulture,
and up ~o $3,000 for large schemes requiring wa~er

storage and long distance conveyance, using 1974 prices
(DOOrenbos 1975). Using an average figure of $2,000
projected ~o 201 million hectares, a worldwide
investmen~ of $400 billion in curren~ prices would he
required. For the 40 million hectares for which
irrigation sys~ems are currently on the drawing boards,
~he required investment would be $80 billion. If
yields could be increased hy 1 ~on/ha on lands now
irrigated, the increased gross annual re~urn would be
$50 hillion at $250 per ~on, or 12.5 percent on the
capi~al value.

weather, particularly water supply, is ~e ~ajcr

cause of fluctua~ion in food production. Irrigation
greatly reduces or eliminates ~his risk. At the farm
level, risk is a major de~errent ~o innova~ion.

Improvement of water courses in experimental areas in
Pakis~an has caused some small farmers ~o move from
subsis~ence ~o market agricul~ure (R. Ernst 1976,
personal communication, AID).

Fur~hermore, as noted in the In~roduc~ion, ~ovda

(1971) es~ima~es that 50 ~o 60 percen~ of ~he irrigated
lands in arid areas have become saline. Soil erosion,
increased sediment load and salinity in rivers, and
increased breeding areas for disease organisms are
among the environmental ha2ards of current irrigation
methods. These hazards can be greatly reduced or even
eliminated by improved irrigation and drainage
practices.

IMPIEMENTA'IION

Estimated funding needs for research and
technological advances to improve farm irrigation are
from $10 ~o $20 million per year over the next 20
years. While these figures may seem large, ~hey are
small when compared to the investments that have
already heen made in po~rly functioning irriga~ion

-132-



facilities and the capital investments expected in the
future. The probability for success is high, but
success will require an effort of critical size, a
continuing commitment, and a large Keasure of
international cooperation. Also needed is a
substantial education and training program to increase
the number of qualified personnel, who should be given
opportunities for international experience and the
promise of career advancement, a factor that has been
missing both at academic institutions and in government
agencies.

The usefulness of an international center for
irrigation and water management has been explored for
the past 10 years or more (Peterson 1912:11-21). The
central problem of "making the system work" requires a
broad clinical approach. It would be difficult to
assess case histories, however, unless the center were
organized and managed with the blessing of responsible
national officials of ministerial rank, since most
countries are sensitive to the shortcomings of projects
under their jurisdiction. This, and the existence of
rather definite regional ecological areas, makes
regional centers more appealing than international
ones. The issue deserves more careful study, including
discussions with the officials ot concerned countries.

Meanwhile, some of the necessary organizational
elements may be converging. AID has encouraged the
formation of a university consortium and has financed
at several universities the development of personnel to
work on agricultural water management. This effort
could be extended further under the Title XII amendment
to the Foreign Assistance Act. AID also has fostered
research dealing with the systems aspects of irrigation
projects in some of the developing countries (e.g.,
Eckert et ale 1915). There are substantial personnel
resources at USDA, and FAO needs to be involved, as do
the international banks and other donors.

perhaps the first step should be to organize
effectively the various U.S. resources, i.e., these
universities having significant expertise in
irrigation, USDA, and AID, and to frame the general
outlines of a proposed program that could then be
discussed with the International Bank for
Reconstruction and Development (IBRD) and its
international counterparts. Title XII could provide
the framework for fostering and strengthening the
leadership effort, which should include the creation of
a multidisciplinary technical advisory group and a
consolidated technical staff drawn from AID, USDA, and
the universities. The National Academy of Sciences
might take the initiative by sponsoring a workshop to
discuss and make recommendations on a specific
organizational approach. Needless to say, such an
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organization should develop close ties wi~h

organizations in o~er disciplines, particularly soils,
crops, and economics.

'!he development of much of ~e physical and
economic ~axonomy of irriga~ion systems, the creation
of al~erna~e technologies, and ~e training of
technical, managemen~, and insti~utional personnel can
be carried out at eelec~ed sites in ~e high-income
countries; however, the incor{:oration of cul~ura1

factors into system design and managemen~ will require
new and ingenious approaches involving combined teams
of social scien~iets, engineers, and economists working
direc~ly with indigenous groups in ~e rural areas of
developing na~ions.

Ultimately, pilot and demonstration farms Kust be
opera~ed ~hroughout ~he world, and used as training
grounds and as examples of better irriga~ion practices
a~ the local level.. Fortunately, many of the needed
research and demonstration farms are already in
exis~ence, and ~he major requirement will be
reorganization and coordination of efforts.

Doorenbos (1915) has summarized the effort required
to take better advantage of the potential of
irrigation:

cooperative research programmes are needed,
involving research centres of the high-inccme
countries, in~ernationa1 and regional research
and suitable national institutions,
particularly on problems relating to the
development of an appropriate technology for
improved yields of land and water resources
and increased {:roductivity. Wi~ the present
food crisis, if research is to be effective,
it should be primarily goal-oriented and the
results at least believed to be achievable in
practice. since genera~ed knOWledge is too
often applied independently by the user,
provision, where feasible, should be included
for the research organization ~o extend its
work to the inp1ementation phase. More
emphasis is needed on the so-called
intermediate technOlogy programmes which must
ce concerned particularly with applied
research. But gathered knowledge needs to be
broadbase. Differen~ levels and methods can
be. identified which may range from scientific
seminars for the specialists, to a meeting on
a demonstration plot for the farmer9 Each
situation is site specific and must be treated
accordingly. It remains dangerous to dictate
precisely the type and level of research
required. Whether basic or applied, whether



at the level of polic~akers, specialists or
users, experience shows that each step must be
carefully planned; it is a lonq and also
costly process; it must be a continuous
proqramme and it must produce results.
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Profile 8

USE AND PREDICTABILITY OP iiEATBER INFORMATION
FOR FARM MANAGEMENT DECISION MARING

Variations in weather are the largest single factor
causing shortfalls in food pro~uction (NRC 1976a).
(See Study Team S's report.) Since relatively little
can he ~one to change the ~ather, the best way to
reduce weather risks is to improve the transfer of
advance~ agricultural technology, taking into account
weather variables. If the risks involving both rainfed
and irrigated agriculture are to he reduced, much ~ore

attention needs to be given to weather ~ata in terms of
their specific significance to crop systems. The
importance of improved transfer of agricultural
technology has heen stressed in recent extensive
agricultural research studies (USDA 1975h:113, NRC
1975a).

By an~ large, attempts to transfer agricultural
technology directly from the temperate to the trcpical
~one have been less than successful; the tropical
environment, including pests and fertility as well as
climatic factors, has proved to he extre~ely hostile to
temperate plant varieties and hybrids, although many
aspects of irrigation, drainage, cultivation, and
chemical application technology have been found to be
readily transferable. Logically, better plant
varieties need to be found to utilize available
technology effectively, and strategies are needed to
adapt transferable technology to different
environments. If this is to he done, those
environmental indicators most directly related to the
growth of crops must be hetter characterized. Soil is
an important environmental indicator, and its use as
one is discussed in Profiles 1 and 4. iieather
constitutes another, although weather and soil are
related. Practical weather indicators related to crop
growth need to be devised and improved crop-weather
relationships established (NRC 1976a).

~he results of specific variety tests involving
soil, water, fertilizer, and other variahles relate to
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limi~ed geographical areas and only ~o ~he weather of
~e year in which they are conducted. The only lcgical
bases for ~heir ~ransfer to o~her si~es are
environmental characteristics common to both the test
and transfer si~es. Small changes in lati~ude or
altitude can significantly alter the performance of
mos~ varieties. Thus most u.S. states are subdivided
for crop yield testing into many small areas ~hat are
relatively homogenous in climate. soil, and water
availability, and even then a three-year or four-year
~est a~ a site gives a relatively small sample of the
wea~her at ~ha~ site.

Yield experiments conduc~ed around the world have
provided some positive additions ~o knowledge abcu~

food production in tropical and subtropical areas, but
progress has been slow. The need for increased food
production, on the other hand, is large and imKediate.
This suggests the need for a more systematic a~~roach

to collecting and disseminating information useful for
predicting the response of cropping systems as weather
conditions vary, and informa~ion on how crop systeKs
migh~ be altered to increase production, given weather
variances. Such an approach also must characterize
o~her environmental and management variables. A
comprehensive, computerized information system
considering all cultivars, all environmental variables,
and all managemen~ inputs will probably never he
feasible or desirable. However, efforts to organize
data into a classification system so that production
data collected at one site can be used to predict
production at other sites with similar environments
would have subs~antial henefi~s. This effort is
particularly needed in the case of weather.

RESEARCH NEEDS

The one thing that can be transferred wi~hcut

variance to a new si~e is the gene~ic makeup of a
cultivar. This is all contained in the seed, which may
be carried from One place to another. Production data,
therefore, are commonly referenced to specific
cultivars tes~ed, i.e., organized in terms of specific
cultivars. There are. however, literally thousands of
varieties within even one crop species. practically
speaking, many of these are closely related, and
testing is continually conducted to iden~ify ~he more
promising varieties, of which relatively few are used.
In 1970 in the United States, for example, 71 percent
of the corn grown was dependent u~on six major
cultivars, 65 percent of the rice on four, 50 percent
of ~he wheat on two, and 56 percent of the soybeans on
six (NRC 1912a).
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A very general model concept is presented here. It
is recognized that such a model never will be fully
developed quantitatively. Even if ~ossible, that would
serve no purpose since there is a trade-off between
level of resolution and utility. The reaction R of any
cultivar V to any environment E is expressed by the
equation R=f(VxE). The V x E interaction can be
expanded as shown in Figure 2.

Each cultivar can have many responses (yields) in a
given natural environment if that environment is
modified through different husbandry practices, such as
changing planting time, tillage, irrigation, drainage,
fertilizer use, and pest control.

As mentioned earlier, soil characterization is a
basic transfer element that implicitly contains
climatic information. Similar cultivars on similar
soils can be expected to produce similar yields. Soil
would therefore be a primary environmental indicator,
and the equation would take the form R=f(VxS) where S
is the soil indicator.

climatic approaches to transfer also have been used
with considerable success. These include climatic
analogs and crop geography-climatology techniques. In
tMs case climate Qr climate and soil together
constitute the environmental component in the

V E R

Local
climate,

Interacting soil, Modified Plant PlantCultivar water, • husbandrywith with response
pest
complex

FIGURE 2 The interaction between cultivar and environment.
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conceptual model. (See the report of Study Team 5,
especially Profiles 5 and 6.)

~he purpose of this ~rofile is to ex~lore the
possibilities of adding weather as a transfer element.
This brings the time dimension into play in dynamic
terms. Weather is the KOst variable and least
predictable of the resources used in crop production,
and of the various weather factors water supply is the
most variable. since there is an infinite set of
equally likely future weather sequences at any site,
the impacts of weather need to be a~proached using
stochastic processes and expressed in probabilistic
terms.

If stochastic sequences of weather are to be
examined, crop production prediction models responsive
to time sequences of weather variables are needed. A
number of these have been proposed and appear
promising. One approach has been to combine such
variables as temperature, humidity, radiation, etc.
into potential evapotranspiration (ET). This is then
moderated to predicted ET based on soil moisture and
crop phenology. Crop phenology timing may be ~redicted

using, say, cumulative heat units rather than calendar
days. Such models should be solidly based on physical
and biological principles. What is needed are field­
level prediction models with a balanced level of
resolution consistent with other information (Bill et
ale 1974).

Research and development needs in the interactive
system are listed below. These cannot each be
approached separately. Each must be linked iteratively
to the others as the research and development effort
progresses (Keller and Leininger 1975).

Identify a set of weather indicators that are
fairly easily measured and can be used in crop­
weather models useful for yield prediction.
Develop and test field-level crop production models
responding to various sets of weather sequences,
testing and calibrating these for a selected number
of varieties of important crop species. The
Committee on Climate and Weather Fluctuation and
Agricultural Production of the National Academy of
Sciences recommends that "dynamic crop-growth­
simulation models should be improved and develcped
for such crops as wheat, corn, soybeans, sorghum,
and major forages (NRC 1976a)." The general fcrm
of such models seems reasonably constant within
species. Hopefully, this will hold true to the
needed level of resolution. (The proposed approach
has been criticized on the grounds that it may lose
sight of basic scientific principles by siK~ly

substituting sets of empirical correlations of
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da~a. Certainly the approach should n~ viola~e

known scien~ific principles and should draw on them
~o ~he fulles~ .x~en~. The process works both
ways, however. A successful field model, even
~hough partly empirical, could point the way toward
b~ter unders~nding of fundamen~l scien~ific

processes).
Characterize site wea~er indicators. Measurable
aspects of a plan~'s response to measurable aspects
of the site's weather need to be quan~ified in
standardized uni~s calculable for the periodic
intervals delineating phases of plan~ growth.
Conduct field ~ials of selected indica~or

varie~ies on various soil types at selected
climatic sites within ~e ecological range of the
crop species or variety. These ~rials would serve
to (1) calibrate the models, (2) define the ranges
of their reliability, and (3) es~ablish the forms
in which weather data should be collec~ed. The
water supply element of the environment can be
controlled on sites where precipitation is
deficient, thereby increasing ~he nu~ber of
variables that can be studied at such sites in a
particular year.

A large number of field ~rials have already
produced productivity information, some of which
might be used. The literature usually consists of
data ~iads (V, E, R) listing ~he observed yields
of chosen varieties when tested in the
environmental sequences occurring during the year
of each test. Usually very little of the data
describing the environment is recorded, nor are
observations recorded of the specific times at
which critical phenological stages occurred. Thus
most existing data triads are no~ very useful for
predicting crop response. This is especially ~rue

for subtropical and tropical areas.
Some important V x E interactions have not

been identified and studied. For example, while
evapotranspiration can be estimated successfully
from suitable weather and plant stage-of-growth
data, the role of the photoperiod in any specific
V x E interaction is not now clear.
study risk and strategy. This will require the
processing of sets of historical or syn~etic

weather data sequentially through the crop
production model to arrive at distributions of
expected yields a~ benchmark sites, using
techniques similar to those used in operational
hydrology (Ah~ed et al. 1976, Fiering 1967). It
also could lead to strategies for management as the
growing season begins and progresses, e.g., what is
the best course if soil moisture is deficient at
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planting time? What is the best use for lizrited
supplies of irrigation water? What would be the
best course if reliable short-term weather
forecasts become available?

A past weather history is only one of a very
large set of equally likely future sequences which
may well contain both longer and more intense
periods of drought. Statistical methods to
generate equally likely future sequences need to be
devised. Bere again, the approach would be
analogous to that used in hydrology for generating
alternative future sequences of streamflow.

The effects of long-term and short-term
climatic trends also could be taken into account in
devising weather data sequences, but this topic is
not included in this profile.
Develop an information system. The foregoing
concepts point to the desirable design para.eters
for an information system. A great deal of care
needs to go into such a system. Without
foreclosing the options, a distributive rather than
a centralized approach seems most appropriate, with
emphasis being placed on simplicity and usefulness
to large numbers of people without specific
expertise.

Initial emphasis should be given to the first four
topics, but research and planning should begin on the
last two. This profile contains no discussion of
pests. These are certainly a major hazard related to
weather and other factors. We feel that they deserve a
separate but coordinated effort.

IMPACT

The primary benefits can be summarized as increases
in the ease, confidence, and rapidity with which crop
technology can be transferred. Given better
predictions about production probabilities and risks
over the long run, better choices of cultivars cculd be
made and improved strategies implemented in shorter
development periods. Knowing the risks better would
lead to more realistic capital financing and planning,
with an improved success ratio.

While the proposed research would by no means
eliminate field trials, these would probably not need
to be as extensive as is now commonly supposed. A
broader spectrum of weather impacts could be collected
in a shorter time because data from different sites
could be analyzed within a common framework. With
broader knowledge for planning experimentation, the
need for duplication would be reduced and more efforts
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could be devoted to new areas of biological research.
Present crop breeding strategy is to select varieties
that have good productivity over a broad range of
environmental variances. This is effective, es~ecially

in reducing risk. But it is possible that a broader
range of varieties, more closely related to specific
sites could result in even greater ~roductivity. This
also would reduce the hazards of relying on a very
narrow genetic base for a very large share of our crop
production.

The research also should provide a better
understanding of the relative im~ortance of
environmental resources, technological inputs, and
changes in husbandry. Given the li~ited resources for
long-range investment in interventions, better
allocation choices could be made by farmers.
Eventually, enough might be known about global weather
risks to refine estimates of the need for national and
international food reserves. Similarly, the proposed
research could lead to improved decision making prior
to and during the growing season as the result of more
knowledge about potential short-term risks.

A beneficial impact on the seed industry also could
be expected. Seed producers would want their products
included in the research. As a result of work already
underway in the United States on maize, a number of
breeders have agreed to use o~n pedigree lines for
field testing and to cooperate in improving the data
collected.

Globally, an assessment of impact in monetary cr
productivity terms is difficult if not impossible to
make. Decreasing lead time to achieve even modest
increases in production and decreasing annual variances
in production would both have tremendous value.

The chance that the program would be successful is
high. For three or four key crops, significant results
could be obtained in three or four years. Realization
of most of the potential advances would ~robably take
10 to 15 years.

IMPLEMENTATION

A multidisciplinary effort will be required. There
also must be a means of communicating with and
utilizing research stations in many countries. The
entire effort needs to be organized under a single
administrative unit, but the work will require the
involvement of a number of institutions in the United
States and abroad. A coordinated international testing
system is visualized, but without the addition of new
test sites. The ~roblem is not a lack of sites but
identification of a reasonable set of pertinent
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variables to be ~easured and a strategy to coordinate
research activities.

Each site must be carefully characterized and the
collection of data monitored by a trained observer.
The major additional expense at each selected site will
be for weather instruments (many will already be on
hand) and for the personnel required to record ~lant

growth and weather data.
~he pedigree of all crop cultivars should te known

so that the research genotype can be readily identified
and rela~ed to commercial seed lines. "Indicator" sets
of atout 20 open-pedigree lines which cover the genetic
spectrum of each major crop can be selected.

~be growing season, from land preparation through
harvest, is the most important monitoring period, tut
weather events during the nongrowing season also are
important. Winter precipitation, for example, may fill
the soil with moisture and thereby improve growth.
Full-year monitoring is usually necessary in tropical
areas, however. Double and intercropping may be
practical, and the same crop may be grown during more
than one season.

A daily record should be made of important weather
factors, such as temperature, radiation, relative
humidity, and so forth. A periodic record of plant
development from ~lanting through harvest also is
needed, and a complete water and soil amendment record
must be kept. Plant use of these added elements can be
computed theoretically, but practically speaking,
computed values will have to be checked and adjusted,
depending upon analyses of samples taken just prior to
and immediately following the growing season. All
tillage practices and their times of occurrence need to
be recorded, along with information on pests and
methods used to control them. Major storm damage to
plants should be noted in enough detail to estimate
probable effects on plant development afterwards.

All data should be collected in a systematic and
uniform manner. centers staffed by multidisciplinary
groups of scientists should analyze the data
statistically and prepare it in standard form. Various
groups of scientists capable of developing approaches
to the proposed research already exist. Once
sufficient data are available, some of these groups
will use it.

~he data and whatever crop management inforKation
is developed from them should be maintained in a form
and manner that is accessible fer both public and
private needs.

Much of this work can be done by existing
international institutes, AID-sponsored crop centers,
and national research centers. The number of test
locations for a single crop could be as few as 1 to 10
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a~ ~he beginning, wi~h c~ers being added when
necessary. Each ~es~ si~e should be chara~erized ~o

~he grea~es~ degree possible, and sequen~ial weather
and crop da~a should be uniform and readily
re~rievable. The designing of s~andards and procedures
for da~a collec~ion will be an impo~an~ func~ion of
~e research managers.

I~ is expec~ed ~ha~ ~e research program would cos~

$2 to $4 million per year for ~hree years for each of
two or ~hree key crops, possibly maize, soybeans, and
wheat. If successful, the program could be ex~ended to
other key crops a~ approximately ~e same level of
spending.

In order ~o plan and implemen~ ~e projec~,

interdisciplinary symposia or workshops involving
knowledgeable and interes~ed professionals will have to
be organized, possibly ~ough AID contractual channels
or under NAS sponsorship. These should include
in~erna~ional authorities and users. Once ~e details
are worked ou~, cen~ral managemen~ could be assigned by
contra~ual arrangements to appropriate insti~utions

given defined responsibilities for developing
appropriate programs with in~erna~ional centers,
national research agencies, founda~ions, and private
enterprises, such as seed companies. These progra~s

would train observers. ins~ruc~ researchers, devise
data processing and retrieval sys~ems, and develop ~e

details of the models.
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Report of subgroup C. Study Team 4

FERTILIZERS



INTRODUCTION

Fertilizer is a basic input in the food production
chain. While other inputs, particularly land, water,
and farm machinery, also play key roles in increasing
food production, increasing their availability requires
long-term development strategies which are difficult to
implement in the short run and frequently beyond the
control of the individual farmer, particularly the
small farmer. But an increase in the availability of
fertilizer, coupled with improved seeds and adequate
credit, provides the means to increase crop yields and
income quickly and effectively at the small farmer
level.

It was precisely this combination of fertilizer,
seed, and credit that was employed by the policymakers
of nation after nation during the food shortage of
1972-14 to blunt the threat of famine. This
combination, with fertilizer as its key, is likely to
receive even greater attention in the future as the
battle to ward off starvation intensifies and the
struggle to distribute rural income equitably expands.

AS important as fertilizer is in increasing food
production, the developing countries are only now
beginning to recognize the special role it plays in
overall agricultural development. AS recently as 1914­
15, only 26 percent of the total fertilizer used in the
world was consumed by the developing countries, where
two-thirds of the world's popUlation resides. The
average fertilizer use rates for the individual nations
of the developing world are frequently 1/25 to one­
fifth the rate of use in the principal fertilizer­
consuming high-income countries.

This disparity may increase even more in the years
to come unless major efforts are made by the develcping
world. Recent estimates of fertilizer use by the
United Nations Industrial Development organization
(UNlDO) (1911) suggest that total nutrient consumption
will increase fro~ 81.1 million tons in 1915 to 301
million tons by the year 2000. Using the Lima
Declaration of December 1915 as a guideline for Third
World development strategies, UNlDO (1916) states that
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40 percent of the consumption by the year 2000 needs to
be in the developing countries and that these sa~e

nations should be self-sufficient in nitrogen and
phosphate production by that time. The accuracy of
these figures can be debated. The need. however. to
step up efforts to promote more intensive and extensive
use of fertilizer in food-deficit developing coun~ries

seems to te beyond question.
serious constraints exist on increasing fertilizer

use in the developing countries. however. particularly
at the small farm level. Unfavorable price
relationships between fertilizers and farm prices have
not teen conducive to persuading farmers. particularly
small farmers. to use large quantities of fertilizer.
While comments on food policy are beyond the scope of
this report. the prospects for improving the cost-price
relationship between fertilizer and farm crop prices by
reducing the cost of fertilizer are not bright. There
is every indication that the costs of fertilizer will
increase sharply in the years ahead due to at least
three factors: the rising costs of raw materials from
which to make fertilizer as natural gas and oil become
scarcer and the difficulty of mining phosphate rock
increases. sharp rises in the cost of nitrogen and
phosphate fertilizer production facilities. and rapidly
rising costs for transporting and distributing
fertilizer.

There is an additional set of constraints li~iting

fertilizer use which particularly affects the small
farmer. These can be classified under the broad
category of risk. The small farmer who uses
recommended quantities of fertilizer. particularly on
food crops. takes high risks if water availability is
unpredictable and beyond control. if crop response to
f~rtilizer (particularly phosphate. potash. and
micronutrients) is questionable or unknown. if credit
is expensive and/or unavailable, and if the price the
farmer receives for farm products is uncertain.

It was the contention of many in the late 1950s and
1960s that sufficient information and expertise on
fertilizer use existed in the high-income countries.
and that the problem of low crop yields in the
developing countries could readily be solved by
applying the available information and expertise. The
experience of the 1970s has shown this not to te the
case. Most of the fertilizer materials used today were
designed for use in temperate climates in a well­
managed and sophisticated agriculture. Such conditions
do not exist in much of the developing world. As a
result. modern fertilizers have not perfor~ed well
where the basic distribution system needed to move
fertilizers is undeveloped. where water regimes are
poorly developed or uncontrollable. and where the basic

-147~



field research needed to predict plant response to
fertilizer is lacking or where the educational system
needed to transmit this information is not functioning
properly. AS a result, fertilizer efficiencies in the
developing countries are substantially below those
achieved by farmers of the high-income countries.

There also are serious obstacles to increased
fertilizer production in the developing countries.
Present production methods are based upon the capital­
intensive technology of the high-income countries where
investment capital and skilled labor are more
available. In most developing countries, foreign
exchange limitations are a serious problem. Thus
efforts to expand high technology, capital-intensive
fertilizer production facilities present difficult
problems in finance and operations. In addition, there
is a reluctance to use a technology that is energy­
intensive. As energy sources become scarcer and more
costly, even the high~income countries are faced with
developing more energy-saving technology.

Finally, time and resistance to change also are
critical factors affecting efforts to increase food
production through fertilizer use in the developing
countries. The agricultural support facilities
available to the high-income countries were asse~bled

over many decades. The developing world does not have
this luxury; it must transform its agriculture Kore
rapidly if famine is to be averted. Such a rapid
~ransformation is exceedingly difficult in traditional
societies, where cultural patterns often impede the
diffusion of innovations.

~e have taken due note of the importance of
providing for adequate plant nutrition in combating
world hunger and of the recent events that might
jeopardize achievement of that goal. The team has
prepared the following research profiles describing key
areas where research is needed. Five topics were
selected from an original list of 12: (1) low-cost
sources of ni~rogen for use in fertilizers, (2)
nutrient efficiency, especially of crops grown on
tropical soils, (3) mining and processing methcds for
recovery and u~ilization of phosphate ores, (4)
recycling organic wastes as a source of nutrients and
as soil conditioners, and (5) the economics of
fertilizer supply, pricing, distribution, and use.

These profiles do not cover every aspect of the
problem because of space limitations and the need to
establish priorities. Thus two priority items were
dropped from consideration on the assumption that they
would be covered elsewhere. These items were soil
acidity and the ~echniques to be used to solve this
problem, and fertilizer marketing, including
dis~ribution and storage.
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Profile 1

LO~-COST SOURCES OF NITROGEN FOR USE IN fERTILIZERS

Adequate low-cost supplies of nitrogen for use in
fertilizers are essential if the expanding food needs
of the world's populaticn are to be met. currently,
most of the world's nitrogen fertilizers are
manufactured using the Haber-Bosch process developed in
the early part of this century. several other
processes for nitrogen fixation--the arc process, the
cyanide process, the nitridic process, and the
cyanamide process--have been used with varying degrees
of success, but because of high costs or other
disadvantages they have faded into obscurity.

Under the Haber-Bosch process, ammonia is
synthesized from a 3:1 volume mixture of hydrogen and
nitrogen at elevated teKperature and pressure in the
presence of an iron oxide-based catalyst. The process
utilizes nitrogen from the air and hydrogen frea
natural gas, naphtha, fuel oil, or coal in combination
with steam. Natural gas is the dominant source
(providing over 95 percent of the hydrocarbon source in
the United States and about 70 percent for the wcrld as
a whole), followed by naphtha and fuel oil. Coal and
electrolytic hydrogen are minor sources.

Since production of nitrogen fertilizer is
inextricably linked with the energy situation, great
concern has developed in many countries over existing
or iapending shortages of natural gas, naphtha, and
fuel oil for ammonia synthesis. This has generated
considerable interest in coal as an alternative,
especially in the United States. It also has prompted
a search for new sources of hydrogen, as well as for
processes for fixing nitrogen without the introduction
of hydrogen.
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RESEARCH NEEDS

Improving the Production of Ammonia from Coal

The research need is to develop a direct and
economical method of creating ammonia through coal
gasification by way of hydrogen production. The ideal
coal gasification proce8s would allow the use of a wide
variety of coal, operate at the high pressures
compatible with ammonia processes, produce a compatible
gas comprised essentially of hydrogen and carbon
dioxide without undesirable contaminants (such as trace
elements, tars, oils, phenols, and chars), and have
simpl~, reliable coal feed, ash discharge, and heat
recovery systems.

A number of new coal gasification reactors are
being developed in this country. These should be
evaluated in light of the above criteria, modified if
needed, increased in size, and coupled with standard
conversion and gas purification equipment to supply an
existing ammonia plant, utilizing a significant ~ortion

of the plant's equipment. such a converted ammonia
plant would serve as a ~rototype installation from
which technical and economic data could ~e obtained in
order to evaluate the reliability of the process.
Assuming that the process proved reliable, it would be
incorporated in the construction of new ammonia ~lants

or retrofitted to existing ammonia ~lants that ncw use
natural gas or feedstocks.

The development and demonstration of an effective
second generation ammonia-from-coal plant should be
possible within eight years and should result in about
a 25 percent reduction in the energy required to
produce ammonia.

Impact

The development of an im~roved ~rocess for
obtaining ammonia from coal would permit the United
states and other coal-rich countries to utilize coal
increasingly as a source of hydrogen to produce
nitrogen fertilizers. This would assure these
countries enough fertilizer to meet agricultural needs
while freeing them from the need to spend large amcunts
of foreign exchange to bUy oil or gas for fertilizer
production. The ultimate impact would be more food at
a lower cost than would result otherwise. The need for
the development of a prototype plant for the creation
of ammonia from coal is immediate. Fortunately,
existing research and development activities make such
a step feasible in the near future.
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Part of the u.s. research community is already
deeply involved in the development of new technology
for the conversion of coal to liquid and gaseous
hydrocarbon fuels (American Institute of Chemical
Engineers 1974-75). ~his substantial research effort
has stemmed from national concern over decreasing
reserves of petroleum and natural gas and the resulting
dependence upon crude oil and petroleum products
imported from the Organization of petroleum Exporting
countries (OPEC). Unfortunately, however, no
significant portion of the research is devoted
specifically to the task of obtaining amaonia through
coal gasification.

There are some coal-based ammonia plants in
operation or under construction in India, Turkey, and
South Africa. These plants are based upon German
technology largely developed before World War II, and
they are expensive to build, relatively inefficient in
terms of resource use, and dependent entirely on
proprietary foreign technology. None of these plants
utilizes the high-temperature, high-pressure technology
applicable to nearly all types of coal that is
particularly useful for ammonia production, and all are
apparently subject to low reliability.

Given the vast worldwide reserves of coal and the
limited and dwindling supplies of petroleum and natural
gas, an immediate and intensive effort to develop the
coal gasification process can easily be justified,
particularly in the United States. This country, which
depends almost entirely upon natural gas as an ammonia
source, is currently consuming about 65 billion cubic
meters of natural gas per year. The latest estimate of
known reserves is 5.• 8 trillion cubic meters, and u.S.
gas production is declining by 6 percent annually
(Bureau of National Affairs 1976). Unless large new
gas reserves are found or home use of gas is greatly
curtailed, the United States will be in a serious
position within relatively few years. Using petroleum
as a source of ammonia production offers no real
alternative since the United States is already
excessively dependent upon oil imports from the OPEC
countries. On the other hand, the U.S. Department of
the Interior (1975) estimates that the United States
has coal reserves totaling about 3,600 billion tons.
Part of this reserve is located in or near some of the
nation's most important agricultural areas. Coal
reserves also are immense worldwide (Table 6).

The United States is currently u~ing about 19
billion cubic meters of natural gas annually for
ammonia production. About 1,200 cubic meters of
pipeline quality gas are required for each ton of
ammonia produced. About two-thirds of the gas used in
producing each ton is used for the chemical
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Table 6. Estimated total original coal. msources of the 1IIlOrld
(in billions of tens)

Asia (in:::1mes &Jropean U.S.S.R.)

North ADerica

Eurcpe (inclmes 'l'UDcey)

Africa

oceania (Australia, New Zealarr:i,
New ca1ecbda)

south am central Anerica

Estimated
Identified total
resources resources

2,700 10,000

1,725 4,000

275 725

82 225

64 120

27 36

4,873 15,106

Source: U.S. National Ccmni.ttee of the ~r1d Energy COnference
(1974) •



oons~i~uen~s of aKmOnia. while ~e other one-~hird

provides process hea~.

A number of coun~ries besides ~he United States
have ample coal reserves but are sho~ of oil and/or
natural gas (O.S. National Committee of the World
Energy Conference 1974). These include several
Euro~ean countries as well as Botswana. India. South
Korea. swaziland. Taiwan. Tanzania. Thailand. and
Zaire.

Implementa~ion

Essentially ~his research effort involves selection
of ~he most promising coal gasifica~ion process
currently under development that mee~s ~he criteria for
ammonia production. linking it ~o an existing ammonia
plant. making modifications in both ~e gasification
and ~he ammonia plan~s. and demonstrating the process
and system. Total estimated costs. depending on ~he

scale of ~e installa~ion. range from S50 to $100
million.

The u.S. government would provide all or part of
~he funds. depending on ~he ex~en~ to which priva~e

indus~ry pa~icipa~ed. No other country has as much at
s~ake. and no other country ha~ done as much work in
developing improved coal gasifica~ion procedures. The
necessary collabora~ion would involve a gasification
developer. an ammonia producer. and the u.S. government
through ~he Energy Research and Developmen~

Administration (ERDA). ~he Tennessee Valley Authority
(TVA). or bo~h. Both ERDA and TVA have ~aken initial
steps ~o fund a research and demonstration program.

Develop Al~erna~e Sources of Hydrogen
for Ammonia Produc~ion

~he mos~ significant amoun~ of external energy used
in the Haber-Bosch process is associated with the
hydrogen produc~ion step. Therefore. research on new
means of hydrogen production has potentially large
benefits. several research alterna~ives have heen
proposed and are in various stages of study.

One of these is to improve ~e technology available
for direct hydrolysis of water to produce hydrogen.
This process is s~ill used in a few pa~s of the world
where excess low-cost power is available. but ~he inpu~

of electrical energy is so great tha~ the process
usually is not economical. One new un~ested scheme.
however. is to utilize the difference in tempera~ure

be~ween the surface of the ocean and i~s depths to
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gene~ate electricity and to produce hyd~ogen (Francis
et al. 1976b).

Anothe~ suggestion is to use some combination of
electrical and chemical processes to produce hydrogen
f~om wate~, resulting in less consumption of external
energy than straight electrolysis. One system under
prelimina~y study uses an inte~mediate sulfur cycle in
which water and sulfur dioxide are electrolyzed,
producing sulfuric acid and hydrogen. The sulfuric
acid is then decomposed ty heat or chemical means to
regenerate the sulfur dioxide for recycling.

Thermochemical processes would involve a syste~ of
high-temperature chemical reactions to recycle all
intermediate compounds, the net effect being use of a
high-tem~erature heat source to produce hydrogen and
water (Graff 1976). Combining a thermochemical water
splitting process with the high temperatures available
in nuclear power plants may be a promising app~oach.

Another possibility is a newly discovered
photoinduced electron transfer process, which may lead
to an economic procedu~e for producing hydrogen
(Sprintschnik et ale 1976). This involves using
organic ruthenium complexes to catalyze water splitting
reactions driven by sunlight. Others (Wrighton et ale
1976, Fujishima and Honda 1972) are looking into
photoelectrochemical cells to electrolyze wate~.

Waste hydrocarbons are receiving some attention as
potential sources of raw chemical material or energy.
Although additional development work is needed to
evaluate the economics and to establish the reliability
of the process, they also could be used as a source of
energy for ammonia production.

All of the above have possibilities and shculd be
investigated. The first four (with the possible
exception of water hydrolysis) are long-range projects
that would probably require a development period of 20
to 50 years, and chances for success appear mini~al.

The proposal on waste hydrocarbons covers a period of
less than 15 years, and chances for success seem
assured. However, their use for fertilizer production
would be in direct competition with other needs for new
energy sources, or alternative beneficial uses of the
wastes.

Impact

Developing new methods of hydrogen production would
eliminate dependence upon conventional sources of
hydrocarbons or hydrogen as sources of ammonia. It
also would provide additional alternatives that ~ight

be used in countries without oil, natural gas, or coal
reserves. For such countries, independence frcm



foreign sources of energy could save many millions of
dollars annually in foreign exchange.

Processes involving water hydrolysis are
particularly appealing. As pointed out, however, there
are few situations where sufficient low-cost energy is
available. Breeder reactors could lower the cost of
electrical energy enough in certain parts of the world
to justify electrolysis of water, but this is not
likely to happen before the turn of the century.
Hydropower is often the lowest cost source of energy,
but only a few countries, such as Norway, have
sufficient hydroelectric energy to justify water
hydrolysis. It is for this reason that ocean thermal
power could be a very important source of energy fcr
water hydrolysis. Its use, however, would be li~ited

to tropical waters, the only ones with sufficient
temperature difference (250 to 270C at the surface and
SoC at 700 to 1,200 meters) to act as both a source and
sink for a Rankine cycle system to generate electric
power. Large amounts of water would have to be ~u~ped,

but the resource is tremendous--80 million kmZ of
tropical waters between 100 Nand 100 S latitudes.
Furthermore, the energy source is available 24 hours a
day. It is felt that such a system could be built with
existing technology, and that it would be cost­
competitive with domestic fossil fuel and nuclear power
plants. The process would require the shipping of .
ammonia or hydrogen produced at sea to land areas.

It is too early to assess the possibilities of new
electrochemical, thermochemical, or photocleavage
approaches for producing hydrogen from water. Of the
very few thermochemical processes with demonstrated
laboratory feasibility, none appears to combine low
enough investment with high enough thermal efficiency
to realize the full potential advantage over
electrolysis. The future pros~ects of both
electrochemical and thermochemical ~ocesses depend
upon major breakthroughs, which mayor may not come.
The photocleavage approaches are in their infancy. The
ultimate economic advantages~ however, may be very
great, and basic research should be continued and
possibly increased. There is less immediate urgency,
however, in view of the present availability of other
hydrogen feedstocks and alternative ways of producing
hydrogen.

The use of waste hydrocarbons as a supplement to
other sources for ammonia production appears to offer a
real advantage, not only in the high-income countries
but also in the developing countries. The problems,
however, are formidable because of the high and
variable levels of impurities. Furthermore, the
economics of hydrogen production by this method are
probably marginal, even when credit is given for the
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disposal of was~e ma~erial. The a~oun~s of was~e

hydrocarbons. however. are enormous. and addi~~onal

work on evalua~ing ~he economics and refining the
processing s~eps on a demons~ra~on scale seems
ju~ified. I~ is interesting to note ~at ~e ci~y of
Sea~tle has announced its interes~ in building a 365­
~n-per-day demon~ra~ion-scaleuni~ to produce am.onia
from garbage.

Implemen~a~ion

~he plan for using ~he temperature difference
between ~he ocean surface and i~s depth should be
evaluated by a compe~en~ ou~side ~eam of scientis~s and
engineers. If ~e plan shows promise and is
sufficiently developed. thought should be given to a
demonstra~on plan~. A consortium of priva~e co~panies

and government agencies might te set up ~o provide
initial financing.

Ele~rochemical. ~hermochemical. and pho~ocleavage

processes for hydrogen production are s~ill in ~he

preliminary s~ages of developmen~. par~icularly the
la~~er two. If sponsoring insti~~ions and indu8~rial

firms are unable to carry on ~heir preliminary
inve~igations. it would appear tha~ research gran~s

should be made by ~e National Science Founda~ion or
private founda~ions to con~inue the work. If a
promising process emerged. considera~ion should be
given ~o enlarging development funds. possibly ~hrougb

ERDA.
The use of was~e hydrocartons as a source of raw

chemical materials or energy should receive continued
at~ention. eSPeCially from ~e economic and technical
standpoints. The importance of the problem would
ju~ify selective funding by ~e Environmental
Prote~ion Agency (EPA) or ERDA. or bo~. The
In~ernational Fertilizer Development Center (IFDC).
AID. and FAO might all give consideration ~o supporting
projects in the developing countries. Develop~ents in
other coun~ries should be closely moni~ored.

To~al annual funds required for work on al~erna~e

sources of hydrogen will range from $1 to $3 million.

Develop Abiological Processes for Fixing
Ni~rogen Without Using Hydrogen

The concept of developing ca~alysts ~a~ would
provide an economically pra~ical al~ernative to ~he

Haber-Bosch process and elimina~e ~he need for hydrogen
is attra~ive. One possibili~y involves ~he catal~ic

reaction of nitrogen and water to produce ammonia
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directly. This would require ex~ernal energy, ~robably

elec~rici~y. The ~ypical ca~alys~ is a ~ransi~ion

metal complex based on such me~als as ~lybdenum,

vanadium, and ~i~anium. Ano~er possibili~y is direc~

ca~al~ic produc~ion of ni~ric acid from air and wa~er.

Theore~ically ~his method would no~ require an inpu~ of
external energy. The major problem is finding an
effective ca~alys~ ~ha~ would allow direct production
of ni~ric acid a~ a low ~empera~ure withou~ forKing
in~ermedia~e oxides of ni~roqen. This is a long-range
proj~ ~ha~ migh~ require 50 years ~o achieve. As of
now, chances of a major breakthrough appear miniKal.

Impact

~ith the possible excep~ion of biological fixa~ion,

abioloqical processes for fixing nitrogen wi~hcu~ ~he

need for hydrogen would be the best me~hods of
producing ni~roqen fertilizers. Unlimi~ed amoun~s of
ni~rogen migh~ be produced wi~hout concern for sources
of hydrogen. The roadblocks to success, however, Kay
be enormous. Developing a process wi~h greater
efficiency ~han the Haber-Bosch method is ex~reKely

difficul~ since ~he la~~er is based on ma~erials in
which the sun's energy has been cap~ured, and most
subsequen~ reac~ions proceed ex~hermally.

Nevertheless, ~he advan~ages of abiological processes
no~ requiring hydrogen could be so great ~at basic
research should be con~inued and encouraged. Outside
suppo~ seems necessary since researchers in ~he field
repor~ th~ adequa~e funding is very difficul~ ~c

ob~ain.

Implemen~a~ion

several projec~s are in very fundamen~al stages of
developmen~. Because of difficul~ies in ob~aining

~her funding, the National Science Founda~ion should
be encouraged to support ~his work. ~i~hout such
suppo~, some of ~he projects may have to be
termina~ed. AI~hough ~he chances for success may be
mini~al, ~he po~ential impo~ance of these projec~s is
such ~at the small amounts necessary ~o con~inue

research (abou~ $500,000 a year) would seem well
jus~ified. La~er, if i~ appears tha~ ce~ain processes
warran~ further developmen~, consideration should be
given to subs~an~ial government and industrial suppor~.
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Biological Fixa~ion of Ni~rogen

~hi8 ~opic is covered by Subgroup B, "Land and
Wa~er," and by S~udy Team 1.
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Profile 2

PLANT NUTRIENT EFFICIENCY,
PARTICULARLY IN TROPICAL REGICNS

~he major food crops of the developing world are
rice, wheat, maize, sorghum, and millet, and a starch
grou~ including cassava, yams, and plantain. These
crops occupy 93 million hectares, 62 million hectares,
56 million hectares, 71 million hectares, and 16
million hectares, respectively, out of a total of 666
million'ha, or q5 percent of the currently cultivated
land in the developing world. The grain crops occupy
42 percent and constitute a major portion of the
inhatitants' diets wherever they are grown (FAO 1974b).

Since all of these crops are nonlegumes, increases
in yield from the application of nitrogen fertilizer
are sizable wherever these crops are grown. Most
soils, especially those in the tropics, are inherently
deficient in phosphorus, and historically crop plants
have responded to applications of fertilizer
phos~horus. Potassium usually is deficient in the
soils of the high-income countries where intensive
cultivation is practiced, but deficiencies are less
common in the developing countries. Deficiencies of
the other elements required by food crops are more
widely scattered and generally site-specific. Where
they occur, however, crop yields may be severely
limited.

Improved efficiency of use of plant nutrients can
lead to increased yields per hectare, and thus tc
increased food production, as a consequence of more
effective use of improved seeds, irrigation,
pesticides, and other management practices. Im~roved

efficiency also can result in increased uptake and
utilization of plant nutrients applied to the soil.
(see Profiles 1, 2, 5, and 6 of Subgroup B for further
material on fertilizers.)
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RESEARCH NEEDS

Improving Fertilizer Nitrogen Efficiency

Losses of fertilizer nitrogen applied to the soil
are substantia14 When conventional fertilizers, for
example, are applied by traditional methods, paddy rice
plants usually absorb only 25 to 50 percent of the
nitrogen applied, although the recovery rate of upland
crops may be greater. The unrecovered nitrogen is lost
either through leaching, denitrification, or ~mmonia

volatilization, depending on the situation.•
The mechanisms of nitrogen loss need to be

identified and the probability of losses assessed. A
major research effort devoted to testing existing
principles regarding the rate, timing, and placemen~ of
conventional nitrogen sources is required. Further
research on the use of ni~rification inhibitors with
ammonium sources to reduce denitrification also is
needed. The development of a urease inhibi~or to
preven~ ~he hydrolysis of surface-applied urea until i~

moves into the soil would reduce nitrogen loss and
extend the conditions under which urea could be used.

Research on new fertilizer nitrogen sources or on
modification of present sources to increase efficiency
should be a continuing objective. The chance of
success is high.

Impact

Presen~ fer~ilizer nitrogen usage in the world is
about 40 million tons annually, of which about 18
million tons are used in ~he high-income countries, 7
million tons in ~he developing nations, and the
remainder in the centrally planned na~ions. Based on
total cropland, the usage is about 45 kg/ha in the
high-income coun~ries compared to about 10 kg/ha in the
developing coun~ries (FAO 1974b). Although reliable
data are lacking, available information indicates tha~

most of the fertilizer used in some developing
countries is applied to plantation or export crops
rather than domestic food crops. The exceptions to
this may be rice and whea~, especially in Southeast
Asia.

In industrialized East Asia, rice yields average
about 5,000 kg/ha with a fertilizer usage (nitrogen
plus phosphate plus potassium) of 200 to 300 kg/ha,
while in the least-developed coun~ries of southeast
Asia yields average 1,200 to 1,700 kg/ha with a
fertilizer usage of less than 10 kg/ha (von Uexkiill
1975). Experiments with rice in the Philippines have
shown increases of from 2,000 to 3,000 kg/ha from the
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addition of from 100 to 140 kg/ha of fertilizer
nitrogen when other management practices were adequate.
It mus~ be recognized ~hat the use of fertilizer is
only a part of good crop management, and that
fertilizer additions without adequate water, suitable
seeds, and good managemen~ will often result in only
limited gains at most. About 30 million hectares of
land are used for rice in the developing countries of
Eas~ and SOutheas~ Asia. An increase in fertilizer
nitrogen usage on much of this acreage should result in
a~ least a 10 to 25 percent increase in yield. This
would supply a minimum of 4.5 million tons of
additional rice annually.

Improvemen~s in fertilizer nitrogen efficiency
through the development of slow release nitrogen
fertilizers and more effective timing and placement of
conventional fertilizers would benefit all segments of
the rice-growing world, coth high-income and
developing. Where 100 to 150 kg/ha of nitrogen are
applied, actual plant uptake usually ranges fro~ 40 to
70 kg/ha. If the efficiency of the fertilizer nitrogen
used on rice were increased, the rate of application
per hectare could be substantially reduced on highly
fertilized fields and ~he additional fertilizer ap~lied

on currently underfertilized crops. Improving
fertilizer efficiency in the develo~ing countries has
the potential to increase response from 10 kg grain/kg
of nitrogen to 20 to 25 kg grain/kg nitrogen at ~odest

ra~es of application (von Uexkiill 1975).
Except for rice, grain crops are grown throughout

the world. Maize, for example, is widely grown on
approximately 25 million hectares in Latin America, 16
million hectares in Africa, and 14 million hectares in
~he Far East. Yields in these three regions are acout
1,000 to 1,200 kg/ha, with little variation among
regions and little variation among countries within any
region. Little or no fertilizer nitrogen is used on
this maize since most of it is grown on small holdings
under shifting cultivation. By contrast, the
approximately 26 million hectares used for maize (corn)
in the United S~ates yield about 4,500 kg/ha (FAO
1974b). This land receives at least one-half of the 8
million tons of fertilizer ni~rogen used in the United
States, or nearly 150 kg/.ha on the average.

The response of maize ~o ni~rogen fertilizer has
been maximal with applications of from 60 to 120 kg
nitrogen per hectare in experiments in Puerto Rico and
Brazil when the mos~ efficient methods of application
have been used. In these experimen~s yields of 5,000
or more kg grain/ha have been achieved (COrnell 1974­
75). Ra~es of nitrogen application and yields obtained
are not greatly different in ~he United states when ~he

most efficient placement methods are used. Thus with
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modest application of fertilizer nitrogen applied mos~

efficien~ly, i~ may be possible ~o increase yields in
many areas of Africa from 1,200 kg/ha ~o 2,000 kg/ha.
If this were accomplished on 10 ~illion hectares, ~e
increased produc~ion would be 8 million ~ons of grain
annually.

In many areas of the world substan~ial improvements
in wheat yields also may be obtained. In Mexicc, for
example, the combina~ion of improved varieties,
improved fertiliza~ion, and irrigation has raised
yields from less ~han 1,000 kg/ha ~o 3,500 kg/ha in ~he

past 25 years (FAO 197qb). This is ~e largest change
of any na~on in the world and indicates wha~ can be
accomplished with ~e proper combination of pra~ices.

Obviously, however, not all countries could accomplish
changes of this order due to lack of water or other
necessary resources.

Millet and sorghum likewise offer prospe~s for
increased production ~rough improved fertilizer
nitrogen pra~ices. These crops are grown in the drier
regions of the world, where water is of~en the first
limiting fa~or in crop production. Experiments in the
semiarid regions of ~est Africa with millet have given
yields of 2,000 kg/ha wi~out nitrogen fertilization
and 2,700 kg/ha with fertilization; sorghum experiments
have yielded 1,700 kg/ha wi~hout nitrogen and 3,900
kg/ha wi~h fertiliza~ion (Charreau 197q). since
average yields of these two crops are only 700 to 800
kg/ha in Africa, the potential for improvemen~ is great
even where rainfall is limi~ed.

Improving Fertilizer Phosphorus Efficiency

Crop response ~o fertilizer phosphorus depends upon the
amount and kind of phosphorus applied in ~he past, the
levels and availabili~y of natural and applied phosphorus in
the soil, ~he amount of liming, and ~he physical and
chemical makeup of the soil. Considerably less is known
about phospha~e fertilization of soils and crops of ~ropical

regions than of tempera~e regions.
Research is needed to evalua~e procedures for predicting

the fertilizer phcsphorus requirements of food crops grown
on a wide range of past fertiliza~ion practices and soil
condi~ions, especially in ~ropical areas. Studies on
fe~ilizer phosphorus sources, ra~es of applica~ion, and
methods of placement need ~o be carried out to o~ain

maximum utilization of phosphorus. Par~icular at~ention

should be given to the evalua~ion of the less soluble
phosphates, including various rock phospha~es, as sources of
phosphorus on ~he highly wea~ered soils of the ~ropics.

The chance for success is good.
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Impact

Most soils throughout the world are naturally
deficient in phos~horus. Thus whenever land has been
brought into crop production, one of the first, if not
the first, amendment added to increase crop prcduction
has been fertilizer phosphorus. As a result, ~any

soils have received some phosphate at some time in
their cropping history. The differences between
phos~orus usage in the developing and the high-income
countries are great, however. In the developing world
phosphorus usage is about 3.5 million tons, a rate of 5
kg/ha, while in the high-income countries usage is 14

• million tons, a rate of 35 kg/ha. In the centrally
planned nations usage is about 1 million tons (FAO
1914b).

Studies of soil genesis and mor~hology in the
tropical and subtropical regions have shown that the
same weathering processes occur in both regions, with
differences being related to degree of weathering
intensity. Strongly acid soils high in exchangeable
aluminum tend to be more widely distributed in certain
tropical and subtropical regions than in temperate
zones. Thus some soils of the southeastern United
States are nearly identical chemically and
mineralogically to soils in the Amazon Basin, the
Brazilian campo cerrado, and the llanos of Colombia.

There is some indication, supported by some but by
no means sufficient data, that fixation of phosphorus
in tropical and subtropical soils has been grossly
overrated. Evidence is becoming available to show that
the residual carryover of phosphorous is such that
little or no response may result for several years.
Many of the tropical soils (ultisols and oxisols) are
severely phosphorus-deficient, and the rates of
phos~horus required to ottain adequate yields are
higher than on less deficient soils. The residual
effects of phosphorus applied at low rates to such
soils are usually very small. It may be possible to
utilize less soluble and less costly phosphorus sources
to provide adequate phosphorus for plants, depending on
the chemistry and acidity of a particular soil.
Obviously, less phosphate has been used in the
developing countries, and the levels are much lower on
the whole.

If improved methods can be developed to predict
fertilizer phosphorus requirements for the wide range
of soil conditions found, fertilizer phosphorus can be
used much more efficiently. Soils where crop response
would be obtained would receive ~hosphorus, and those
where response would not be obtained would not. Only
after the necessary experimentation could any esti~ate

of the area involved be predicted. These experi~ents,
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however, should re8UI~ in conserva~ion of FbosFha~e

ma~erials.

Po~assiu., SUlfur, and Micronutrie~s

Deficiencies of potassium, sulfur, and
micronutrients are often site-specific. Information is
needed ~o iden~ify situations, especially in the
developing countries, where deficiencies of these
elements are likely to occur. Research is needed on
~e sorption of zinc in rela~ion ~o pbosFhorus and lime
additions. Adaptive research to evaluate the soil
testing procedures used to determine levels of '
potassium, sulfur, and the micronutrients in a wide
range of soils wculd improve the efficiency of
fertilizer ma~erials. The chance for success in this
area is good.

Impact

Oltisols and cxisols usually have a very low
capacity to supply potassium, and crops grown en them
with adequa~e amounts of ~er elements often respond
~o additions of potassium. The low cation-re~ention

capacity of these soils generally lowers their ability
to retain applied potassium. On coarse-textured soils
where rainfall is high, split applications of potassium
may be required for increased efficiency. coatings to
reduce the availability of less soluble sources of
potassium also may increase efficiency. Characterizing
soils that respond ~o potassium and devising methods to
use potassium fertilizers efficiently should result in
increased food crop yields. There are perhaps SO
million hectares of sandy oxisols in Brazil alone that
might respond ~o Fotassium fertilizer. Coarse-textured
soils also are widespread in west Africa. (Rass 1916).

Sulfur content varies widely in tropical soils.
Sulfur availabili~y is also highly variable, deFending
on organic matter content of surface soil, soil
texture, and previous soil management. Responses to
added sulfur have been observed in Brazil on the camFo
cerrado, in many ~ar~s of Africa, and in parts of
India. The groundnut and the forage legumes aPFear to
be particularly sensitive to SUlfur deficiency.

The number of experiments measuring Flant response
~o sulfur have been few, and the areas that are
currently or potentially deficient in sulfur are poorly
delineated. Suitable methods of es~imating availatle
sulfur in highly weathered leached soils would result
in more precise recommendations for sulfur addi~ions.

It is impossible to estima~e the increased food
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produc~ion ~ha~ migh~ be ob~ained since so li~~le is
known about. ~he ex~en~ of sulfur-deficiem areas.
Where i~ is deficien~. however, added sulfur brings
subs~an~ial increases in yield.

onder ~adi~ional sys~ems of cul~va~ion in
developing coun~ries, wi~h their rela~ively low yields,
micronutrien~ deficiencies are seldom a limiting fa~or

in crop produ~ion. BU~ efforts te in~ensify crop
produc~ion have brought into focus ~e need ~o supply
one or more of ~he micronutrien~s. So far, no
systema~ic s~udy has been made of the role of
micronu~rients in crop production on ~ropical ul~isols

and oxisols, but deficiencies of zinc. molybdenum, and
boron appear ~o be common. Increased yields have
some~imes resul~ed from addi~ions of micronutrients,
bu~ in o~er ins~ances yields have shown no res~onse.

'lhe additien of zinc in experimen~s on the cam~

cerrado of Brazil, where zinc deficiency has been
identified, has resulted in raising maize yields from
2,000 kg/ha to over 6,000 kg/ha (NOr~ Carolina S~ate

Universi~y 1974). Obviously, yield increases of ~his

magni~ude would gc far ~oward solving food produc~ion

problems. Increases in yield where micronu~rien~

deficiencies exis~, however, are more likely ~o be in
~he range of 10 to 30 percent. If micronu~rien~

deficiencies exist in any large soil area, ~he

poten~ial for increased food produ~ion is grea~er.

Research on the u~iliza~ion of plant nu~ien~s also
should lead to improved energy efficiency, par~icularly

in ~he manufa~ure of fertilizer ni~ogen and ~he

processing of phospha~e rock. Concurren~ly, i~ should
be possible to reduce capital inves~en~ in the
manufa~ure of fertilizer ni~rogen. More judicious use
of fertilizer phosphorus coupled with ~he use of less
highly processed phosphate rock should resul~ in
reduced capi~al investment in phosphate processing
facili~ies.

Increased plan~ nutrien~ efficiency will resul~ in
increased income ~o the farmer as ~be effe~ive ~er

unit cos~ for fer~ilizer is reduced and crop yields are
increased.

IMPLEMENTATION

The chances of success in ~his research are high,
particularly for work tha~ concen~rates on ni~rogen and
phosphate. A minimum expendi~ure of $10 to $15 million
per year should be budgeted, with 50 percen~ or more of
this ~otal allo~ted ~o ni~rogen research.

Research in im~oving fer~ilizer use efficiency
will be primarily fieldwork at loca~ions where ~he

crops are grown. Rou~ine laboratory work will be
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required ~ aid in characterizing soils where the
experimen~s are carried ou~. Many of the develoFing
countries lack enough compe~ent scie~ists to carry out
such a program. ~hus coordination wi~h international
centers will be eseen~ial. Regional research planning
conferences should be useful. Basic work on such
problems as denitrification might well be done in the
high-income countries where such work has been sta~ed

or is already well underway.
Fe~ilizer material developmen~ would be largely a

function of IFDC and TVA. Private enterFrises,
however, ultima~ely would supply the fertilizer
materials developed.

In many developing areas simple experimen~s tha~

give a yes or no answer may well suffice if Kore
detailed experimen~s have been condu~ed on si~ilar

soils. An example of this is the Cerrado Research
S~ation near Brasilia where de~ailed field experiments
are done followed by simple experiments in ou~lying

regions to validate results obtained a~ the main
s~ation. In this way the ~ime needed to obtain useful
results can be sho~ened significan~ly. I~ is
essential tha~ a complete characterization of the soil
a~ each experimental site be made. ~his should include
taxonomic classification (see Profile 4, SubgrouF B),
using the u.s. Soil Taxonomy and o~her systems, as
appropriate. Only in this way can the necessary
~echnology ~ransfer be accomplished. The results of
all ~oo many experiments in the pas~ have proved to be
useless for all practical purFoses because soils were
not chara~erized. Thus a reasonably modern soil
chemi~ry laboratory will be needed in each coun~ry,

along with staff to operate it.
A competent staff of field researchers also will be

required. If possible, s~aff personnel should be
indigenous to the country where the research is being
carried out. outside sUFport should be confined to
that necessary to get the research done. In scme
countries ~he outside sUFport will be extensive, while
in others only a redire~ion in effort will be
required.

All aspe~s of ~he soil fertility research effcrt
will need to be coordinated. ~ork on liming or
micronu~rients, for exaKple, necessarily will have ~o

be coordina~ed with work on fertilizer efficiency.
Many developing nations are shor~ of s~aff to carry ou~

such a program. Additional personnel will need to be
trained, and remaining deficiencies will have ~o be
remedied by personnel from ~he Uni~ed S~ates and other
high-income countries. .

~he research proFosed here should have an immedia~e

impa~ on food produc~ion in ~he developing nations
since it should produce results that can be translated



immediately into recommendations to farmers. There
will be a continuing need for this kind of research as
long as new lands are developed, new fertilizer
material is made available, and new food crop varieties
come into existence. Furthermore, as fundamental
research continues on biological nitrogen fixation,
denitrification, enhanced photosynthesis by crop
plants, and basic soil chemistry, there will be a need
for the kind of adaptive research proposed here.
Therefore, while the pro~osed research, if
accomplished, will have an immediate impact on food
production, the need for this type of research will
continue indefinitely.
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Profile 3

MINING AND PROCESSING METHODS
FOR PHOSPHATE ORES

Phosphorus is an essential nu~rient in the food
production chain and is thus one of ~e keys ~o

increased food production. In order to solve the
world's food problem, phosphorus must be universally
available in adequa~e quantities at a reasonable
price.

Phosphate rock is the raw material used in the
manufacture of most phosphate fertilizers. This kind
of rock is widely distributed ~roughout the world
(No~ol~ 1975). Reserves are extremely large and are
being discovered at a rate faster ~an ~ey are being
consumed (Emigh 1972, 1975). Estimates of total
~hos~hate ore reserves range from 81 billion tons
(Table 7) to 1,300 billion tons. The difference in
~ese estimates is due to the absence of an agreed~upon

definition of what should be classed as reserve. Some
estimates include the to~al phosphorus in known
deposits; others include only tha~ recoverable under
present technological and economic conditions.

While total reserves appear to be am~le to meet
global needs for the foreseeable future (Lebr 1976.
unpublished da~a TVA), only 15 to 20 percent of ~he

world's known reserves can be used with present
technology. The remaining 80 to 85 percent are
considered unavailable under present conditions.
Beyond that, the technology used ~o mine and
beneficiate (trea~) phosphate ores (PaOs) is extre~ely

wasteful. It is common, for exam~le, to discard u~ to
60 percen~ of the total PzOs present in the initial ore
processing.

Major phosphate mining activity is restricted ~o a
few dozen of ~e several hundred known deposits. These
easily mined deposits are found mainly in the United
Sta~es (Florida and North Carolina), North Africa
(Morocco), and the U.S.S.R. (~ola).

Earring major discoveries of new reserves and ~he

development of new technology for beneficiation, rock
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Table 7. 1975 koown FhJsphate rode. reserves

Potentia! PotentIal
cleIIardil suw1yb

()lantity Percent (prod\x:tion units,
Iocaticn (millial tals) P205 600 tpd P205)

N:lrth Allerica 7,413 23-32 45 297

Europe (inc1l¥iiD]
U.S.S.R.) 4,700 6-26 125 122

Africa 45,883 12-32 15 2,041

latin Allerica 14,000 31 38 603

Asiac 9,632 15-38 100 228

'!UrAL 81,628 6-38 323 3,29:1.

~ of 600 (P2C'5) tpd HJPO units needed to slg)ly projected
demard for 20 years. tJNIIX) (1977).

bNmber of 600 (P205) tpd HJPO units koown deposits can suwort
for 20 years. Stangel (1976).

cInc100es Japan am Ooeania.



mines in Florida will soon have ~o shif~ ~o lower grade
rock and ~y cease opera~ion al~oge~er shortly after
~he year 2000. Similar shif~s to lower grade rock have
already occurred in ~he Kola deposi~s of ~e U.S.S.R.
and may soon occur in No~ Africa as well. The life
of all of ~hese deposits could be extended
significan~ly if more efficie~ mining me~hods were
prac~iced and be~~er beneficia~ion methods were
developed and used.

~he problems in ~e mining and beneficia~ion of
phosphate ores and their po~ential effec~s on food
production are becoming mat~ers of increasing concern.
If new technology is not developed to utilize ~hos~hate

ores more efficien~ly, ~he cos~ of ~hosphate fertilizer
can be expected to rise s~eadily in price over the next
25 years. There is also ~e danger of exhausting
economically minable higher grade reserves. In
addi~ion, ~ere are s~rong reasons to believe that
"cartel style" price increases will con~inue ~o cccur
since mos~ of the minable product is concen~rated in
only tWO or three nations. This cartelization is
likely to pose a ~roblem for countries lacking
indigenous phosphate and/or foreign exchange reserves.

Anyone of five developments, however, could
alleviate the present trend of rising phosphate costs:
(1) the identification and develo~ment of econc~ically

minable reserves at additional loca~ions around ~e

world; (2) the es~ablishment of improved mining and
beneficiation technology to improve the quality of
presen~ commercial phosphate ~roduc~s; (3) the
development of new or im~roved acidulation technology
specifically designed to handle inferior grades of raw
materials; (4) ~he discovery of new or improved
purification processes for chemical in~ermediates as
alternatives ~o items 2 or 3; and (5) a Kodification of
final produc~ specifications (based upon ac~ual

agronomic performance in tropical and suttropical
areas) from the existing high water solUbility criteria
developed from empirical use in the temperate zone.

Item 5 needs immediate attention in view of the
availability of lower grade phosphate rock in many
developing countries and the lack of agronomic data on
the suitability of such rock for tropical soils,
applied either directly or after partial treatment.
Phosphate fertilizer products should be evaluated in
terms of how their impurities react in tropical soil
systems. Most impurities result in water-insoluble
phosphate residues. We must determine whether these
are detrimental to tropical or even temperate soils,
especially in view of developing interest in
maintenance forms of phosphate fertilizers.
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RESEARCH NEEDS

Establish a system t~lt will accurately a81.S1 the
size. guality. and economic potential of global
reserves of phosphate rock. No comprehensive. up-to­
date data base on world tonnage. ore quality. and
technical and economic potential of each deposit
exists. This is partly due to incomplete geolcgical
data and partly because of the proprietary nature of
the information. There is no standardized system of
phosphate classification. and no consisten~ly clear
distinction is made between total resources and
economic reserves. Therefore. work should be done to
classify and characterize deposits in accordance with
mutually agreed upon universal and specific standards.
In addition. the establishment of comprehensive data on
total resources. economic reserves. and marketable ores
(also in accordance with a universal code) is vitally
needed.

Such an endeavor. by its very nature. will te long
term (15 to 20 years). It will require international
cooperation and constant Updating. Each of the above
items (classification. characterization. technical and
economic potential) is a research area in itself. tut
all of them must be integrated into a comprehensive
analytical model.

Develop new and/or improved methods for the mining
and beneficiation of phosphate ores. Development of
better beneficiation methods is an open-ended program
complicated by an ever-expanding variety of ore types
requiring upgrading and the search for a technology
that will permit rejection of specific impurities other
than silica and allow. if it is present. the recovery
of uranium. Specific attention should be paid to the
processing of ores having the following properties:
(1) high silica. (2) high organic matter. (3) high
iron/aluminum content. (4) high content of
aluminum/iron phosphates. (5) high content of
carbonates. and (6) high chlorides (Hignett et ale
1976). Of these. high carbonate ores should be given
first priority so that some of these vast deposits can
be ready for use by the year 2000. An estimated two­
thirds. or more. of all sedimentary phosphate deposits
fall into this category.

Develop new or improved acidulation technology
designed to handle inferior grades of raw materials.
Assuming it becomes impossible or impractical to
improve beneficiation or mining techniques. it may be
possible to improve acidulation technology so that
phosphate can be extracted from ore despite the
presence of such undesirable substances as magnesium.
iron. aluminum. and chlorine. Effective research in
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this area will be dict.a'ted by 'the prop.r'ties of ~e
deposi't in que8'tion.

Improve 'techniques 'to 4f'temine 3ih. suitabili'ty of
phospha'te rock for direct. applicl'ticp to soil. While
certain aspect.s of direct. applica'tion of rock migh't be
8'tudied in short-'term research, long-'ter. 'trials are
needed 'to measure 'the full benefi'ts. To da'te, only a
few sources of phospha'te rock have been 'tested, and
'these for rela'tively short periods (less than 'three
years). A large naaber of phospha'te rock 'types should
be 'tes'tedover a wide range of cli..'tic, soil
managemen't, and cropping condi'tions to de'termine 'their
full value as phospha'te sources.

petermine the availabili'ty of AQAC insoluble
phospha't,s under tropical and sub'tropical condi'tions.
Present Associa'tion of Official Analy'tical Che.ists
(AOAC) 8'tandards adhered 'to by 'the majority of world
industry were es'tablished from agrone-ic comparisons of
crop growth in teapera'te areas. It is possible that
'the insoluble phosphate formed by 'the presence of
impurities such as iron, aluminum, and magnesium
becomes available to plants when phosphate is apFlied
'to certain tropical areas, especially 'those wi'th acid
soils. Should this prove to be 'true, a modification of
present AOAC standards would be jus'tified and migh't
make possible the utilization of ores curren'tly deemed
unsuitable.

WOrk should start i~dia'tely on determining the
sui'tability of these so-called -insoluble- phospha'tes
in tropical agricul'ture as well as therlNll P10SFha'tes,
such as Rbenania and fused ..gnesiUIII phosphate. The
nature of 'this work is very complex, and success will
not t:e achieved easily. Nevertheless, 'the effort
should be made because 'the poten'tial benefi'ts are
considerable.

IMPACT

Approximately 80 percen't of the known reserves of
phosphate are believed to be unavailable under presen't
technological and economic condi'tions. If research
results in sui'table mining, beneficiation, and
processing techniques for each of the _jar 'tYFes of
phospha'te rock, 'the life of currently known phospha'te
reserves could be ex'tended from 30 years to as ~any as
230 years, even if an average loss of 50 percent in all
ores is still assumed. using a value of $200/ton of
phosphorus, a very conservative estimate of 81 billion
tons in reserve, a 25 percen't P20 S ore conten't, and a
50 percent recovery through mining and beneficiation,
the value in 1976 dollars migh't equal nearly $2
billion. An advance of 'this magnitude is probat:ly
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unlikely, but genuine benefits can be achieved. All
that is needed to im~rove the ~rospects is a sroall step
in any of the four areas outlined.

Impact if Research Is Not Done

The present shift to low-grade rock with 50-68 BPL
(bone phosphate of lime--a standard terro used to
describe the quality of ~hosphate rock) will result in
a sharp increase in soluble impurities other than
silica, thus causing h!gher prices for roarginal grade
phosphate. This soluble material reacts with the
phosphate at a later stage in processing and makes the
phosphates insoluble, in accordance with standard
quality control methods. Removal of these impurities
is costly. Leaving them in the beneficiated material
will increase the amount of insoluble phosphate and
make it increasingly difficult to meet current AOAC
analysis specifications. If this probleu is not
corrected, it will become impossible and/or too costly
to manufacture high analysis fertilizers, such as
diammonium and monoammonium phosphates. Should this
occur, current high analysis products will disap~ear

and transportation costs per unit of plant nutrient
will increase, leading eventually to a substantial rise
in the cost of finished ~hosphates.

Phosphate Rock for Direct Application

Only about 7 ~ercent of the total phosphate now
used in agriculture is applied directly to the scil as
phosphate rock. This method is used primarily in the
U.S.S.R., France, Brazil, Sri Lanka, Malaysia, and
Indonesia.

Recent research has revealed that up to 65 percent
of all the rice grown in Asia could benefit
substantially fronapplications of phosphate rock
(Engelstad et ale 1972). Less precise research shows
that at least 50 percent of the soils in Latin America
and Africa also are responsive to ~hosphate rock. The
potential savings in foreign exchange are substantial,
especially for countries with reactive phosphate rock
deposits. It is estimated, for example, that the
equivalent of 323 plants, each capable of producing 600
~ons of phosphate ~er day, will have to be constructed
between 1980 and 2000 to meet annual demand, estimated
at 76 million tons per year by the turn of the century
(UNIDO 1977). About 40 percent of these plants may be
built in the developing countries, at an investment
cost of about $19.5 billion. Assuming that one-half of
the future need could be met equally well through
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direct application of ~hosphate rock, a potential
savings of S9.8 billion could be realized. Over a 25­
year period this averages out to about S392 million per
year.

Since phosphate rock is not ~roces8ed into
concentrated forms of fertilizer, an additional savings
would be realized through the reduction of production
losses often estireated at 10 percent of total output.
Using 50 million tons as average annual de~and and
assuming a cost of S200/ton, an additional savings of
S1 billion would be realized. Thus gross savings ~er

year would be in the neighborhood of S1.4 billion per
year, assuming that the transportation cost is the same
for ground phosphate rock as for concentrated ~hosphate

fertilizers. Since the savings would be substantial,
research into direct application of phosphate rock
needs to be expanded.

Reduced Losses in Mining and Beneficiation

Present mining and beneficiation procedures are
quite wasteful. Losses during the beneficiation
process may range from 35 to 60 percent. Given current
technology and estimated annual demand by the year
2000, annual losses in wasted ore alone would be 114
million tons of PzOs. Assuming a reduction of only 10
percent in losses during beneficiation, about 11.4
million tons of pzO. could be saved, worth S2.28
billion. This estimate is conservative; it does not
take into account actual mining costs, which are
further increased by the need to re~ve up to 15 cubic
meters of overburden waste per ton of final rock
product.

Providing Wider Sources of Phosphate Rock

~he greatest impact of this research would be to
provide many developing countries possessing
significant deposits of ~hosphate rock (India, Sri
Lanka, Peru, Zaire, Angola, Brazil, COlombia, senegal,
Jordan, Egypt) with the economic ability to develo~

their own reserves. This can be a very important
option for countries seeking to protect thereselves
against arbitrary price increases by major sup~liers.

As an example, Morocco raised the price of phosphate
rock from slightly less than S8/ton in 1972 for 80 BPL
material to more than S80 in late 1975--an increase of
900 percent. While comFetition, mainly from Florida
producers, has since forced prices downward (S30/ton in
late 1976), the quality of phosphate ores in Florida
has begun to decline, and less Florida rock is moving
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in international trade. It seems entirely possitle
that by 1990 Morocco and various Middle Eastern
countries (Jordan, Egypt, Saudi Aratia) will supply 75
percent of the world trade in phosphate rock. If this
were to happen, a cartel could easily be formed to
control phosphate prices.

Alternatives to Associated Mining Industries

Deposits of heavy metal ores such as ccpper,
nickel, and zinc are being discovered with increasing
regularity in many developing countries, the most
notable of which are Chile, Peru, zaire, Zambia, the
Philippines, Indonesia, Panama, and Brazil. The huge
needs of the industrial nations will stimulate rapid
development of these deposits. Because of pollution
problems in the industrial nations and the desi~e of
the developing countries to increase their foreign
exchange earnings, an increasing number of the latter
are attempting to accomplish both the mining and
smelting processes.

~he economics of this latter step is frequently
marginal unless the nation is willing to vent the
resultant air pollutants or can find an economic means
of recovering and using the resultant sulfur or
sulfuric acid. One very attractive method is to use
the sulfuric acid in processing phosphate rock into
finished phosphate fertilizers. If deposits of
phosphate rock were located nearby or easily available,
the sulfuric acid could easily be disposed of and two
industries, mineral smelting and production of
phosphates, might become economically feasible where
neither would have been economical if developed
individually. The development of the Jhamar-Rotra
deposit (Rajasthan, India) using by-product acid from
the Hindustan zinc Company is an example. The
potential benefits of such joint efforts are great.
Other countries where this could happen include Feru,
Chile, Indonesia, Mexico, the Philippines, Zaire, and
Zambia.

IMPLEMENTA~ION

~here are few precedents within the United states, or
within the world phosphate industry for that matter, to
suggest how the proposed research should be done. The
phosphate fertilizer industry has generally ignored research
and development of mining and processing methods to improve
the recovery and utilization of phosphate ores. Only a few
companies operating in Florida and North Africa have even
attempted to conduct any research. Further~ore, these
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companies are not likely to spend funds to make ~hosphate

processed from other deposits more competitive with theirs.
While public and private producers should eventually take
the lead in this overall effort because of their own
interests, the manner in which this can be accomplished is
unclear. The impetus for most of this research will have to
come from government agencies.

SUch agencies as TVA, the u.s. Bureau of Mines (USBOM),
and the u.s. Geological Survey (USGS), along with equivalent
agencies in other countries including the centre d'Etudes et
de Recherches des Phosphates Mineraux (CERFOS), the
Australian Mineral Development Laboratory (AMDEL), the
commonwealth Scientific and Research Organization (CSIRO),
and the Japanese Phosphate and Compound Fertilizer
Manufacturers Association (JAPCA), and internaticnal
research centers, such as 'the International Fertilizer
Development center (IFDC) and the International
superphosphate and Compound Manufacturers Association, Ltd.
(lSMA), should join forces to work on the probleres. IFDC,
with its present mandate to develop new and/or more
efficient fertilizers for the developing countries, seems
ideally suited to take the lead in this task.

Establish a system that accurately deScribes world
phosphate reserves. The first step should probably be to
determine the magnitude, location, and quality of present
phosphate reserves. This would entail pooling existing
information. IFDC,' with the help cf USBOM, USGS, ISMA,
AMDEL, BRGM (Bureau de Recherches Geologiques et Minerales),
and others, could collect, consolidate, and maintain this
information. This work should begin immediately, with
substantial information becoming available within five years
and--if politics permit--coordination of the global
development of phosphate deposits within 15 years.
Maintaining the data will be a continuing task. The cost of
this work is estireated to be $1 million per year.

Characterize all knewn deposits licking comclete
information pertaining to the chemical and physical
properties. Gaps in knowledge about the chemical and
physical properties of important phosphate deposits should
be documented. The agencies most likely to be involved in
carrying this out would be AMDEL, USGS, USBOM, and IFDC.
IFDC, through its centralized collection of data, also could
coordinate this effort. Results could be expected in three
to five years, with a major impact within 15 years. This
also would be a continuing task. Depending upon the depth
and extensiveness of the work, the annual cost would range
from $5 to $15 million.

Determine the suitability of phosphate rock for direct
application to soils. A limited amount of work on the
suitability of phosphate rock for direct application is
already underway. RENO, a French fertilizer company, has
been a pioneer in this kind of research. More recently,
TVA, IFDC~ and some of the international centers, such as
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XRRI, CIAT, and IITA, have become interested in
investigating the ~ros~ects for direct application of
phosphate rock to soils in the tropics. This research,
along with work on impurities in concentrated phosphates,
should be expanded ahd organized into several cooperative
networks either along commodity lines or soil-climate
groupings. This work is long term and could begin
immediately, with IFDC serving as research coordinator.
There are enough trained personnel in u.s. and foreign
universities and institutions to carry out this work.
MeaningfUl results can be expected within 5 to 10 years, but
the full impact cannot be expected for 15 to 20 years. The
annual cost of this work would be small, probably no more
than $750,000 to $1 million.

revelop a methodology for improved beneficiAtion And
acidulatiop of problem phosphate ores. Major work in this
area should be delayed until the first two steps listed
above are completed and a full assessment of present
deposits is made. Lack of sufficient personnel ~revents

anything but the most basic work at the present time. The
cost may be considerable, depending upon the deposits under
investigation. Initial costs of $1 million per year should
be expected, with an increase to about $5 million a year
after the first two steps have been completed.

A much larger and better distributed pool cf trained
fertilizer and phosphate mineral technologists is needed.
Unless this pool is established, it will be im~ossible to
implement an aggressive research and development program.
University centers and industry must begin a cooperative
effort to furnish the qualified persons needed to implement
new programs. There is no established university center for
broad-scale beneficiation research, although minor programs
are conducted at North Carolina state University, the
COlorado School of Mines, and perhaps a few others. In
fact, there is no center of phosphate chemical technology in
the United States apart from TVA and the newly established
IFDC. The modest CERFOS staff is a singular exaaple in
western Europe, but it no longer emphasizes basic research.
Australia and New Zealand have three or four small groups,
the aost notable being AMDEL, CSIRO, and the New zealand
Fertilizer Manufacturers Research Association (NZFMRA).

~hile TVA and XFDC should be the major research
agencies, a number of other institutions should be
strengthened in order to train qualified personnel and carry
out certain key aspects of the proposed research. This
strengthening should begin now, although its full impact on
the industry will not be felt for 10 to 20 years.

~he lag in phosphate research suggests that a condition
that occurred in the iron ore mining and processing
industries may be repeated. The latter, when suddenly faced
with a raw material crisis, had to mount expensive crash
research and development programs in ferrous metals. A
similar crisis in the phosphate industry may emerge by the

-177-



mid-1980s. Whethe~ p~oduce~s and gove~ents face up to the
need to commit significant amounts of funds to ~esea~ch in
phosphate mining and p~ocessing now will di~ectly dete~ine

the ~ole phosphorus will play in meeting wo~ld food
requi~ements in the yea~ 2000.
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Profile 4

RECYCLING ORGANIC WASTES AS
NUTRIENTS AND SOIL CONDITIONERS

~he use of organic was~es as a source of plant
nutrients is an ancient practice that until recently
was an important feature of vi~ually all es~ablished

agricultural systems. It was not until the post-world
War II period that organic wastes were relegated to a
subordinate role by the huge growth in supplies of
chemical fertilizers and concomitant reductions in
price. Sharp price increases for all inorganic
fertilizers between 1973 and 1975, however, resulted in
at least a slight interru~ion in the continuir.g rise
in chemical fertilizer use throughout the world. These
price increases pa~icularly affected developing
countries that depend on impo~s for the major portion
of ~heir fertilizer supply, since such countries have
limited available foreign exchange. The consequence
has been a resurgence of in~eres~ in agricultural use
of organic was~es. The use of these wastes is
culturally acceptable in the developing countries and
also has the advantage of substi~uting labor for pa~

of the high capital costs of chemical fertilizers.
Alternate ways of providing for adequa~e plant
nutrition are discussed in nuaerous other prefiles of
~his and other study teams.

Although there is a tendency to regard organic
wastes simply as an alterna~e source of nitrogen,
phosphorus, and potassiu~ (N, P, and K), in fact such
materials differ in many crucial ways from inorganic
fertilizers. They generally are bulky and unpleasant
to use. On the other hand, they con~ain a large a~ount

of many different organic and inorganic compounds in
addition to the primary plant nutrients. The soil
conditioning value of orgapic material is very
beneficial, especially in soils with low organic matter
content. The research described in this profile is
intended to determine both the benefits and
disadvantages of using organic materials.
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Successful iwplementation of widespread organic
waste recycling could have a significant effect on
vexing questions of environmental quality. While the
benefits to food ~roduction may be more evident in the
developing world, the ecological ramifications may be
of more immediate benefit in the high-income countries.

RESEARCH NEEDS

Developing Waste Treatment Systems
(Short-term Effort)

Qnfarm Wastes

Many forms of wastes generated on ~e farm (crop
residues, animal dung, household wastes) can be
recycled for use on agricultural land: in many areas
this is an old established practice. Such materials,
however, can be improved as soil conditioners and
fertilizers as well as made easier to handle by
appropriate treatment, such as composting. The
principles of com~osting are reasonably well known
already, and no major scientific b~eakthrough is needed
or expected. But an effort should be made to develop
easily constructed, inexpensive composting systems
designed to handle the quantity and types of wastes
typically found on farms in various developing
countries. These systems should be designed to
eliminate the potential disease and odor proble~s from
wastes while conserving nutrient values to the Kaximum
feasible extent. A complementary effort should be
devoted to the development of inexpensive equipment for
applying the materials to cropland and incorporating
them into the soil to minimize losses. The chance for
success of this work is high.

Off-farm Wastes

Urban sewage and refuse, food processing wastes,
and other materials can be improved as fertilizers and
soil conditioners either by composting or by anaerobic
digestion (methane generation). The latter methcd,
which is more difficult, permits recovery of the
energy value of wastes when the quantity and
composition of the wastes are appropriate. Both
treatment methods largely retain the nutrient content
of the wastes and eliminate the potential health and
environmental problems that might otherwise arise.

Both types of treatment are already receiving
appreciable attention in the United States and cther
high-income countries. An applied research and
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developmen~ program is needed ~o develo~ sy~e~s that
require li~~le ca~ital and that would be sui~ed to the
kinds of waste collection and sewage ~reatment sys~ems

found in the various developing coun~ries. There also
should be a concurrent research effo~ to evaluate ~he

potentially adverse environmen~al effe~s (leaching to
groundwater, accu~ulation of heavy metals) of applying
these materials to cropland, ~ith the goal of
minimizing ~hese effects. The chance of success for
~his work is good.

Improving Data on Crop Response to
Organic Wastes (Medium-term Effort)

The simplest way to compute ~he value of a
particular organic material for application to soil is
in terms of its nitrogen, phosphorus, and potassiu~

con~ent. But this widely used procedure ignores
fundamen~al differences t~ween organic materials and
conven~ional chemical fertilizers, such as the large
organic content and slow nitrogen release
characteris~ic of organic wastes. I~ is likely that
the yield response of a particular crop ~o organic
waste ma~erials may be different from the response ~o

~he same quantity of N, P, and K in conven~ional

fertilizers; likewise, the difference in immediate
availability may result in a different efficiency of
nutrient uptake by plants.

In order to make the best use of available organic
materials, it is necessary to have more co~plete data
on the responses of various crops to various kinds of
organic fertilizers and amendments. This research
should be specific to a variety of important soil types
and cropping systems of the developing world and should
include various combinations of organic and inorganic
nu~ients. These experiments should include continued
applications over a period of several years to allow
the full effect of organic matter additions to be
observed.

Improving Understanding of the Effe~s of Adding
Organic Matter to soils (Long-term Effort)

Achieving the full potential advantages of organic
materials Ultimately will require a more thorough
knowledge of the transformations that organic ~atter

undergoes in various soils and different climatic
situations, and its intera~ion with the soil
characteristics that determine crop productivity. This
research would be more general and of a somewhat less
applied character than the program described above.
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Instead of simple observation of what the effect of
organic materials is on crop yield, it would be
intended to determine bow and wby this effect occurs.

~he questions ~th which this research would be
concerned, particularly in developing countries where
less knowledge is available, would include:

What increases, if any, in soil organic matter
content will result from continued application of
organic wastes at various rates, in various
cropping systems, and for various soil and climate
conditions?
HOW do organic materials affect the efficiency with
which nutrients in chemical fertilizers are used by
crops?
~hat effects will additions of organic matter have
on soil structure, water retention, aeration, etc.?
~~ what extent can additions of organic matter help
reduce erosion?
Can additions cf organic matter be used to enbance
biological nitrogen fixation?
How reliably are pathogen problems eliminated by
composting?

IMPACT

A simple summation of the plant nutrient content of
various forms of organic wastes is sufficient to
indicate the potential value of such materials as a
partial substitute for conventional fertilizers. A
recent World Bank study (1974) has estimated that in
the developing world the N, P, and ~ content of all
organic wastes in 1971 came to 48, 16, and 39 aillion
tons, respectively. The largest contributor was cattle
manure, which accounted for approximately one-third of
the total for each nutrient.

In contrast to the 103 million tans of these three
nutrients in organic wastes, total consumption ofN, P,
and K in the form of inorganic fertilizers in the
developing world in 1971 was approximately 13 million
tons. Thus the nutrient content of organic wastes was
about eight times that of all inorganic fertilizers
used. The value of these nutrients in 1973 prices was
about $16 billion.

These figures, of course, represent only a
theoretical value, not the quantity of nutrients
actually obtainable from wastes. Some loss of
nutrients is inevitable during the collection, storage,
and use of these materials. In addition, economic
factors and the lack of certain facilities will aake it
inadvisable, if not actually impossible, to recycle all
organic waste. Nevertheless, the enormous size of the
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po~en~ial supply Kakes i~ eviden~ ~ha~ even small
increases in ~he propor~ion of nu~rien~s ~ha~ are
recycled would resul~ in appreciable increases in food
produc~ion, ei~her by adding to the ~otal supply of
plant nutrien~s in a given area, with a resulting
increase in yields, or by permit~ing a reduction in
inorganic fertilizer use, thereby freeing fe~ilizer

for use elsewhere.
A good example of the way organic wastes can'

enhance food produ~ion is provided by China, a coun~ry

tha~ appears to have achieved virtual food self­
sufficiency despi~e having a relatively high
population/cropland ra~io and a relatively low level of
industrial development. Recycling of wa~es is an
impo~ant principle in Chinese agriculture. While it
would be a grea~ oversimplification ~o ascribe the
level of production solely to this pra~ice, it seems
clear tha~ waste recycling is a major factor. It is
wo~h noting that, until fairly recently, conventional
inorganic fertilizers have played a rela~ively minor
role in Chinese agriculture, and that recycling of
organic was~es is s~ill widespread despite the recen~

expansion of fertilizer manufac~uring facilities. This
is n~ ~o suggest that other developing countries can
solve ~heir own fe~ilizer problems by following the
Chinese example. The availability of labor, ~he

prevalent cropping systems, and the dis~ribution and
densi~y of the population and lives~ock are all
impo~an~ considerations in de~ermining the bes~ way of
using organic was~es in a particular coun~ry. Still,
the Chinese example offers convincing evidence tha~ ~he

po~ential value of organic wastes actually can be
realized in prac~ice.

The research described earlier is intended ~o

increase the contribution that organic wastes can make
to t~al food production. It can be expected to
increase the benefi~s obtainable from recycling a given
amoun~ of wastes, and to increase the amoun~ recycled.
TO some extent, of course, achievement of the former
will serve to achieve the la~ter as well, i.e., if ~he

benefi~s of organic was~es can be increased, more
recycling will be pra~iced. However, recycling also
can be s~imula~ed through be~ter knowledge of the
benefits of organic materials. The use of organic
wa~es entails appreciable problems since they
generally are bulky, difficult to collect and stcre,
and unpleasant (and perhaps pathogenic) to use,.
consequently, many wastes will not be recycled unless
the benefits are clear and convincing. Their value as
soil amendmen~s, in contra~ to their use as a source
of nutrients, may be rela~ively sub~le and may not
become apparen~ un~il after e~ended use accompanied by
careful s~udy. consequently, the proposed research is
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intended to determine more accurately the value of such
material as now used as well as to increase its
benefits by developing more efficient methods.

The research programs we have outlined can be
expected to have the following specific implications
for organic waste recycling:

Elimination of the health and odor proble.s of
wastes, especially human waates: increases in the
availability of nutrients for plants: reduction in
the bulkiness of the material: improvement in ease
of storage and application of the material: and
recovery of the energy value of the waste
(anaerobic digestion only).
Permit more rational decisions as to whether
recycling is justified under a particular set of
conditions: permit more rational decisions on
whether construction of new facilities to increase
recycling is justified: more efficient allocation
of available wastes among various crops: and more
efficient comtinations of organic wastes and
conventional fertilizers.
Possible increases in recycling through fuller
recognition of long-term benefits: development of
modified cropping systems to take fuller advantage
of organic wastes: and possible reclamation of
soils that have been depleted or eroded seriously
due to poor management.

It is impossible to predict to what extent this
research, especially its mediu~-term and long-ter~

components, will actually result in greater use of
organic materials. Indeed, one of the reasons for the
work is to acquire a better picture of the benefits
that could result from greater use. Nevertheless,
increasing research into organic wastes very likely
will reveal that the full potential benefits are not
yet recognized even though costs and problems are
largely understood. Therefore, at least some increase
in bcth the perceived and actual benefits Obtainable
from organic wastes can be expected. This outco~e will
presumably lead to their playing a more important role
in agriculture in the developing world in the future.
As was seen earlier, even a small increase in the use
of organic wastes would be equivalent to a substantial
fraction of the entire supply of inorganic fertilizer
in the developing world.

~he chance of success for this research is good,
particularly over the long run. The costs will
increase with time, as land and popUlation pressures
increase, from·$800,OOO to $1 ~illion per year
initially to $5 to $10 million per year after 10 years.
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IMPLEMENTA7ION

7he development of improved composting and
anaerobic digestion systems could be carried out at any
of the institutions currently involved in such work in
either the developing or high-income countries. If
done in a high-income country it would be advisable to
have the assistance of persons familiar with econoKic
conditions and agricultural practices in various
developing areas. In addition, the systems shculd be
tested under actual conditions before they are
introduced throughout a large area. It also may be
desirable to utilize social scientists during this
testing phase to help ascertain and overcome the
reluctance of local populations to make greater use of
organic wastes.

Research on yield response must necessarily be
undertaken at widely dispersed locations selected to
cover a broad range of soils, cropping systems, and
other conditions throughout the developing world. This
work is similar in principle to fertilizer yield
response testing. No additional expertise or
facilities is required beyond those found at regular
experiment stations.

~he proposed work on the long-term effects of
organic matter will require a fairly intensive and
sophisticated investigation. This would probably best
be undertaken at a small number of excellently staffed
and well-equipped research centers in various parts of
both the high-income and developing countries. The
financial support for such research should be stable
enough to permit the planning and execution of long­
range experiments. As research results become
available, additional work could be undertaken at a
larger number of facilities in order to apply basic
results to a broader range of specific circumstances.
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Profile 5

FACTORS THAT DETERMINE THE SUPPLY, PRICE,
DISTRIBUTION, AND USE OF FERTILIZER

There are serious constraints to increased
fertilizer use in the developing countries, and these
constraints are likely to persist unless action is
taken to eliminate them or minimize their effects.
These constraints became particularly apparent during
the recent food crisis (1972-74). The first ccnstraint
is that planners in many developing countries have a
very limited understanding of the economic and social
factors that persuade farmers to increase food
production through increased fertilizer use. This lack
of understanding, coupled with extensive efforts to
stimulate fertilizer use during the recent crisis,
resulted in severe imbalances in benefit-cost
relationships in food production at the farK level
(Stangel 1974b). Extremely high fertilizer prices
resulted in a drop in use of 2.1 million tons from the
1974 record of 84 million tons of nutrients. This was
the first time a drop in the global use of fertilizer
had occurred since 1945 (Couston 1976).

The second constraint is that ~any planners
apparently have a poor understanding of the factors
that govern fertilizer supply. It was uncertainties of
supply and the anticipated effect of fertilizer
shortages on food production programs that led the
governments of many developing countries to assu~e,

either partially or totally, the tasks of procuring and
distributing fertilizer and, in many cases, prqducing
it as well. The reaction to shortage was the building
of excessive inventories and, in some cases, the
construction of excessive production facilities as a
hedge against the future. A lack of ready access to
critical information, particularly froK outside the
country, prevented planners from taking into account
the actions of other producer and consumer countries.

The 1972-74 sequence of events clearly showed that
no information system existed to integrate inforKa"tion
on fertilizer use and production into a set of
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al~erna~ives ~ha~ would allow na~icnal planners ~c ~ake

ra~ional judgmen~s about inven~ories and produc~ion

capacity. while such a sys~em may have been less
important in the past because of the leveling effect of
the free enterprise system, the increased involvement
of the public sec~or in the fertilizer industry makes
it importan~ to create such a system.

I~ may be argued tha~ ~he recent fer~ilizer

shortage was the resul~ of an ex~raordinary se~ of
concurrent even~s that are not likely to happen in the
fu~ure. However, such a conclusion assu~es that
substantial increases in the use of fertilizer will no~

be needed to meet the increasing demand for foed.

RESEARCH NEEDS

~here are several areas of research that need
immediate and sustained at~ention over the next 15 to
20 years if the disrup~ive effects of cyclic imbalances
in supply and demand are to be avoided or at least
~ini~ized.

Establish a be~ter unders~anding of the eccnomic
and sQcial factors thtt influence the fl;mer's us, of
fertilizer. A central cause of confusion during the
recent food and fertilizer crises was the lack of
information, or at least cQnfidence in existing
infQrmatiQn, Qn the fac~Qrs tha~ influence the far~er's

consumption Qf fertilizer and prQductiQn Qf fOQd. Thus
a majQr research effort is needed ~o clarify and
identify the eCQnQmic and sQcial fac~ors ~hat influence
the adoption of and demand fQr fertilizer. While it is
generally believed that profitabili~y is the key
factQr, experience tQ da~e sugges~s that the si~uation

is much more cQmplicated. scarcity of capi~al and
credi~, risk, uncertainty, and attitude tQward change
are but a few of the fac~Qrs ~hat must be cQnsidered
more ~orQughly. Govern~~nt planners and policyKakers,
in particular, do nQt have the answers, nor a full
awareness Qf the impQrtance of understanding these
factQrs in mQtivating ~he farmer tQ use fertilizer.
Wi~out this understanding, large increases in food
prQductiQn are nQt likely ~o occur in the developing
countries.

Both the lQng-term and short-term prospects Qn ~his

area Qf research are gQQd.
Develop imprQved me~hods of demand analysis Ind

fQrecasting Qf fertilizer use. At the peak of the
recent fertilizer shortage there were wide
discrepancies in fer~ilizer supply and demand forecas~s

by TVA, UNlDO, the WQrld Bank, FAO, and USDA. This led
~Q cQnsiderable confusion and helped cause the curren~

(1976) situatiQn of Qversupply, overinves~men~, and
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manufacturing overcapacity. While numerous attempts
have been ma~e to improve forecasting, most have proven
inadequate to describe anything but the most aggregated
and mature markets (Griliches 1958: Heady et al. 1966:
S. W. Park 1975, unpublished data, dissertation,
University of Minnesota: Mukhopadhyay 1975). Present
techniques have proven extremely inadequate in
forecasting fertilizer use over the short run, in new
markets with little historical data, or in situations
where major changes in the input/output relationship
develop. A major effort should be made to improve the
accuracy of short-run (6 to 24 months) and long~run (5
to 10 years) demand analyses and forecasting,
particularly in new markets where volatile situations
are more likely to occur. Refinement in forecasting is
needed especially to predict use of fertilizer by small
farmers as contrasted to use by the larger com~ercial

farmers. This type of work is needed for each of the
major nutrients (nitrogen, phosphorus, and potassiu~)

and, where feasible, for major fertilizer products as
well. Methodologies need to be developed that can
predict more effectively the circumstances that cause
major shifts in fertilizer use among crops and regions
within a country and that can estimate the effect this
may have on food production. The chance for success in
this work is good but will require a long-term effort.

Develop a methodology for reliable forecasts of
fertilizer supply. There are many instances in which
investments in new capacity either do not occur or
occur at too slow a rate to satisfy demand. There also
has teen a nagging problem of underutilized ca~acity

(Stangel 1974a). No methodology has been perfected to
predict either short· term (6 to 24 months) or long-term
(5 to 15 years) fertilizer supply. Just as in the case
of demand, reliable forecasts of supply cannot be
developed without reliable data. Research is essential
to identify the factors that determine aggregate
supply. such a methodology should be equally
applicable to local, national, regional, and global
situations and should allow comparisons between
programs leading toward regional cooperation (sharing
of markets and raw materials) and programs stressing
independence. The chance for success of this work is
high.

tevelop a system that will collect and transnit
reliable infOrmation guickly and cheaply to central
points. Assuming that the proper methodology is
developed and that the factors that ~nfluence

fertilizer supply and demand are identified, a network
must be developed that will allow this information to
be integrated quickly and inexpensively. Research
needs to identify key indicator crops, regions, and
countries likely to influence overall fertilizer
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demand, international prices, and future investHent
decisions. Also communication systems that will permit
rapid transfer of data both to central points and to
points of implementation should be developed. The
chance for success in this area is high.

Develop investment anAlysi' tools for policymakers.
The central problem facing the decision maker in
developing countries is to determine where scarce
finances will have the greatest impact on food
production. Fertilizer programs in their present form
are very expensive and therefore very much in the
forefront as competitors for scarce financial
resources. What is needed is a methodology that can
integrate the important factors determining supply and
demand. Such a methodology must be able to present
feasible alternatives that can be understood by
decision makers. specifically, the system should
assess alternatives in the use of raw materials,
capital, plant investment, transport and storage
systems, and personnel required to produce, market, and
use fertilizer. ~he information should be factual,
comprehensive, and readily available. The chance for
success of this work is good.

IMPAC~

One can always argue that it is virtually
impossible to identify and integrate all the factors
influencing either supply or demand. It is true that
judgments regarding future impacts will always have a
subjective bias. Still, significant advances have been
made in the analytical ability to simulate future
supply and demand levels. The potential benefits from
further refinement of these research techniques are
substantial.

Greater production of Food

Had the effects of the recent fertilizer shortage
been minimized, the food supply available to the
developing world at the time of the crisis would have
been greater. Assuming a current global fertilizer use
rate of 80 million tons of nutrients, a static rather
than 7 percent growth rate, and a 10 to 1 yield cf food
per unit of plant nutrients, as much as 56 million tons
of food may not have been produced in 1975 that would
have been produced had normal fertilizer prices
prevailed. This represents about one-half the total
amount of food and feed grains moving in international
trade, and is about one-half of 1975 grain consumption
in India. Much of this estimated loss might have been
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avoided had a more efficient system been availatle to
detect quickly and accurately changes in farmer
attitudes toward fertilizer use and to predict
fertilizer demand as a result of various policy
decisions. Such a forecasting system would provide the
fertilizer industry, both public and private, with
better indications of the capital requirements needed
for additional plants. It also would provide an
assessment of whether there will be a predictable
supply.

Fewer price fluctuations would aid in particular
the food-short countries such as India, Bangladesh,
Indonesia, and the people's Republic of China, where
many people subsist on marginal diets and foreign
exchanqe for fertilizer imports is in short supply.

The lonq-term benefits of this research would te
even more substantial. It has been stated elsewhere in
this report that worldwide fertilizer use will increase
nearly fourfold by the year 2000, and that the
proportion used by the developing countries may
increase from its present (1975) level of 26 percent to
approximately 40 percent by the year 2000. Pinstrup­
Anderson (1976) estimated that between 50 and 67
percent of all increases in food production are likely
to be related to increased use of fertilizer. Thus
fertilizer has extremely important implications for
Asia, where land resources are limited and sutstantial
increases in food production must come through
increased production per unit area of land.

More Efficient use of Local Currency
and Scarce Foreign Exchange

~he situation in Indonesia is a specific, yet
somewhat typical, example of the cost to a society when
accurate information is not available or not properly
communicated to the appropria~e policy~akers. As of
April 1976, Indonesia had nearly 2.5 million tons of
fertilizer in inventory (1976, personal communication,
AID Mission, Jakarta, Indonesia). This was 10 times
the normal level, but was accumulated in response to
the crisis. This fertilizer was purchased at a cost of
nearly $750 million (assumes an average C.I.F. [cost,
insurance plus freight] price of $300 per ton of
product). furthermore, Indonesia, with ~he help of the
World Bank, the Asian Development Bank, and others, is
actively engaged in building plants that will not only
supply all of Indonesia's nitrogen needs by 1977 but
also will make it a major nitrogen exporter by 1980
(Shields etal. 1975). This will occur at a time when
the world faces surplus nitrogen capacity.
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The annual interest costs of current inventories
and ~rojected excess ca~acity are estimated at $90 to
$100 million ($67 million on inventory and $30 million
on 9xcess plant investment of $300 million). In
addition, there is a tremendous cost in lost
opportunities. The Indonesian government has
prematurely tied up $800 million to purchase fertilizer
and fertilizer plants, money that could have been used
more effectively elsewhere in the economy.

Indonesia is not the only example of inefficient
allocation of scarce resources. Similar errors in
judgment, although of a lesser magnitude, have been
made in the Philippines, Bangladesh, India, venezuela,
Ghana, colombia, Ecuador, Brazil, and for that matter,
the United States and Western Europe.

It can be argued that optimum inventory efficiency
must be balanced against the security such a fertilizer
production capacity affords a nation. Such an
expenditure, it can be arqued,.must be put into the
same context as national defense spending. Yet,
however justifiable the stock~iling of excessive
production capacity may seem on a national security
basis, such hoarding of fertilizer could have taken the
lives of many people if favorable weather had not
prevailed globally in 1914 and 1975.

Provide an objective basis for interregiQnal and
global cOQperation in utilizing scarce raw materials.
Perhaps the ultimate benefit of fQrecasting and de~and

analysis research is the eventual quantification Qf the
economic advantages that can accrue when nations pool
their resources tc prQduce fertilizer. At present, fQr
example, the energy-rich OPEC countries flare encugh
natural gas each year to fuel 250 thQusand-tQn-per-day
NH 3 plants while the rest of the world is expanding
production capacity utilizing CQstly and frequently
less efficient materials tQ produce fertilizer (Stangel
1976). Such a situation is irratiQnal and wasteful of
increasingly scarce nonrenewable reSQurces. Regional
and global cooperation in using scarce resources tQ
produce fertilizer must become a reality.

Foster, et ale (1976) present an example Qf the
potential capital savings to the individual natiQns of
the Association of South East Asian NatiQn~ (ASEAN)
through regional cOQperatiQn. Full regional
cQoperation in nitrogen and phosphQrus production would
mean a savings of at least $183 million in five years
plus annual savings in operating CQsts of upwards of
$119 milliQn. Such examples alsQ could be develQped
for the Bolivia, Chile, Colombia, EcuadQr, Peru common
Market (ANDEAN) regiQn, the OPEC cQuntries, West
Africa, and elsewhere. some Qf the methodolQgy for
improved demand analysis has been partially developed
by the WQrld Bank, IFDC, and others.

-191-



IMPLEMEN'1'ATION

While the research topics ~ro~osed are not new.
efforts in these areas need to be intensified. It is
recommended that the proposed research be carried out
throuqh a research method called Systems
Analysis/Operations Research (SA/OR). employing a
multidisciplinary approach to food and fertilizer
problems. I

The SA/OR concepts have existed for 3S years and
have been applied elsewhere. They appear to be ideally
suited to an analysis of the current fertilizer
situation in individual countries in order to imFrove
production and distribution systems (NRC 1976b).
Problems in inventory control. production scheduling.
transportation control. maintenance. deployment of
warehouses and retail centers. and investment in new
production units have all been thoroughly studied in
the onited States and to sane degree in Europe and
Japan as well. Many of these concepts also can be
applied to the prcblems faced by other countries in
promoting fertilizer production and use. The SA/O~

approach can help the developing countries in three
ways: (1) through the develop~ent of models and
analogs to provide an understanding of the factors of a
sound fertilizer system and how they interact; (2) by
predicting the probable consequences of alternative
acticns and policies not only within. but to some
degree. outside the fertilizer system; and (3) by
aiding in the selection of the best choices given
certain goals and constraints.

~his kind of analysis should be carried out at a
number of levels including. as a minimum. the regional
and country levels. The proposed research should be
organized along three lines. each employing the network
concept.

The first line of research should deal with the
economic and social factors that determine fertilizer
demand at the farm level. scientists from the
developing countries and international centers should
be organized and assigned the task of determining and
assessing these factors. A good personnel base exists
in u.S. universities. various international centers.
and such countries as India, Brazil. Bangladesh. and
J(enya.

~he second line of research, developing a
methodology to identify the relevant data influencing
methods of forecasting supply and demand, also should
be organized by establishing a network of interested
scientists and technicians in countries capable of
carrying out such studies. J(ey indicator countries
might include India, Peo~le's Republic of China. United
States. U.S.S.R•• Japan. Colombia. Erazil. zaire. Saudi

-192-



Arabia, Morocco, Sri Lanka, and others. National
research centers (university or other) would probably
serve as the main focal points. ~he World Bank. UNICO,
FAa, or possibly the newly formed International
Fertilizer Development center might act as coordinator.

~he third line of research should deal mainly with
establishing a system to collect and process relevant
fertilizer data from indicator countries at various
national, regional. and international centers, sc that
all the data come together at a central point and, in
turn, can be assessed by any of the cooperating units.
A central processing facility could possibly be managed
and operated by IFDC. the statistics unit of FAa in
Rome, the Fertilizer Unit of the World Bank, the
Investment center of UNICO, or through a combined
effort of these organizations.

~he data gathered through the above three lines of
endeavor would then be available for use in
policymaklng decisions. With adequate access to the
central processing facility, scientists in the field or
at regional centers would need to supply the proper
methodology and then determine the alternatives open
for use in solving a given problem.

The probability of success in this effort is high
since segments of this system already exist in the
fertilizer industry. What is lacking is the
integration across the segmental boundaries. Much of
what is being proposed has already been accomplished in
the oil industry, in banking, and in comroodity trading.
The benefits of this research would be almost immediate
(within five years), but the main impact would be felt
in about 10 to 20 years, at which time the projected
world food crisis will be at its peak.

~he initial price of such research could be
substantial, but it would be recovered either through
the avoidance of another fertilizer crisis, thereby
preventing overprocurement of fertilizer and the
unnecessary building of fertilizer plants. or
conversely, by increased use of fertilizer needed to
meet food production needs. The main cost will be the
establishment ($7 to S9 million) and maintenance (S1
million per year) of a data gathering network. Once
the network was operational, a considerable portion of
the cost of securing information could be recovered
from private industry, governments, and financial
institutions. An additional cost of $1 Killion per
year will be needed to ensure proper research on
modeling and forecasting. This will be particularly
critical during the first 10 years of the effort. This
effort should be coordinated with other implementation
systems proposed by Study Team 8.
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Repor~ of SUbgroup D, S~udy Team 4

ENERGY AND EQUIPMENT



IN'I~ODUC'IION

'Ihe major intent of the research proposed by the
World Food and Nutrition Study is to provide for the
well-being of an increasing number of people through a
more adequate diet in the face of finite and decreasing
energy reserves. This will require increased annual
food production per hectare since farmland is liKited
in most of the food-short nations. Increased farm
productivity in the past has come primarily through
more intensive use of energy resources to achieve
higher yields.

Wherever food is grown and consumed, energy ~ust be
exp9nded at various points in the food production
process. In the high-income ccuntries, the energy
input is generally in the form of petrochemicals
applied through tractors and other sophisticated
equipment. At the other end of the spectrum, 5tcut, et
ale (1973) report that people are the major source of
energy used to produce food in such less developed
parts of the world as equatorial Africa. By means of
high inputs of energy, including both the energy
expended in agricultural operations and the energy used
to manufacture fertilizer, pesticides, and farm
equipment, the u.s. farmer can produce food for
apprcximately 50 people. In countries where human ~d

animal energy are still dominant, however, the far~er

often has difficulty producing enough food to feed one
faldly.

surprisingly, the amount of nonhuman energy used in
the developing countries is quite large. Makhijani
(1975) estimates energy use to be equivalent to 30
million barrels of oil per day. ~evelle (1976)
estimates that total energy used by farmers in rural
India exceeds that used by u.s. farmers. The energy
used in the developing countries does not COKe frOK
commercial fuel, such as oil or coal, but from
indigenous supplies of wood, cow dung, food crops, and
other renewable sources that do not pass through market
channels. Yet, while the amount of energy of all kinds
consumed per capita in developing nations is
substantial, the useful work from that energy is
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limi~ed due ~o inefficien~ conversion me~hods. Bu~an

and animal power are very inefficien~ in the hot
tropical clima~es found in most developing countries.
Even the "nonworking" people who gather wood, grass, or
dung for cooking fuel spend considerable time each day
scavenging for enough material to cook their meager
meals, thus using up a substantial portion of the
energy contained in the food ~hey eat.

Many forms of energy exist, but to be utilized they
have to be transformed into work through chemical
processes or mechanical devices. several alternative
energy systems exist in agriculture, as shown in Figure
3. Once energy inputs are transformed into a "useful
energy pool," they can be used for food production, as
shown by the list of final uses in figure 3.
Biological materials provide a major energy input for
Third World countries. Some of these are consumed
directly as food by man or ani~al, and others provide
fuel for fire or feedstocks for chemical processes that
provide useful energy. Other types of energy inputs
Ce.g., petrochemicals) would be useful in the
developing countries, but several factors limit their
use. In most of these nations energy use must be
balanced by the need to conserve scarce foreign
exchange. All sources of energy must te evaluated
relative to cultural, environmental, and economic
factors so that the proper co~bination for ~ost

efficient u~iliza~ion can be selected.
The fa~e of the agricultural worker displaced ty

mechaniza~ion has been one of the most con~roversial

sUbjec~s in the introduc~ion of new technology to the
developing nations CMerle 1975). This is a logical
concern since agriculture supplies about two-thirds of
all jobs in most of ~hese nations (FAO 197Qc). There
are many variables involved, as revealed by the
div~rgen~ information that comes from na~ions where
agricul~ure is highly mechanized. The United Sta~es,

for example, now uses only .02 farm workers per hectare
of cropland. There were 1,562,000 fewer hired wcrkers
on U.s. farms in 1974 than in 1935 (U.S. Department of
Labor 1975), while trac~ors in use on farms grew by
3,328,000 (In~e~ec PUblishing corporation 1975).
During this same period, the number of farms in the
uni~ed S~ates decreased by 58 percen~ and consequently
the number of hired workers per farm remained
essen~ially the same. Japan, on ~he other hand, which
uses five times as much power per hectare as the United
States, continues to use about two farm workers per
hectare, more than any other nation. For intensive
agriculture where land is scarce, mechaniza~ion can be
utilized in combination with high labor inputs.

There are two major needs related to farm labor in
the developing nations that may appear to be
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incompatible. ~he first is to improve the productivity
of the farm worker so that the nation will have enough
food and the farm worker will have a decent standard of
living. Farm workers must produce enough food for the
nonfarm families (one-third of the population) plus
their own families. The situation is the worst in
Nigeria, India, Indonesia, and Bangladesh, where each
farm worker must produce enough food for 4 to 5.5
persons (FAO 1974C). since at least .2 tons of cereal
grains must be produced per capita for even marginal
nutrition, a mini~ productivity goal is an average of
1 ton of grain annually per farm worker.

The second need is to utilize displaced labor.
This usually involves development and expansion cf the
industrial complex. The manufacture of simple farm
equipment, food and feed processing, and the creation
of export markets for labor-intensive finished goods
must be followed by the development of heavier
industry, especially where natural resources are
available. Japan and ~aiwan have followed this path
successfully and the people's Republic of China appears
to be developing in this way. Intensification of
multiple cropping· or intercropping is another way to
utilize surplUS labor.

Given the social, economic, energy, and
technological constraints, the optimal approach to food
production in the developing countries may be quite
different from that in the western world. The
abundance of low-cost, unskilled labor and the scarcity
of capital in the developing countries suggest that new
approaches are needed to transform indigenous energy
resources into useful work. Our research
recommendations are aimed at evaluating human and
animal capabilities for farm work, alternative farm
mechanization systems, and alternative agricultural
energy sources. Research must lead to solutions that
make economic sense both to the government and to the
individual farmer.

While technologically sound solutions to food
production problems in the developing countries are of
basic importance, the institutional policies that
affect the adoption of these solutions by farmers also
are critical. Decision making at the household level
may be affected by cultural values that present
barriers to the adoption of new technology.
Determining these values and the effects of changing
them to permit the utilization of new technologies
should be investigated.

PUblic policies also have an important impact on
incentives for agricultural production. Credit
availability, minimum wages for agricultural workers,
pricing of equipment and energy inputs, technical
assistance, education, and stability of agricultural
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prices are only a few of the areas in which govern.ent
officials can affect production incentives_ Thus
institutional issues should be evaluated to assess
their effects on the adoption of new technology_
(Profile 2 of SUbgroup A discusses research priorities
for evaluating institutional issues_)
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Profile 1

OPDATI:ONAL PARAMETERS FOR HUMANS AND ANIMAlS

INTRODUCTION

~hether densely popula~ed, as in ~he subcontinen~

area of India and Bangladesh, or sparsely poPula~ed, as
in cen~ral Africa or Sou~ America, ~e ~ropics are for
the mos~ par~ short of food. In these areas an
enor~us amoun~ of human and animal effor~ is involved
in ~he produc~ion of food, bu~ unfortuna~ely neither
humans nor animals are efficien~ "machines" in ~he

~ropical environmen~. Human and animal ~roduc~ivi~y

are limi~ed by high daily ~empera~ures, generally high
humidi~ies, a high incidence of disease, and inadequa~e

or imbalanced die~s, all resul~ing in an apparen~ low
level of mo~iva~ion.

If it were possible, or even desirable, to fully
mechanize agriculture direc~ly in the developing
coun~ries, ~his s~udy would no~ be needed. BU~ the
ple~hora of bo~h people and animals in ~he food
production sys~em, the lack of petroleum fuels, and
economics dictate a major role for human and ani~al

labor for a number of years to come. Thus farm labor
produc~ivi~y in the ~ropics needs ~o be improved by
means of sui~able equipmen~ and improved farming
systems. Fundamen~al s~udies of human physiological
responses are an importan~ part of research and are
needed as building blocks for several other research
effor~s proposed in this repor~.

Energy Efficiency of Humans and Animals

Es~imated animal energy ccnversion efficiency is
low for bo~h bullocks and human beings (Makhijani
1975), generally below 5 percen~. Suggs and Splin~er

(1961a, 1961b) demcns~ra~ed ~ha~ ~his efficiency
depends greatly and predic~ably on environmen~al

condi~ions and on workload. The reason for ~his lew
efficiency in humans is tha~ the human sys~em is unable
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to dissipate heat effectively through evaporation,
radiation, or convection under tropical conditions.
The laws of thermodynamics simply restrict the human
being, or the ani-al, to low levels of conversion
efficiency in a tropical climate. Neither human nor
animal can convert food into enough mechanical energy
to increase the all'ount of food produced above elemental
requirements. Therefore, auxiliary energy sources may
well have a greater impact on the ability of a human
being to raise foodstuffs in tropical conditions than
in the temperate regions.

RESEARCH NEEDS

Climate

Studies should be made in human and animal factors
engineering to determine: the physiological res~onees

of humans and animals tc work conditions in the
tropics, the limits to which acclimation can take
place, and the energy cost of using humans or animals
as sources of mechanical power in food production
systems.

~nowledge of work output versus energy input would
allow selection of those cases where it is more
efficient to use biological resources such as wood,
roughage, and feedstuffs through mechanical systems
than through animal systems. Various studies of the
comparative efficiency of men, animals, ~d machines
have been made (Makhijani 1975, Morrison 19Q9, Splinter
1975, Kaul and splinter 196Q, and Hill and Erickson
1975). These studies have led to comparisons of the
relative efficiency of humans, animals, and machines in
performing specific tasks under specified conditions
and of their interactions. Irrigation and
fertilization, for exam~le, tend to increase the energy
input per hectare, but such inputs reduce the total
energy requirements ~er ton of grain. Interpretation
of such results must take into account the 2Q-hour-perp

day, 365 days per year maintenance that is required in
biological systems. Whereas a horse may have an
instantaneous efficiency of 25 percent in converting
food to work, its annual efficiency is closer to 2
percent. Ergonomic studies of the work response of
humans and animals under various environmental stress
conditions are needed to quantify work output versus
energy in~t parameters. By understanding the
operational parameters, we can estimate the amount of
physical work that can be reasonably expected from
humans and from work animals such as the bullock and
water buffalo under various environmental c~nditions
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and establish a more ra~ional s~rategy toward
mechaniza~ion in balance with labor-use intensity.

In addition to the abili~y to perform mechanical
work. human beings have special a~~ributes:

discrimination and selec~ivi~y. Splin~er and Suggs
(1968) have developed a model of human ability to
discriminate between. select. and load objects as a
func~ion of ra~e of handling and level of sorting.
These studies show ~hat human performance in a work
situation can be characterized and generalized. Such
ergonomic studies for various ~asks in the produc~ion

of foodstuffs in the ~ropics would greatly aid in
determining mechanization priorities.

~he social implications of mechanization are. of
course. impor~ant. social struc~ure and social ~ores

have a definite bearing on the acceptance or u~ili~y of
mechanization. These factors. along with timeliness
and economics. mus~ be considered in such mechanization
research.

Diseases and Parasi~es

~he effects of diseases and parasi~es on work
capacity are. in a quan~ifiable sense. virtually
unknown. But the effects are obvious ~o anyone who has
visited tropical areas where bo~h humans and animals
suffer from a wide range of health problems (S~ou~ et
al. 1973). The reduction in work outpu~ due ~o these
endemic factors must be quantified to make rational
evaluations of the physical energy available for
raising food and the economic burden of ill hea~th (see
Study Team 2. subgroup A report. especially on zoonotic
diseases).

Diet

~he effect of diet on the available energy ou~put

of horses is well known (Morrison 1949). bu~ die~ can
have important effects on the work capacity of other
animals as well. The response of animals to
environment from ~he standpoint of weigh~ gain in
feedlots is nOW being clarified (Teter et al. 1973).
If ~he environmental response of animals to workloads
can be determined. models can be developed so ~hat the
energy input/outpu~ rela~ionships for work animals over
a wide range of environmen~al factors also can be
de~ermined. such research is needed to make regional
or global estimates of work capacity and to evalua~e

alternative options.
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Motivation

A commonly held opinion in the industrialized
nations is that the work population in most developing
countries is poorly motivated. Such an opinion
overlooks the obvious and rational adaptation of work
habits to severe environmental stresses. Nevertheless,
socioergonomic studies that relate motivation to
specific kinds of mechanization, including a!r
conditioning, would be helpful in developing
mechanization strategies.

IMPAC~

Fifty to sixty percent of the wcrld's people invest
their physical effort directly or with the aid of work
animals to produce food (Makhijani 1975). Thus precise
knowledge of the work processes of humans and of
various work animals can have a direct effect on
strategies for increasing productivity in food
production.

A person performing physical work must eat enough
to have energy above that required for general
maintenance. TO work at a rate of .075 kilowatts and
an efficiency of 10 percent, for example, a hu~an being
must consume 5,100 calories per day. On a maintenance
basis, these are enough calories for more than two
people. Reducing the requirement for physical work
would free up food not then required for producing
human energy.

Quantification of the effects of disease and
inadequate diet on work capacity and motivation could
help guide progra~s of health and dietary assistance as
well as mechanization (see Study Team 9).

Identification of the selectivity, discrimination,
and physical effort requirements of tasks, cou~led with
the critical time required for completion, would
greatly assist in the development of mechan~zation

strategies. Those tasks that require pri~arily

physical effort with little discrimination should be
mechanized first; for those tasks where the hu~an

ability to discriminate is important, mechanization
efforts should be delayed. Thus a task-by-task
analysis of various cropping systems would allow a more
rational approach to mechanization efforts (see
Subgroup A).

This research would have short-term effects and
would serve primarily as a foundation for the research
on mechanization detailed in the following two
profiles. u.S. manufacturers also could use this
information because they already use human factors
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engineering in the design and layout of tractors.
combines. and other equipment.

IMPLEMENTATION

Work physiology studies at the !. I. du Pont
Haskell Laboratory and the u.s. Army Laboratories have
set the limits of exposure of human beings to various
environments. studies at North Carolina State
University have developed response surfaces of werk
output. heart rate. oxygen consumption. and respiration
rate over a range of temperatures and hu~idities.

Limited measurements of the work output of ani~als have
been conducted in India and the United States (Missouri
and Iowa). However. there is insufficient knowledge
concerning diet. disease. acclimation of breeds. or
even the general effect of environmental stress en the
work output of animals or people.

A comprehensive study will require climate­
controlled chambers with tread~ill dynamometers and
instrumentation for measuring heart rate. oxygen
consumption. respiration rate. and body te~perature in
order to develop performance response surfaces fer the
various work animals and humans under both tropical and
temperate work conditions. Environmentally controlled
conditioning chambers also are needed to deter~ine the
limits of acclimation as environments change (e.g••
from hot-dry to hot-humid). Diagnostic facilities are
needed to monitor and evaluate the effects of diseases
or parasites on work performance.

A team of agricultural engineers. human and animal
physiologists. medical doctors. and veterinarians.
together with a support staff of electronic and
laboratory technicians. would be required. Because of
the level of expertise and degree of instrumentation
and environmental controls necessary. it is suggested
that research centers in the United States be used for
this study. Some facilities already exist. such as the
University of Missouri Animal Physiology Lab. the USDA
Meat Animal Research Center [in Nebraska]. the Hu~an

Factors.Lab at North Carolina State University. the
Bio-Environmental Lab at ~ansas state university. and
industrial laboratories such as du Pont's Haskell
Laboratories.

Once fundamental relationships are known and
techniques are developed. adaptive research studies
would be needed using local animals and local
residents. Indigenous scientists (probably trained at
the u.S. facilities mentioned) could carry out most of
these studies.

Since the research would build on existing
techniques. a high probability of success is expected.
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For human factors studies, the currently unused
facilities at North Carolina State University could be
put back into operation, and the qualified staff on
hand used to train foreign scientists. At least one
research team each should be trained for the hu~id

tropics, the high mountains, and the desert. These
teams would then determine the parameters of work with
native populations in the developing countries. A
budget of $300,000 to $400,000 per year for four years
would be needed. The fifth year, funds would be needed
to organize an international ccnference and to
disseminate the information.

For studies of animal physiology, only limited
facilities exist (at the University of Missouri, for
example). Annual funding of $400,000 to $500,000 would
te required for four years, again cUlminating in a
conference for dissemination of results the fifth year.
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Profile 2

OPTIMAL ALTERNATIVE AGRICULTURAL POWER SYSTEMS

~here are many trade-offs to be considered in
determining the best form of farm mechanization for a
developing nation or even a s~all portion of one. The
key decision makers need better information than is
currently available on this subject. These key
decision makers include governments. farm equipment
manufacturers. farm equipment dealers, lending
institutions, and farmers.

RESEARCH NEEDS

~he major research need is to determine, for each
important and comparatively homogeneous area. the
agricultural power systems that offer the best benefit­
cost ratios. This research should focus on the
transfer of the most appropriate technology.
considering farm income. available energy, and rural
employment. The study would be short term in nature,
dealing more with technology transfer than with
development of new mechanisms.

In order to make a significant contribution toward
alleviating the world food problem, research should
concentrate on middle-sized farms. Farm sizes in some
of the Latin American nations, such as Argentina, are
larger than in the United States. However, most of the
food-short nations in Africa and Asia are characterized
by s~all farms (International Association of
Agricultural Economists 1969). The farm size
distribution in India, which is typical for naticns on
these two continents. is used for illustration (Figure
4). Farms of 10 hectares or more account for 29
percent of the farmland in India and for 4 percent of
the farms. The 25 to 30 kilowatt tractors currently
produced in that country are only economical for
individual use on farms over 10 hectares. Thus the
major challenge is tc develop power and machinery
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systems for ~he 96 percen~ of ~he farms of less ~han 10
hectares.

Farmers with less ~han 2 hectares will protably
co~inue ~ use tradi~1onal me~hods of far~ prcduction,
al~hough ~hey can expec~ ~o borrow some equipment from
neighbors with larger farms. Fortunately, these sRall
farmers can a60p~ new ~echnologies, such as improved
seeds, fertilizer, and pla~ protection chemicals,
since ~hese items are divisible into quanti~ies

suitable for the smalles~ farm plot. ~he 3~ percent of
the farms be~ween 2 and 10 hec~ares should be ~he

primary candida~es for elemen~ary mechaniza~ion if
appropria~e equipment can be developed and introduced.
Several ins~itutions have developed a nu~ber of
tillage, planting, and harvesting machines especially
matched to the needs of the small farmer (XRRX 1975).
Since there is a wide variety of human- and animal­
powered machines availatle, as shown in Table 8, major
stress should be placed first on adapting existing
machines to local cropping practices and soils. It
should be recognized ~hat capi~al investmen~ for
mechanization increases progressively as the degree of
mechanization increases from hand-powered tools to
self-propelled combines. New equipmen~ is particularly
needed for intercropping, minimum tillage,

Number of farms. percent
(Total: 50,765.000) 62 25 9 3 1

12172329

Under 2

19

Farm size. hectares
(Average: 2.6)

Farm land, percent
(Total area:

133,400.000 hectares) L.....- .L- .L- L.....-__...L.-_---'

SOURCE: A_ted from Ford Foundlltion (19721.

FIGURE 4 Distribution of farms and land in India, 1962.

-208-



Table 8. Alternate agricultural power systsrB

4-8 kW 10-15 kW 20-30 kWInternal.
Electric ocnb.1sti.al walking ridin:J ridil¥] S-P

HImm AniJral IID1:DrS engines tractors tractors tractom CXIIirl.nes

M:i:li.le operations

'l'illage X X X X X

Plantin] X X X X X

Cultivation and
plant protection X X X X X X

Ha.rvest:in3 X X X X X X

Transport X X X X X

stationary cp!!ations

Lift:in3 water for
irrigation X X X X

'lhreshi.n] X X X X X X X

DJ:yinJ X X X

Processing' X X X X X



nonconventional power systems. and the harvesting cf
specialized crops. such as yucca or manioc. ~hese are
long-term projects requiring extended funding and
effort.

Farm equipment for some operations. such as
broadcasting fertilizer. comes in a variety of
capacities with generally proportional prices. o.s.
farmers employ equipment using the same principle of a
spinning disk to operate everything from a worker­
carried Cyclone spreader holding 10 kg to a three-point
hitch spreader holding 500 kg to a tractor spreader
holding 5.000 kg. Other forms of mechanization.
however. such as tractors. have not yet been scaled
down successfully with retention of performance and at
a cost proportional to capacity.

Farm Income

~he benefit of these research projects can be
measured in net farm income. Improvements in income
generally will be achieved through higher food
production per hectare. but also may result frca
switchinq to a crop with a higher cash value. The
first information needed to determine net farm income
is production cost. There is a need. especially in the
developing nations. to pay particular attention to
return on capital investment. The study of production
costs must be broad enough to include the nation as a
whole as well as individual farmers.

Energy

Petroleum rescurces are finite in supply. and their
costs have been a major financial burden for the
developing nations for the past three years. Research
studies should be conducted to determine how to use
energy inputs efficiently while increasing food
outputs. Humans and animals consume renewable energy
resources. and a research-demonstration project must
account for the a~ount of land required to support
these two sources of energy. The object of the
research would be to increase the marketable surplus of
food from each farm.

Kaul and Kumar (1915) have shown that there is a
great difference in the efficiency of various wheat
threshers used in India. Similar studies need to be
made on all agricultural implements to determine where
purchased energy can be reduced without reducing food
production.
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Rural Employment

Human labor is involved in all agricultural power
systems. While the human being is relatively efficient
when dexterity and sel_ctivity are needed, he or she is
relatively inefficient for tillage, lifting irriga~ion

water, or threshing. Research should be conducted to
determine which operations or po~ions of operations
should continue to be done by humans and which would
profit from a higher level of ~echaniza~ion.

Research on rural employmen~ as it relates to
mechanization must consider many factors. Increased
mechanization may increase or decrea$e e~ployment in
farming although it generally increases employ~ent in
agricultural suppo~ industries.

Abercrombie (1975) and S~ou~ and Downing (1975)
point out that the health of the agricultural sector
depends on both its production of food and i~s

provision of productive employment. Harrin~on (1975)
notes that while employment as well as food production
increased during rapid tractorization in the Punjab
region of India, the same variables do no~ exist in
other countries.

Farm wages are not only a function of inherent
labor productivity but also of capi~al inves~ment in
land utilized in a complementary fashion with labor.
While total farm wages may be the best single indicator
of the economic position of hired farm workers, the
proposed research should include other components.
These include number of farm workers, days of work per
year, and daily farm wages. ~he relationship te~ween

farm wages and industrial wages before and after farm
mechani~ation in a particular area is an i~portant

indicator of the relative demand for farm workers.

IMPAC~

~hile the economic impacts of some forms cf farm
mechanization are known, one purpose of the proposed
study would be to make a better determination of these
impacts, thus leading to those forms of mechanization
~hat will effect the greatest increase in food
production.

Pumpsets powered by electric motors or diesel
engines have made a major contribution to world food
supplies. These pumpsets are so popular in India that
farmers have spent more to mechanize the lifting of
water for irrigation than for all other forms of farm
mechanization combined. By 1974. over $1 billion had
been spent for over 4 million pumpsets (Anonymous
1975). About half of these are powered by 2 to 4 kw
electric motors and the other half by 3 to 6 kw diesel
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engines. Pumpsets are now responsiele for about 8
million tons, or 8 percent, of India's food grain
production through increased yields. ~hese pum~sets

also are responsiele for an additional 4 ~illion tons,
or 4 percent, of India's food grain production since
they permit a second crop to be grown each year. The
additional food produced by the use of pumpsets in
India exceeds average food imports for the past 10
years. Furthermore, the amount of land irrigated ey
pumpsets can be at least doubled in India. The
proposed research would help spread the use of the
pumpset to other developing countries.

Multiple cropping also can be increased with farm
mechanization. The sun is available year·round for
growing crops in most developing nations, and
irrigation can assure adequate water during periods
without rain. But a higher level of far~ ~echanization

is required to get one crop harvested quickly and a
second crop planted since harvesting, tillage, and
plan~ing are all labor-intensive (see Profile 1,
SUbgroup A). Artificial drying, especially of rice, is
another form of farm mechanization required for
multiple cropping if one of the crops is harvested
during the monsoon season.

Good small rice dryers are available fro~ Japan.
Some storage problems may be encountered when both
temperatures and humidities are high, but suitable
storage equipment is available in some parts of the
world.

Crop yields also can be increased through improved
tillage and planting. Adequate far~ power perrrits the
farmer to provide deeper, better prepared seed beds.
In some instances, it permits the tilling of heavy
baked soils before the rains come. Fertilizer grain
drills have increased wheat yields 10 to 15 percent
over traditional hand seeding. For India alone, this
represents a potential increase of 3 million tons of
wheat. Limited tests have shown 40 percent increases
in maize yield with the use of rowcrop planters. Both
machines increase yields through more uniform stands
and better fertilizer placement (Giles 1975). Mixed
cropping or intercropping means an overlap of growing
periods, with associated and as yet unresolved proelems
for mechanization.

Food production also can be increased through
mechanization by reducing losses (IRRI 1974a).
Properly adjusted threshers and combines have smaller
losses during the threshing process than traditional
bullock trampling. Mechanical threshing also is more
timely and has resulted in wheat arriving at market
three weeks earlier than previously in North India.
Further adoption of threshers and combines will reduce
grain losses from rain, fire, rats, birds, cattle, and
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pilferage. Because of ~beir size. ~be combines used in
Euro~e and North America generally are no~ well ada~ed

to conditions in ~he developing nations. They are
usually too large for the fields. and they are no~

equipped ~o save the s~raw. of~en importan~ in the
developing nations. Plooded rice aleo results in
serious traction and flota~ion problems. Tha~ harvest
mechanization is no~ always the answer is illuatra~ed

by an experience in Colombia. Lloyd Johnson (1916.
personal communica~ion. CIAT. Palmiro. Colombia) has
developed a system for year·round production of rice in
Colombia using in~ensive labor; ~he use cf combines was
found not to be cost-effective.

Pe~roleum is used ~o make fer~ilizers and ~lan~

protection chemicals as well as for providing fuel for
pumpsets and ~ractors. Improved agricultural ~ower

systems are mos~ effective when used in conjunction
with other improved technologies. Research would help
establish which combinations result in sufficien~ly

increased food production to justify larger purchases
of energy (Kastens 1915).

If appropriate agricultural power systems are to be
adopted on the majority of farms in the develo~ing

countries. the research findings must be made available
to decision makers. National governments play a
pivotal role in the ado~tion of farm mechaniza~ion

since they often determine economic margins and risks
for both the supplier and the farmer. Profile 2 of
subgroup A provides a more thorough examination of the
relationship between government institutions and the
farm equipment industry.

More consistent government policies and actions
would result in a more rational division of the farm
equipment market be~ween local manufacturers and
importers. The size of the market within a coun~ry has
a major influence on the economic and social trade-offs
of importation. local manufacture. or importing
components and assembling the more complex equipment.
Sound government actions would benefit both local and
foreign manufacturers. thus resulting in lower
equi~ment costs to farmers.

Unless a system of credit exis~s. most farmers in
the developing countries will not be able to roove
toward mechanization. credit institutions need ~o know
which types of mechanized equi~ment offer ~he highest
net benefit given the variety of crops and farm sizes
in their particular areas. If mechanization makes
considerable economic sense for the farmer. the
institution can extend credi~ more liberally without
taking undue risks. Thus more money would be available
to borrowers.

Farmers in the developing nations generally are
unable to assume high risk investments. An
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agricultural exten.ion .ervice would be able ~o ~rovide

information and voca~ional ~raining ~o ma~ch a far~er's

crop. and .ize of opera~ion with a range of appropria~e

agricultural power .y.~em.. Wi~h this informa~ion the
farmer would be able. ~o determine which kind of
mechanization would re.ul~ in the grea~e.~ increase in
ne~ farm income and whe~her i~ would be more
advan~geou. ~ own the equip..~ individually or share
in the co.t with ~er.. cooperative and cu.tom hiring
have proven effective in many area••

IMPLEMENTA~ION

~he re.earch required to de~ermine op~i.um

agricul~ural power sy~e~. requires a multidisci~linary

approach in all ca.... Each face~ of the research
requires the participation of at lea~ an agricultural
economist, agronomi.t, and an agricultural engineer.
Most of the work mu.t be done at .ite. representa~ive

of the major homogeneous area. in the developing
na~ions.

~wo or possibly three farming systems should
coexist at specified research location. so ~at farmers
can observe the differences between them. ane section
of ~he re.earch .tation would te dev~ed to
demon.trating the current dominant cropping system of
the area, u.ing the inputs and management practices of
the above-average farmer. A second section would
demonstrate the practices and machine. recommended by
the research .tation. A third section would
demonstra~e newer machine. and innovation., such as
unfamiliar crops with higher cash returns, minimum
tillage, intercropping, and relay cropping.

At each research location the c~rol ba.e should
be the level of mechanization u.ed by the majority of
farmers with medi~sized farms. some preliminary
evaluation will be required to assure tha~ the
equipment ma~ches local crops and soil.. While several
levels of investment in farm mechaniza~ion may be
possible, mos~ research projects should limit ~he

choices to three or four. For each level of
mechanization, work capacity per cropping sea.on should
be de~ermined. In some instances, high work capacity
in combina~ion with high uni~ cost will suggest tha~

that type of equipmen~ is primarily for multifarm use.
In general, a farmer's purchase of farm equipmen~ is
probably limited to an amoun~ no grea~er than the
farm's annual cash receipts. This places a ceiling on
the size of equipment the farmer can afford while the
need to perform farm operations on a timely basis
places a lower limi~ on the work capacity required of
the equipment to be effective. The engineering
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challenge is to design equipment within ~bese li~i~s

that will serve to ge~ the farmer out of the vicious
circle wi~hin which he or she now opera~es. S~udies

will have to be made of food produc~ion from co~~arable

farms that utilize different levels of mechanization.
Beyond this. ~e team should de~ermine the level of
food production that can be achieved with optimum farm
management and improved inpu~s at various levels of
mechanization. Large changes should be explored.
including ~e introduc~ion of irriga~ion. mecbanized
tillage. planting. harves~ing. the growing of an
additional crop each year. and new farming sys~e~s.

such as higher cash value crops. intercropping. and
relay cropping. The latter ~wo may require ~he

creation of new planting and harves~ing equipment.
7he economic por~ion of the research should he

supervised by a farm managemen~ specialis~ with support
from an engineer in ~e selec~ion of farm equi~ment to
study. Farm records should be kep~ for a few years on
similar-sized farms wi~h differen~ levels of
mechanization. The engineer can se~ up demons~rations

of other farm power sources and equipment not co.monly
used in the area but available on ~he world market.
Local evaluation of imPOrted equipment is generally
necessary. since users mus~ become familiar with it
before an attempt is made at a benefit-cost analysis.

concentrated study of the end use of energy is a
relatively new science. This type of study will
require a~ least an economist and an engineer and
possibly persons from other disciplines wi~ s~ecific

expertise in energy. current uses of energy that
origina~es on the farm and ~hat is purchased by ~e

farmer must be studied over a range of farm sizes for
farms with varying levels of mechanization. Resources
used to produce food for ei~er humans or animals
should be included (FAO 1976).

7he relationship between rural employment and
agricultural power systems is one of ~he most difficult
and challenging portions of the research required.
This research mus~ be done in ~be developing na~ions.

with inputs from an economist. an engineer. a
sociologist. and/or a labor specialis~.

A variety of studies is needed for different
geographic areas. S~a~ewide s~udies have the advantage
of integrating the many unknown economic and social
variables ~at influence rural employment. These are
meaningful in s~a~es like the Punjab. India. which have
good statis~ics and are rather homogeneous. In ether
instances. much smaller areas must be chosen to get
valid results. Tbe s~udies also should include areas
like Thailand. where custom operation is widely
accepted.
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An initial impact can be achieved by setting u~

demonstration teams utilizing a wide spectruK of the
plows. tractors. planters. harvesting equipment.
threshers. etc•• which have been developed around the
world. For crops. soils. or ~raetices for which
machinery has not been develo~ed. efforts to devise
appropriate equio.ment must be pursued.

~he cost of each two- or three-person team would be
$100.000 per year. In view of the large number of
developing countries. a minimum of 12 teams would be
required to have any impact. and twice that nu~ber

would be more appropriate. A minimum of five years
would be required to develop sustainable programs.
Biannual coordinating conferences should be conducted
to allow cross-fertilization of ideas.
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Profile 3

NONPETROLEOM ENERGY SOURCES

The farming systems of the advanced countries have
attained a high level of productivity by depending on
fossil fuels to manufacture inputs and power far~

machinery (Heichel 1976). Recent interruptions in the
world energy supply have made us keenly aware of the
vulnerability of these farming systems to energy
shortfalls or price rationing.

The developing countries, whose rising populations
and increasingly sophisticated diets (Brown and Pariser
1975) could potentially increase world petroleum energy
requirements of the entire food chain--production,
processing, home preparation--by about elevenfold by
the year 2000 (Rastens 1975), face a particular burden
in assuring their food needs in a future of scarce
energy. One approach to lessening the vulnerability of
the developing countries to energy shortfalls is to
develop more frugal power sys~ems than those now
available. Mindful that mo~ developing countries have
meager proven reserves of petroleum and other fossil
fuels (Hubbert 1969) and inadequate foreign exchange to
compete for the remaining finite reserves (Table 9) on
world markets, we propose the development and
utilization of nonpetroleum sources of far~ power.
Nonpetroleum energy includes the renewable
carbohydrates produced by photosynthesis and such
virtually inexhaustible natural resources as sunlight,
wind, and falling water. Some technologies fcr using
nonpetroleum energy sources are more practical and
immediately applied than others, and we now list, in
descending order of importance, the technologies most
relevant to the needs of the developing nations.
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~ 9. Reco\Ierable reservesa and anticipated lifetime of
world fossil ener'9Y souroes and urarUun

SOurce Quantity Lifetimed

Natural gas 200 x 1012~ 15 years

crude oil 275 x 109~ 35 years

Slal.e oil 54.4 x 1012 mJb 165 years
(U.S. ally)

Cba1 10 x 1012 tt;msb 300-500 years

tJraniun (UJOs) 1,430 x 103~ 35 years
(fission ally)

aprowQ reserves plus urnisoovered resources.
~ (1975b).
CHltilert (1969).
dExtrapolaticnl of current and expected rates of use at current
relative prices. For a discussiem of the oonstraints em these
exucqxJlaticnl, see Gamner (1975).

RESEARCH NEEeS

External combustion Engines

~he reciprocating s~eam engine or steam turtine has
potential for s~ationary applica~ions. such as
threshing or grinding of grain. oilseed extraction.
pumping irriga~ion water. or providing a cen~ral source
of ele~ric power for a village. Coal. crop residues.
wood. or other replenishable carbohydrates could be the
principal fuel sources for ~hese external combus~icn

engines. To u~ilize these materials. however. i~ is
necessary fir~ to determine the prospects for using
wood and other plant materials as fuel sources for
these engines. This involves an assessment of the
economically recoverable fuel materials and of the
quanti~ies of wood or other plant materials that could
be regularly harves~ed without fear of erosion or
degradation of soil fertility (Eckholm 1975). Reener.
et al. (1975) estimate the energy output/input ratio
for tree planta~ions to te 27/1. for corn or alfalfa
forage 10/1. for corn grain 7/1. and for wheat grain
4/1.

second. a reevaluation must be made of existing
s~eam engine technology (the Rankine cycle) for both
piston and ~urbine engines to determine which sizes are
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appropriate in developing countries and the efficiency
of various organic fuels. both solid and liquid. we
must assess whether scaled down turbines are practical
for developing countries and. if so. whether tbey would
be more appropriately .anufactured in the United S~tes

or in the developing countries.
Finally. the relative price at whicb the technology

of external combustion engines becomes competitive with
that of internal combustion engines must be determined.

Solar Energy

A traditional and widespread use of solar energy is
to dry such agricultural products as grain. forage.
fruits. oilseeds. fish. and meat. The customary
technique is to spread the materials to be dried in a
thin layer on the ground and expose them to solar
radiation and wind. Evaporation. water heating.
distillation. and cooking are other potential
applications of solar energy to local energy econoKics
(NRC 1972b). To facilitate tbe exploitation of solar
energy. we recommend researcb to:

Assess the potential application of solar energy
for crop drying. water heating. and cooking in the
developing countries.
Determine the extent to wbich solar drying will
speed crop harvests. diminish crop losses to vermin
and weather. permit harvesting of crops during
rainy weather. and enhance storage of agricultural
products.
tet~rmine the most efficient methods of collecting
and using solar energy for specific applications.
For example. many developing countries bave a
plastics industry. Plastic film sunlight
collectors currently being tested for grain drying
in the U.s. Midwest may well be useful in the
developing countries. One major application may be
the drying of organic fuels. such as crop residues.
for external combustion engines. Hot water for
household use could be collected by si~ple means.
tut a practical solar energy cooker bas yet to be
developed.

Water

South Asia. south A~erica. and Africa have large
unexploited water energy resources (Hubbert 1969).
Water power could be used for the threshing or grinding
of grain. to press oil from seeds. or to provide
central electrical power for a village. among other
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things. Small waterwheel technology is centuries old.
and the technology for large-scale utilization already
exists. Specifically. we need to determine (1) the
daily and seasonal streamflow characteristics of rivers
and small streams. and (2) the prospects for updating
waterwheel technology to provide the power required for
specific applications.

Wind

~ind power might provide the energy for stationary
agricultural applications such as the grinding and
threshing of grain and or the pumping of water for
domestic and livestock consumption. The technology of
low tlade-tip velocity turbines (the common windKill)
and high blade-tip velocity turbines (windchargers) is
well developed. In order to apply this technology in
the developing countries. research should be conducted
to (1) determine. through a network of climatological
stations. the areas where wind speed and duraticn are
above the minimum needed for practical application of
wind~ills. and (2) adapt existing wind power technology
utilizing indigenous materials for specific uses with
low horsepower requirements.

Methane

Human and ani~al wastes and crop residues can te
utilized to generate methane gas for household or
village use in cooking. lighting. stationary engines.
and refrigeration. Although the prospects for Kethane
generation seem attractive (Makhijani 1975). the
efficiency of the process is sensitive to changes in
the temperature of the digester and to such cheKical
conditions as ammonia concentration and the carbon­
nitrogen ratio of the feedstock materials. According
to Smith (1976). large digesters require continuous
stirring to prevent obstructions from occurring and.
therefore. have small power output if part of the
methane generated is used to power the stirring. ~hey

also require a high level of management. Furthermore.
conflicting appraisals of the efficacy of small Kethane
generators have come from the examination of systems
being used in the developing countries. To resolve the
conflicting views on this technology. it is necessary
to (1) survey the operational status of small household
methane generators in the developing countries and the
power requirements they serve. and (2) co.pare sKall­
and large-scale digester methodology and evaluate the
economic. physical. chemical. environmental. and
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feedstock constraints on each system, following studies
by Hamilton Standards, Inc. and others.

Methanol, Ethanol, Hydrogenation, and Pyrolysis

Successful exploitation of these technologies might
yield a substitute for the petroleum fuels needed by
mobile sources of power. All of these technologies are
highly sophisticated and relatively inefficient in net
energy yield, and are at present inapplicable to the
immediate needs of the developing nations.

Nuclear Energy

Because of the relatively trief expected lifeti~e

of nuclear fuels (Table 9), and the expense,
sophistication, and safety problems of the technology,
nuclear sources of power seem less applicable than the
foregoing technologies to the immediate needs of the
developing nations.

IMPAC'I

'Ihe development and utilization of nonpetroleu~

energy sources in the agricultural sectors of the
developing countries would insulate their food
production systems from interruptions in the supply of
scarce and expensive fossil fuels. In view of the
finite reserves of petroleum and natural gas, an
operational technology for use of alternate fuels ~ay

well arise in the developing countries first and then
move, as it must at some future time, to the high­
income countries.

External combustion engines and wind power are
logical energy sources for assuring a sanitary water
supply from a well or for introducing grinding,
threshing, and oilseed extraction technologies in
localities where they are now precluded by absence of a
suitable energy source. External combustion is
particularly attractive where feedstocks, e.g. rice
hulls, have a negative value. There is also some
potential for driving a heat engine using heat directly
from solar collectors or by heating a fluid medium,
such as freon.

Successful utilization of solar energy would reduce
dependence on wood and dung as cooking fuels in the
developing couptries. ~ood might be reallocated to
external combustion engines, where it could be burned
more efficiently than in open fires, while dung could
be utilized as fertilizer or feedstock for methane
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generation. Improved me~hods of solar drying ~ight

facilitate multiple cropping by speeding crop barvest
and. addi~ionally. diminish crop losses and assure
successful crop storage.

~he potential energy of water might be used to
provide stationary power for grinding. threshing. and
other individual or village uses now precluded by lack
of a suitable energy source. Electricity generated by
water or wind power would have multiple applications in
food production.

Methane generation would produce a relatively clean
fuel for household cooking and other open combusticn
processes. or possibly for use in stationary internal
combustion engines. Liquid fuels for mobile uses would
resul~ from the development of alcohol. hydrogenation.
and pyrolysis technologies.

IMPLEMENTA~ION

Answers to questions involving external combustion.
solar energy. water power. and wind power ~ust be
sougb~ in the developing nations where the knowledge
will be used. Engineers must determine the
applicability of existing steam engine and ~urbine

technology to specific uses in these countries.
Timeliness and mone~ary impact must be determined. and
strategies to ada~ existing knowledge to new uses must
be conceived. Foresters. agronomists. and economists
must learn how much renewable fuel is available in
areas where external combustion engines are proposed
and how it competes in price with coal and petroleum.
Engineers must learn how various fuels can be turned
efficiently to generate steam. This research would be
short term since most of the technology has already
been developed and only the problems of application
must be overcome.

Researcb into solar energy should apply current
knowledge about drying. heating. and cooking with solar
reflectors to specific needs in the developing
countries. Adaptive research to answer unforeseen
questions on the collection and storage of solar energy
must be initiated as needed.

Engineers and hydrologists must determine the rate
and reliability of river and small stream flows in tbe
developing countries. Engineers must determine power
requirements of specific applica~ions and attempt to
adapt existing water power technology to these new
uses. Economists and engineers should work jointly to
identify optimum locations for water-powered energy
plants. Government action on water rigbts also will be
required.
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To utilize wind power, a climatology group should
be formed to organize data on wind speed and duration
as a prelude to choosing logical sites for the
installation of facilities. Present windmill
technology could be applied.

Investigation8 into the technology of methane
generation by anaerobic digestion should proceed in the
developing countries, and the extent of U8e and
efficacy of methane generation should be documented.
small (household) and large (farm and village)
digesters should be te8ted in laboratories in the high­
inco~e nations to determine the limitations of each
type.

~hen petrcleu~ fuels become economically
unattractive, mobile power applications will require
alcohol, hydrogenation~ ~yrolY8is, or coal-based fuel.
Because the returns would be 8mall, research on
alcohol, hydrogenation, and pyrolysis is likely to be
confined to the high-income countries until the
processes attain commercial application. Although the
high-income countries have the resources to do the
research, questions about the applicability of alcohol,
hydrogenation, and pyrolysi8 might be answered
fruitfully through joint investigations by pUblic and
private institutions in both the high-income and the
developing countries. Thi8 would be long~term

research, and practical use of the results would·
ulti~ately depend on economics and the availability of
petroleum fuels.

Funding

Private industry could conduct the major
investigative effort into external combustion engine
development, both in the United states and, to some
extent, in the developing countrie8. To determine the
feasibility of such engines, government contracts would
be necessary. An investment of $1 ~illion per year for
design, development, and testing would be required for
a minimum of two years.

Solar energy research is now being set up in the
United States and throughout the world. Some
additional funding may be needed.

Major water power plants are expensive and ~ust be
supported by major financial organization.
Waterwheels, however, could be constructed locally at a
low cost.

Wind energy conversion is being investigated quite
thoroughly, but additional funding may be required.
Investigation of the use of methane from biological
sources should be supported at a modest level, perhaps
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$100,000 per year, with additional funding later fer
the installation of demonstration units.
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NO~ES

1. Lee Martin emphasizes the illustrative nature of
the data in the tables rather than their detailed
accuracy. The tables illustrate the kinds of
information needed for phase one studies.

2. ~his may be 33 million hectares too large because
of a possible error (acres instead of hectares)
about data of irrigated land in the people's
Republic of China (Peterson 1974).

3. This technique has been called syste~s analysis,
management science, operations research, and
cybernetics. All these terms have related meanings
and the National Academy of Sciences has combined
these to SA/OR.
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Z~RODOC~IONI

few things are so pervasive in human affairs as
weather and climate. Both weather and climate, in
their various manifestations, have a direct effect on
such basic matters as the clothing people wear and the
shelters they build. weather and climate also have an
effect on a wide range of other human activtties, such
as transportation and s~orts, for example, and both
play an important role in the health of people
everywhere.

Yet nowhere, perhaps, are the effects of weather
and climate more evident, or more i~portant, than in
agriculture. It is for this reason that any study,
such as the World Food and Nutrition Study, devoted to
increasing the world's production of food and improving
the nutritional quality of that food must be devoted in
part to an analysis of the relationshi~ of weather and
climate to agriculture. This report highlights weather
and climate research ger~ane to agriculture.

As defined in other reports of the National Academy
of Sciences (NAS) (NRC 1975, NRC 1976a), • ••• ·weather·
refers to events, such as precipitation and
temperature, occurring within a two-week period, while
•climate' is associated with events occurring over
longer ti~e spans••• (NRC 1976a)." Research on climate
has evolved from the recognition that climate is much
more than just "average weather," and this discussion
will focus primarily on climate (see Appendix A for
characteristics of the climatic system).

~he weather and climate research areas discussed in
this report are justified by several considerations:

In most regions of the world variability of climate
is the rule rather than the exception. Thus it is
safe to expect that future climatic variations will
be of sufficient magnitude to have a significant
effect on agricultural production (Beltzner 1976,
Institute of Ecology 1976).
~he world's food supply is precariously balanced,
considering the possible effects of a single year's



~oor harvest due to variations of weather and
climate (NRC 1976a).
A famine has occurred in some part of the world
nearly every year since World War II. the ~ost

frequent causes being droughts and floods (Mayer
1975).
A high probability exists that certain human
activities. such as the burning of huge amounts of
fossil fuels. may lead to climatic variations that
would SUbstantially alter global patterns ef feod
~roduction and the total amount of food produced in
the world (Wilson et ale 1971. Kellogg 1977).

Effective national and international progra~s for
climate and weather research are needed. Eecause of
the high costs of weather research. agencies
undertaking this research should develop strong
competitive programs that make the maximuK joint use of
experimental design. equiPment. and data. For example.
the National Oceanic and Atmospheric Administration
(NOAA). the National science foundation (NSF). and the
National Aeronautics and Space Administration (NASA)
participate in the worldwide Global Atmospheric
Research Program (GARP). As another exa~~le. NASA and
the u.S. Department of AgriCUlture (USDA) cooperate on
many programs. especially on improved crop production
forecasts. USDA. in cooperation with NASA and NOAA.
has used the advanced technology of these and other
worldwide programs to improve its research endeavors.
such as the Large Area Crop Inventory Expe~iment

(LACIE). The Center for Climatic and Environmental
Assessment (CCEA) of NOAA has worked on statistical
weather-crop yield models for U.S. and foreign areas.
And. the Air Force Environmental Technical Application
Center has supplied weather data to CCEA and other U.S.
agencies.

The general climatic research and the agricultural
adaptation research recommended are important for both
the high-income and developing countries. But the
leadership role will rest with the United States and
other high-income countries. The results in many cases
will not be immediately useful for the developing
countries. However. some research is already quite
applicable to the needs of those countries.

The amount of meteorological research undertaken in
the developing countries varies Widely. but so.e have
made significant general climatic research
contributions as well as helpfUl adaptations to their
own country or region. A few countries have
established meteorological research institutes ~hich

usually have strong connections with universities or
agricultural research institutes that conduct research
in agrometeorology. Weather services and research in
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most developing ccuntries are oriented toward aviation
or general public needs, not agricultural needs. In
some instances, the expense of facilities and equipment
for such work is difficult to justify for the program
of an individual ccuntry. Where this is the case,
regional programs will have to be developed for
adaptation of the more complicated programs (Pearce
1976).

Data bases do not exist in some developing
countries and must be built up. Most countriee have
several decades of records of rainfall, but generally
the data have not been analyzed. Because the
scientific infrastructure is often lacking, plans
should be made in the developing countries ae well as
in the high-income countries to relate agriculture to
general climate and weather research.

SOme international organizations are developing
programs to support this type of research and so~e

agricultural emphasis exists; for example, the World
Meteorological organization (WMO) has a Commission for
Agricultural Meteorology and Hydrology. The Food and
Agriculture Organization (FAO) of the United Nations
has an active program for aiding these joint
meteorological programs with agricultural implications.

THE SCIENTIFIC PROBLEM Cf CLIMATE

The earth's atmosphere consists of a re~arkatly

resilient layer of gases, an atmospheric envelope that
rotates with the earth but does not rest quietly upon
it. The earth's uneven distribution of solar energy
causes winds which are strongly affected by the earth's
rotation. Air circulation patterns in the atmosphere
range downward in scale from the circumpolar wave-like
vortex, or jet stream, at altitudes of 20,000 to 40,000
feet through anticyclones and cyclones (more commonly
known as highs and lows), hurricanes, tornadoes, and
mesoscale wind systems to convective clouds and,
finally, small-scale turbulence. One of the central
problems of meteorology is to explain these at~ospheric

disturbances and how they interact.
Intimately linked to the phenomenon of air in

motion is that of energy distribution. Sources and
sinks of heat energy vary in numter and strength. They
come into existence mainly in response to: the
disposition of short-wave solar radiation; the flux of
outgoing long-wave radiation from the land, sea, and
air; the latent heat involved in phase changes of
water; and the flow of sensible heat at the conjunction
of the oceans and land with the lower atmosphere.
Large quantities of heat are transported by the winds
and by ocean currents.
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As a resul~ of GARP, scien~is~s are now learr.ir.g a
grea~ deal more abou~ ~he processes of energy exchange
among ~e a~mosphere, ~he oceans, and the earth's
surface. Grea~er knowledge should bring wi~ i~ a much
be~ter unders~nding of air ~ovements and ~heir effects
on the weather.

In addi~ion to its thermal ac~ivi~y, ~he a~mosphere

is the si~e of many physical, chemical, and biological
processes. Many of these, such as the pho~oche~ical

processes of ionization and recombination of gaseous
components, are only par~ly understood. The cheRical
equilibrium of ozone in the upper atmosphere has a
profound influence on ~he ear~'s biological processes
and may be a link be~ween fluctuations in the emission
of ultraviole~ energy from ~he sun and a~mospheric

moveD!en~s•
The distribu~ion and decay of natural and

artificial radioisotopes, and the chemical cycles of
carbon, oxygen, phosphorus, sulfur, nitrogen, and ~er

materials in ~e atmosphere are not fUlly understood,
and nei~her are the processes by which particula~e

matter is transported, diffused, and removed from ~e

a~mosphere. These two problems, which have ecological
significance, .are related. The phase changes of water
substances and the growth of cloud particles to
raindrop size offer physical-chemical problems which
are of practical as well as of scien~ific interes~.

Similarly, the fair weather electrical field in the
atmosphere and the charge separation mechanisD! which
~ransforms it under stormy condi~ions are problems
requiring research.

Briefly, the atmospheric problem consis~s of: air
motions; atmospheric energetics; and physical,
chemical, and biological processes.

CLIMATE AND CLIMATIC CHANGE IN PERSPECTIVE

According to the best scien~ific evidence and
interpre~ation, the earth came into exis~ence (in a
manner not fully understood) nearly 5 billion years
ago. The primordial atmosphere was devoid of free
oxygen and consisted of a mixture of hydrogen, ~ethane,

ammonia, and water vapor, from which ~he amino acids
and simpler organic compounds were syn~hesized by an
energy source, such as lightning or solar ultraviolet
radiation. Volcanic activity added more wa~er vapor,
nitrogen, and carbon dioxide, and further cooling
created warm shallow seas. The processes of life began
more than 3 billion years ago in this warm oceanic
broth in the form of anaerobic organisms dependent upon
ambient organic molecules and amino acids for
nourishment.
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Curing the next billion years an equally
significant step occurred. A few of the organis~s

succeeded in changing their mode of existence from one
of dependence on fermentation to the More efficient
modes of photosynthesis and respiration. This set the
stage for the release of oxygen, the fixation of
nitrogen, and further evolution, as cells developed the
capacity to divide by mitosis, a n~cessary precondition
for higher life. As organisMs tha~ could not tolerate
free oxygen were replaced by more efficient respiring
forms, oxygen-mediating enzymes appeared as the
chemical catalysts governir.g metabolism, producing the
structures prescribed by the DNA molecules.

These biological processes caused the oxygen
content of the atmosphere to increase. Onder the
impact of ultraviolet radiation, oxygen ~olecules

dissociated into bighly reactive oxygen atOMS and,
particularly at upper levels, into equally reactive
ozone which subsequently provided a protective sbield
for biological organisms with a low tolerance of
ultraviolet radiation.

For most of the last billion years, the global
climate has been comparatively mild. Warm spells on
the order of several bundred million years bave been
interspersed with glacial periods of tens of millions
of years. Thus glaciers covered much of the earth's
land about 600 million years ago and again about 300
million years ago. Even during those glacial periods,
however, there were repeated alterations between
relatively warm and much colder periods.

Over the past half ~illion years, relatively warm
interglacial periods of about 10,000 years have
occurred about every 100,000 years. We are currently
in such an interglacial warm period which began about
10,000 years ago. This warm period followed a major
glacial maximum 18,000 years ago which chiefly affected
North America, northern Europe, and, to SOKe extent,
siberia. During this transition period, climatic
instabilities developed.

the warm period reached its high point 4,000 to
8,000 years ago at a level 20 to 30 e atove present
temperatures. A cold period 3,000 years ago gave way
to warming which lasted from approximately 1100 to
1400, followed by the "Little Ice Age" which prevailed
from 1400 to 1850. Global warming in the northern
bemisphere of about 10 e persisted from 1850 until 1940,
followed by a fall of 0.60 e since then.

Superimposed on these large-scale, long-term
clim~te variations were climatic anomalies which had a
more immediate effect on plant and animal development
than the slower variations. Six periods of climatic
anomalies between 1895 and 1974 have been identified as
strongly affecting agriculture (Beltzner 1976). The
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period 1895 to 1905, for exam~le, was characterized by
a wet period in the northwestern Great Plains;
sustained drought in the Pacific Northwest; extreme
cold in the Gulf states; heat waves in 1896, 1901, and
1904; East coast and Great Lake storms; and the
disastrous, hurricane-induced Galveston flood. Wheat
yields in the Onited States varied from 14 percent
above the average for the period to 16 percent below,
with only two of the 11 years actually equaling the
average. Crop yield variations in Canada were even
greater.

Other climatic anomalies have included the Midwest
drought of 1933-37, the Mexican drought of 1937~1941, a
period of highly variable anomalies from 1950 to 1958,
the unusually large amounts of sea ice from 1966 to
1972, the heavy snowfalls of 1970-72, and the late wet
spring of 1974. The year 1972 was particularly
unusual, with a very cold winter in northwestern Canada
and the Soviet Onion; droughts in Southeast Asia, the
Sahel, Australia, Chile, and peru; floods in North
Africa and southern Europe; high ocean temperatures off
Peru; snd unusually good weather in the ~werican

Corntelt.
Advances in agricultural technology can ameliorate

but have yet to eliminate the harmful effects of
climatic extremes. The 1976-77 drought in Ransas, for
example, meant the abandonment of 920,000 hectares of
land (17.6 percent of the state's total wheat acreage)
and a 15 percent decline in yields from hectares
actually harvested (O.S. senate 1976). Clearly short­
term weather and climatic anomalies (seasons tc years)
have important effects on agriculture.

In recent years, serious attention has been given
to the i~pact of human activities on weather and
climate. Quite apart from deliberate attempts tc
influence the weather, it is evident that human affairs
associated with urbanization are beginning to have an
effect on climate. Substantial evidence indicates that
continued growth over the next few decades in the use
of fossil fuels will increase the carbon dioxide
content of the atmosphere and thereby Right cause
significant changes in the regional and world climate.
The implications of this sequence of events are so
great that the scientific problems and their social,
economic, and political ramifications merit study as a
matter of urgency (Baes et ale 1976).

A major question that arises is whether a talance
can be achieved between the anthro~ogenic effects cf
heating the atmos~here and' the changes in climate that
will result from predictable alterations in the earth's
solar orbit. The evidence at hand suggests that
anthropogenic warming ie likely to take ~lace over a
period of decades or centuries whereas natural cooling
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would characteristically take place over thcusands or
tens of thousands of year.. At the moment, our powers
of prediction are not great enough to allow us to
compare anthropogenic forces with natural ones. We do
not know what con.titute. the optimum global Climate,
and it is doubtful that what would be desirable for one
part of the world would be desirable for another part
(see Figure 1).

Recently, new evidence has been found to support
the Milankovitch hypotbe.is relating cli~atic changes
to the earth's orbit around the sun (Hays et a14 1976).
Discrete spectral peaks, found at 23,000, 42,000, and
100,000 year., are related to do~inant period. in the
earth's solar orbit and explain substantial fractions
of the total variance on those time scales. PrOR this,
it could be inferred that a decrease in the earth's
temperature over the next several thousand years would
lead to extensive glaciation if anthropogenic effects
were eliminated.

Unresolved problems related to these topics
constitute an endless litany. For present purposes, it
is sufficient to identify four fundamental areas of
climatological research with implications for
agriculture:

the limits of weather and climate predictability;
predictions of climate on a ~onthly and .easonal
basis, on an annual to decadel basis, and on a
decadel to century basis, along with predictions of
probable changes in climatic variability, at least
for a 5- to 10-year period;
inadvertent climate modification resulting from
human activities;
the prospects for designed weather and climate
~dification on a national and global scale.

!wo additional research areas that would have a
direct effect on agriculture are:

the adaptation of agricultural practices to weather
and climatic variability, with particular errphasis
on the relationships between biological and
meteorological variables;
the use of weather and climate information by
farmers and agribusiness managers, with particular
emphasis on the use of (1) statistics to estimate
characteristics of weather and climate variability,
(2) benefit-coat analysis to reduce far~ risks due
to the weather, and (3) improved manage~ent ~ethods

in farm production, agricultural marketing, and
resource use.
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Profile 1

LIMITS OF WEA~ER ANC CLIMATE PRECICTABILI7Y
(METHODOLOGICAL EMPHASIS)

Little can be said at this time about the limits of
climatic prediction. We do not know whether future
changes in climates will be predictable in the detail
and over the ranges of time needed to satisfy ~any

needs of society. The theory and analytical methods
for this research need to be advanced.

7he prospects for predicting climatic variatility
due to mechanisms within the world's cll~atic system
are also unknown. To assess the chances for
predictability, mathematical models of the syste~ that
extend well beyond present models in geophysical scope
and complexity are needed in order to deal with the
many physical factors that account for climatic
variability.

7he task of predicting climatic variability due to
factors arising outside the world's climatic syste~

also require research. Here, successful climatic
prediction will depend upon the predictability of the
outside changes, which at the present time are
virtually unknown.

A panel of ex~erts reporting to the Executive
committee of the World Meteorological Organization
(1977) states that:

Until further progress in climate research is
able to establish the possibilities for
climate prediction through physical reasoning,
the assessment of future climate developments
must be based upon statistical inferences
having a relatively low level of information
content. Such inferences are confined largely
to assessments of the protability of various
alternative developments which are suggested
as possible either by past experience or by
insights into future impacts of man's
activities.
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RESEARCH NEEDS

For aqricul~ural purposes, i~ is desiratle ~o te
able ~o predict (1) regional clima~ic anomalies tha~

may las~ from several months to several years, (2)
anthropogenic changes in clima~e tha~ will offset or
even reverse trends resulting from ei~her internal or
external clima~ic forces, and (3) long-~erm varia~ions

in the frequency wi~h which regional climatic anomalies
may be expected.

~hese predictions can be approached in ~ ways.
The first is to examine past records in an a~temFt ~o

i~entify connections be~ween clima~ic anomalies in one
part of the world and changes occurring la~er, either
in the same area or elsewhere. I~ has been
demonstrated, for exarple, that sea surface
~emperatures in the Aleutian Islands during ~he summer
are correla~ed with abnormal air pressure pa~terns in
the same area during the fall (Namias 1976, Dickson and
Namias 1976). These pressure pa~terns in ~he

Aleutians, in turn, appear to te linked ~o climatic
anomalies over the North Alller~.can continen~.

Similarly, the i~portance of atmospheric conditions
over the Atlan~ic seaboard region of the Uni~ed ~ates

in prolonging and reinforcing clima~ic regimes over the
North Atlan~ic Ocean and other areas has teen
postula~ed. When further developed, ~hese his~orical

techniques may provide useful probabilis~ic predictions
of climatic anomalies elsewhere on the globe.

~he second way ~o make all three types of
predictions is ~hrough climatic modeling, a concept
developed by John von Neumann in 1960 and given strong
impetus the following year by President ~ennedy, who
called for an international collaborative effort "in
weather prediction and eventually in weather control
(address before U.N. General Assembly, september 5,
1961)." In response to a resolution passed unanimously
by the United Nations, (U.N. Fesolution 1802, Cecemter
14, 1962), the world scientific community outlined an
amtitious program (International Council of scientific
Unions 1965), which was converted in 1967 into the
Global Atmospheric Research Program. GARP was given
the following objectives: (1) to assess the
atmosphere'S transient behavior as manifested in the
large-scale fluctuations that contrcl changes of the
weather, in order to increase the accuracy of weather
forecastingi and (2) to specify the factors that
determine the statistical properties of the
atmosphere's general circulation, in order to gain a
better understanding of the physical basis of climate.

~he program designed to achieve these objectives
has two parts: (1) the design and testing, both ty
computational methods, of a series of theoretical
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models of various as~ect~of ~be atmos~ere's tebavior
~~ obtain an increasingly precise description of
a~mospheric processes and in~eractions: and (2)
observa~ional and experimen~al s~udies of ~.
a~sphere ~o provide ~be da~a required ~o design ~e

theore~ical models and ~o ~es~ ~eir validi~y.

Labora~ory s~udies of ~e dynamic proper~ies of
rota~ing fluid sy~ems also can con~ribu~e ~o a te~~er

unders~anding of the ear~'s general circula~icn and
clima~e.

During ~he pas~ few years a considerable aKoun~ of
scientific effor~ has been devo~ed ~o achieving GARP's
firs~ objec~ive, an assessmen~ of ~be ~ransien~

behavior of ~he a~mosphere. In 1974, a field s~udy

las~ing 100 days and covering an area of 20 million
square miles was carried ou~ ~o ascer~ain in~eractions

among a~mospheric dis~urbances in the ~ropics (Hammond
1975). Five ~hou.and scientists and ~echnicians from
72 coun~ries were used ~o staff 1,000 land weather
s~ations and a network of special upper-air sounding
stations, as well as to collect atmospheric da~a while
aboard 40 ships and 12 aircraft. Six ea~b sat.lli~e.

also were used to collect da~a. An even larger effor~,

one ~ha~ will cover the globe, is now being planned for
1978-79.

Work also has been proceeding on the second GA~P

objective, specifying the factors ~at determine the
general circula~ion of the atmosphere. In 1974, the
Joint Organizing committee (JOC), an overseeing
Bcien~ific body appointed jointly by WMO and ~be

International Council of scientific onions (ICSO),
selected ~e following processes for intensive .~udy:

Radiation: basic radia~ion rrocesses, ~eory of
radiant transfer, parameterization, modeling, and
observa~ional studies.
Clouds: cloud physics, modeling, parameterization,
observational s~udies, and validation of models.
Land surfaces: momentum ~ansfer, energy transfer,
and transfer of ma~~er; paraweteriza~ion;

sensi~ivi~y s~udies; and observational
requirements.
Cceans: fluxes of hea~, Ko~en~um, and wa~er vapor;
small-scale ~urbulence and in~ernal waves; ocean
models; ocean-a~mospheremodels; sensitivity
s~udies; and observational requirements.
cryosphere: dynamics and ~hermodynamics of sea
ice, shee~ ice, and glaciers; varia~ions in ex~en~

of snow and ice; parame~erizationof plane~ary

toundary over An~arctica; analysis and measureroen~

of coupling be~ween An~arctic ice shee~ and
underlying land and water; ice shee~ models; and
observa~ional requiremen~s.
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carbon dioxide: photocheDiinry, photobiolcgy, the
global carbon cycle, acnitoring of carbon dioxide
levels, incorporation into atmospheric models, and
sensitivity studies.
AeroBols: optical properties, incorporation ~nto

models of radiant energy transfer, sensitivity
studies, and residence times in stratosphere and
troposphere.

IMPAC"1'

As mentioned earlier, the two ways to achieve
climatic predictions that would be useful to
agriculture are to make predictions based on historical
weather data, and to collect current data and to
elucidate basic atmospheric processes. Research of the
second type, as outlined in the GARP objectives, is
also a prerequisite for lliany other climatological
nudies. If the limits of predictability can be
ascertained, progress on nearly every other aspect of
weather and climatic research can be more effectively
planned and executed.

The research directed toward the GARP objectives is
expensive and has a high risk. Also, the timing of the
effects is uncertain. However, the agricultural
benefits--which are difficult to estimate--that could
be achieved through improved allocation of resources
and greater certainty of global and regional cli~atic

change could be much more than the cost of research.
This research can be expected to be particularly
significant for weather prediction in the tropics with
resultant benefits to agriculture. Various countries
involved in the so-called Monsoon Experiment (MONEX),
such as India, Japan, and the U.S.S.R., are already
planning to adapt GARP research results to their own
region (Pearce 1976).

Such research must stress observation and short­
term predictions. The geostationary satellites could
dramatically improve data coverage in the tropics and
subtropics. This could lead, in turn, to improved
"nowcasting," for example, to give warnings of storms
and flash floods, better estimates of soil Dioisture,
and improved crop surveys. According to Pearce (1976):

Information is ~rovided routinely by
weather Services specifically for the benefit
of agricultural and hydrological interests in
some tropical countries, e.g., East Africa.
In many, however, the basic data itself is
[sic] not being obtained and it will be
necessary to set up an adequate network of
surface stations to obtain this data (sic]
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(temperature, moisture, rainfall, sunshine and
wind) before any analysis can be carried out.
In some countries stations with record. (at
least of rainfall) extending back as far as 50
to 100 years do exist, but thi. data has (~]
not been analysed; the station network (and
communications) even in these countries is
still inadequate for opti~um benefits to
agricultural and water resource interests to
te achieved.

Some countries, e.g., Nigeria, Ea.t Africa
and India, have at least one agricultural
research institute which carrie. out
agrometeorological research involving special
instrumentation and sophisticated analysis
techniques. ~hether or not the present effort
even in these countries in this research area
is adequate for their future economic needs is
difficult to judge. This is a matter which
should be examined with some urgency, and
standards set for the levels of agro- and
hydro-me~eorologicalresearch, includng basic
observing networks, for all tropical
countries. Attention should also be given to
the use of weather satellite data,
particularly since a geostationary satellite
network covering the entire tropics is planned
for 1979.

~he ability to anticipate climatic anomalies, in
particular, would help markedly in the management of
food production, storage, and distribution. Research
now underway on the relationship of climatic stress to
protein content in rice by the International Rice
Research Institute (IRRI) is one illustration of the
potential benefits.

Much of the needed research could tuild on existing
research efforts so the marginal costs often would not
be excessive. The more general weather and climate
research programs should not take funds from the more
applied agricultural meteorology research. But where
such programs are going forward, the more general
research should consider agriCUltural implications to
the extent practical.

IMPLEMENTA~ION

Planning for another global field experi~ent o~ the
first GARP objective is now underway. This experiment
will involve five geosynchronous meteorological
satellites and four polar orbiting satellites, 4,500
land weather stations, numerous upper-air sounding
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stations, 6,000 ships that will participat~ in a
voluntary Observing Ship program, and several hundred
ocean bUoys in the southern hemisphere. specially
instrumented aircraft, special communications links,
and the most modern data management and processing
systeme will be used. In fiscal year 1976, the United
States contributed a total of $23 million for the
research, design, and development costs of this ~ending

experiment, as well as about $1.5 million in su~~ort of
the augmented observation system.

~ork on the second GARP objective is also
continuing, following a meeting of the JCC board in
Dece~ber, 1976 to draw up a plan for i~lementation

during the 1980s.
o.s. personnel and institutional support fcr these

two GARP objectives should come through augmentation of
existing research efforts.
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Profile 2

PREDICTIONS OF CLIMATE (ADAPTIVE EMPHASIS)

The ultimate goal of much of the current research
on climate is to obtain more accurate predictions. If
this proves impossible. attention must focus on
measures of climatic variability and the probability of
future variations.

Progress toward a quantitative theory of cli~ate

has been made. A co~bination of mathematical Kodels of
climate and observational studies of the physical
processes believed to govern the overall behavicr cf
the atmosphere gives the theory promise. Furthermore.
fairly realistic simulations of the atmospheric ~art of
the climatic system are now possible. As yet. however.
they are not adequate enough to ex~lain many iK~ortant

aspects of climatic variability.

RESEARCH NEEDS

The purpose of the research pro~osed here is tc
move from success in short-term prediction (a few days)
to success in predicting weather over longer periods.
The basic theory and much cf the model design for these
long-range predictions will come from the research
proposed in Profile 1. The essential emphasis in this
profile is on mod6l extension. adaptation. and
iKplementation that recognize the Kultitude of uses for
such predictions. This research would concentrate on
developing the methodology needed to predict weather
and climate for three time spans: one month to a
season. 1 to 10 years. and 10 to 100 years.

This research must take into account analyses of
historical variability in cliwate. Analyses of this
type help to orient research on prediction and provide
knowledge of the limits of climatic expectations.

A range of modeling approaches must be examined.
For example. the process of relating solar activity as
reflected in sun Spots is undergoing renewed interest.
Adaptations of many models used for other pur~oses need
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~o be con.idered for po••ible u.e with meteorological
data.

IMPACT

The fact that weather and clima~e have a dominant
influence on agricultural production, marketing, water
supply, and .nergy u.e has long b.en recognized.
However, a compreh.n.iv. a••essment of the ~mpact of
better cl1ma~ic prediction. on human affair. i.
lacking. Previous a•••••ments of impact have been
highly frac~ionated. Maunder (1970) has made a
comprehensive study of this probl.m, but most s~udies

have narrowly concentra~.d on the .conomic impacts of
weather variation and inadequate predictions.

I~ would be misleading to sugg.st tha~ be~ter

predictions would elimina~e the economic costs
attributable ~o weather variations. However, esti~ates

of expec~ed varia~ion can set some estima~e. of ~he

possible costs of decisions made without climatic
information.

The Ins~i~ute of Ecology (1976) has shown ~hat

climatic variations have a profound effect on crop
production. For example, their s~udies show that if
1936 weather conditions had prevailed in \975 (assuming
1975 crop area and 1973 level of technology), the
united states crop would have been reduced 27 percen~,

or 71 million tons, for ~he combined production cf
corn, whea~, sorghum, and soybeans. The effects wculd
be less severe in other years, but the results
dramatize the costs of climatic variation and serve as
some indication of the potential that could be reached
through improved availability and use of climatic
information.

Stated differently, ~he weather of 1972 resulted in
a halving of global food reserves (abetted in
particular by the shortfall in Russian grain
production) and more than a dOUbling of some fcod
prices. Similarly, weather problems in 1974, which
took the form of excessive rains which delayed spring
planting anG a dry suromer and early frostL, caused crop
losses that greatly reduced u.S. corn and soybean
production at a time when world needs were urgent.
This urgency was accentuated by insufficient rain
during the monsoon period in some parts of southeast
Asia and India and floods in other parts of the world.
Meanwhile, the Sahel drought, which lasted for
approximately five years, was bringing famine to
millions and death to untold ~housands. In addi.~ion,

the collapse of the Peruvian anchovy harves~ in 1972
and 1974 (apparently related to fluctuations in ocean
currents and atmospheric circula~ion) had a profound
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impact on world fertilizer supplies and the price of
soybeans and other protein feed stocks.

One mus~ caution that we do not know how
effectively improved weather predictions or other
weather and climate r~search would be used. Por
example, the Sahel drought awakened the world's
conscience to the human suffering that is possible, and
many researchers want to contribute to its alleviation.
But more research will te needed even to evaluate the
potential use of such research itself. Recent
literature cautions about expecting complete acceptance
of such research results and their use (Glantz 1976,
Glantz 1977, Ratz and Glantz 1977). Also, education
and development programs must accompany research
programs on weather and climate.

Yet, examples of the effectiveness of weather and
climate research are available. Pearce (1976) states:

If••• weather predictions, particularly of
the onset or recession of rains, were
SUfficiently accurate, operations planned OD
the basis of these predictions would result in
considerable savings, for irostance by planting
or harvesting crops at the times giving
optimum yields. This would be true even
allowing for occasional losses due to badly
timed operations arising from misleading
predictions. A specific example relates to
the onset of the Indian su~mer ~onsoon.

sowing operations can commence only after the
monsoon sets in; however, the showers usually
assumed to represent its onset sometimes prove
to be a false alarm and may be followed by
several dry days during which many of the
seedlings which gerrrinate die off due to water
stress. Many of the poorer farmers do not
have sufficient reserves of seed to resow.
Clearly with a reliable forecast of such
conditions planting could be delayed with
considerable consequent savings.

At present, in some developed countries,
forecasts of up to a few days ahead are now
issued by weather services for the benefit of
farmers and have been found to be of
considerable value. In India medium range
forecasts are issued 2 months ahead of the NE
and sw monsoons; in East Africa special
agricultural forecasts are issued in
connection with cotton spraying in Tanzania.
In Nigeria the meteorological service
publishes routinely agrometeorological
tulletins containing climatological data. The
use of weather forecasts for agricultural
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~lanning is s~ill, however, ei~her non­
exis~ent or a~ a minimal level in ~ost

coun~ries, both developed and under­
developed••••

An~her example of economic benefi~ from
.ere accura~e wea~her forecasts is ~ha~ to be
derived in many areas from wa~er resource
management opera~ions, such as by o~imizing

va~er coneervation, e~g., in irriga~ion

schemes ~hrough con~rolling reservoir
rele.ses. Foreca~s on all ~ime-scales from a
few hours to a year or so ahead are of
considerable value to water engineers:

(i) forecasts of heavy rain for up to a
few hours enable emergency measures
~o be taken to minimize flood damage
and, in semi-arid areas, conserve
as much as possible of the rainfall;

(ii) forecasts of up ~o a few days ahead
of 'rain' or 'no rain' are highly
valuable for reservcir opera~ion

and irrigation con~rol;

(iii) accurate long-period (i.e. 2 weeks
~o several months) forecasts of
drought would again be highly
valuable for reservoir o~eration

and groundva~er ex~raction"

IMPLEMENTATION

The prospects for obtaining answers to some cf the
scientific ques~ions about weather prediction are good.
The techniques are complica~ed and have been partially
discussed in Profile 1.

Enough is known abou~ ~he physics, cbemis~1Y, and
biology of atmospheric ~rocesses ~ha~ many climate
relationships can be specified in classical
mathematical terms. The resul~ is a set of nonlinear,
par~ial differential equations expressing in
mathema~ical for~ the conservation of momen~um, ~he

conservation of energy, the conservation of mass
(including water vapor), and the equation of state.
When developed for the globe, ~his set of equations is
known as a General Circulation Model (GeM). Although
not amenable ~o analy~ical solu~ion, the set can be
in~egrated by finite difference techniques (~iKe steps
hetween 5 and 10 minutes) on a high-speed computer.

Both theoretical considerations and practical
eomputa~ional constraints ~ake it unlikely that
successive states of the atmosphere can be predi~ed

and then averaged in tiK-e to obtain the climate, but
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the methodology employed i~ statistical mechanics
ap~ears to offer a viable approach. By analogy to
thermodynamics, the detailed motions of gas molecules
correspond to the weather and the statistical
properties of a gas (e.g., temperature and pressure)
correspond to climate. Statistical sampling and
estimation theory are involved in deducing the relevant
properties of a nonlinear dynamic system so tbat the
amount of climatic "noise" can be identified and
internal behavior distinguished from external forcing
functions. R@search utilizing this approach is just
now getting underway. ~he magnitude of the task is
impressive, but not overwhelming (Leith 1916).

~he introduction of electronic computers has
enormously simplified handling the complex sets of
differential equations that have been identified and
the ensemble averages now being explored. The result
is a powerful tool for testing theory against
observation, since general circulation models of the
global atmosphere run between 10 and 100 times faster
than real time.

Measurements of atmospheric factors have been
dramatically improved as a result of technological
innovations. Polar-orbiting and geosynchronous
satellites provide global overviews, while microwave
sensing systems detect the three-dimensional field of
motion within a single convective cloud or tornado.

Impressive steps toward an understanding of
climatic change have co~e from reconstructing clirrate
conditions over wide ranges of time and space from
proxy data (CLIMAP 1916). Biological transfer
functions and oxygen iso~ope stratigraphy, extend9d
locally by standard micropaleontological and
lithological techniques, provide a way to co~pile

global charts of sea surface temperatures, ice extent,
and continental albedo as far back as 18,000 years ago.
This informa~ion is not only of great interest and
usefulness in its own right, but it also provides an
essential set of boundaries for analysis, by means of
three-dimensional models of the conditions required to
maintain a particular climate in equilibrium. Modeling
and climate reconstruction are proceeding in ccncert,
and it is clear that a powerfUl new tool for
understanding clirratic change is at hand.

Implementation of this research still means theory
development, but emphasis will be on adaptation rrodel
design and testing. Developing country adaptations,
and agriCUltural adaptations particularly, will need to
be considered. Developing country and regional centers
should be encouraged since they are logical
organizations to adapt this work.
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Profile 3

INADVERTENT CLIMATE MODIFICATION
RESULTING FROM HUMAN ACTIVITIES

INTRCDUCTION

The possibili~y tha~ ce~ain widespread hu~an

activities such as ~he burning of fossil fuels may have
rrofound effects on the ea~h's atmosphere has drawn
considerable attention in recent years. While no
scien~ific evidence exists ~o prove tha~ inadver~ent

bu~ subs~an~ial changes in the atmosphere will lead ~o

harmful modification of the climate everywhere on
ea~h. some da~a do exis~ showing local clima~ic

variations that are ~he result of human actions. These
data have produced a deepening concern within the
scientific community and a widespread reflection of
this concern in th~ news media. The problem has been
summed up in the following sta~ement by a panel of
expe~s to the Executive committee of the World
Meteorological Organization (1977):

other than on local scale. there is no
unequivocal observational evidence that human
influences of any kind have yet been the
origin of unusual climatic behavior anywhere
in the world. This is not altogether
surprising in view of the high natural
variability of climate which makes detection
of human impacts difficult. Nevertheless
there is no j~stification on thes~ grounds for
complacency about the potentially serious
effects that man's activities cculd have in
the future.

At the present time. most of the concern abcut
inadvertent modification of the atmosphere is focused
on the five following human activities.
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The Emission of Carbon Dioxide (CO a)

The burning of fossil fuels for energy pur~oses

results in the release of carbon dioxide into the
atmosphere. where its residence time is about 1.000
years. Thus for all practical purposes. CO a is
released into the atmosphere permanently. It is
estimated that the COa content of the atmosphere is now
12 percent above the level of the preindustrial era.

It has been estimated. but still not proven. that
this increase in atmospheric CO a could. if it acted
alone. raise the average world temperature an esti~ated

O.soC. with an increase of possibly 10C in the polar
regions. If the use of fossil fuels continues to
increase. within 50 years the atmosphere might contain
twice as much carbon dioxide as it did during the
preindustrial era.

Preliminary sensitivity tests on global models
suggest that this amount of CO 2 roight be accompanied by
an increase of approximately 20C in the average glcbal
temperature. with several times this temperature rise
in the polar regions. Predictions of CO a
concentrations beyond 50 years are complicated by the
fact that energy constraints will influence the rate at
which fossil fuels will be used. Such offsetting
factors must be part of any future analysis of this
problem. However. it appears that atmospheric cO a late
in the twenty-first century or early in the twenty­
second century may be much more than it is now_ This
could increase world temperatures with catastrophic
consequences.

Some hint of the agricultural implications of this
problem can be obtained by examining Figure 1 which was
asse~b1ed by Kellogg (1977) from the distribution of
fossil organisms in ocean sediments and of pollens in
lake sediments and other proxy data. It shows
8che~atically the precipitation relative to the
present. But. a caveat must te kept in ~ind: the
processes that prcduced the climate of 4.000 tc a.ooo
years ago were different from those postulated tc cccur
in the future. Given that caveat. one can note the
striking differencEs between northern and eastern
Africa. the Mideast and India. Europe and western
Eurasia. and in the breadbasket of North America.

The Emission of Trace Gases

In addition tc carbon dioxide. other gases are
released into the atmosphere as the results of hu~an

activities. The most important of these are NaO
(nitrous oxide). a by-product of fertilizer use; CB.
(methane). a by-product cf both fossil fuel cc~tustion
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and fer~ilizer use; and chlorcfluorccarbons. mainly
CCL.~ and CCL.F. (commonly called freons), typ1cally
released into ~he ataos~here by aerosol s~ray cans.
All ~hese gases have s~rong absorption bans in the
infrared portion of the energy s~rum, and increased
at.aspheric concen~ra~ions of ~hem also are likely to
raise surface ~empera~ures. preliminary calculations
by Wang. et ale (1976) sugges~ tha~ a doubling of the
present amounts of M.O. CB. (carbon ~e~rahydra~e). and
MS. (.-monia) in ~he a~mosphere would cause increases
in ~he earth's surface ~empera~ure of O.7oe. O.30 e. and
O.1oe. respectively.

It also has been estimated (M~C 1976b) that
continued produc~ion of CCL.F and eCL.F. at 1973 levels
would produce a ~emperature rise of about one-half that
likely ~o be caused by the increase in atmospheric
carbon dioxide during the remainder of this century.
Of course. it is improbable tha~ we will allow such a
tempera~ure rise ~o occur.

~he EKissicn of Particulates

Various human activities lead to the eKissicn cf
particulates, or ~inu~e solid particles. into the
atmosphere. Among the Kajor sources of particulates
are the industrial processing of materials, the
cOKbustion of fossil fuels. and the clearing of land
for agricul~ural ~ur~08es. which results in large
quan~ities of wind-raised dust. Just how Kuch
particulate matter in the atmosphere is due to human
activities (as op~osed to natural ~rocesses, such as
erosion and volcanic eruption) is uncertain. Eolin
(1975) states that estiKates of the percentage of
atmospheric particulate matter due to human activities
cover a wide range.

~hatever their source, particulates in the
atmosphere have the effect of altering the reflection
and absor~ion of reflected energy. They also alter
cloud formations, to SOKe extent. It is also well
known that sulphur dioxide emission leads to the
formation of sulfuric acid particles in the atKo8~here.

These particles are one of the chief sources of local
air pollution and may be of regional importance in
determining the acidity of rainfall.

Radiation

Charney, et ale (1975) make a persuasive case that
excessive grazing by aniKals cn the vegetative covering
of the earth has serious effects on the atKos~here

because it increases the reflective power of the
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earth's surface. ~ith the help of atmospheric ~odels,

Charney and his associates concluded that overgrazing,
by raising surface reflectivity by a factor of two, led'
to cloud suppression and a consequent lack of rainfall,
perpetuating the serious drought in the Sahel.

Since the reflection of solar radiation is very
much influenced by whether it falls On snow and ice or
on water, there is a potential for a pronounced
positive feedback mechanism to operate near the
boundary between ice sheets and open water.

~he Transfer of sensible Heat to the Atmosphere

~he release of sensible heat from such sources as
power plants into the atmosphere appears to be a lesser
problem than those listed above. In the high-income
countries, the anthropogenic heat released on a
regianal scale is only a small fraction of that
received on a bright day, although it is higher in
heavily populated areas such as New York City and in
heavily industrialized areas such as the Ruhr Valley in
Germany. A tenfold increase would be required to tring
this heat to a point where it would be large encugh to
influence normal atmospheric processes.

RESEARCH NEEDS

Since current models of at~ospheric processes
suggest that certain human activities may produce
significant changes in climate, the chief research need
appears to be the development of models that would
permit precise estimates of the ultimate consequences
of gaseous and partiCUlate emission into the
atmosphere. current climatic models are not realistic
enough to make these estimates. For example, current
esti~ates of the climatic effects of increases in
carbon dioxide are made with models that exclude many
feedback mechanis~s, particularly atmosphere-ocean
interactions.

Another research need is to resclve the majcr
uncertainties that still exist in determining global
trends of turbidity and the optical properties of
assemblies of particles. ~le arguments have been
advanced for global climatic effects fro~ anthropogenic
particle emission, the matter still remains open (Mason
1976).

with regard to overgrazing and the possible effects
of changes in solar reflection, one research need is to
monitor changes in extraterrestrial solar radiation,
mainly in the visible and near ultraviolet range of the
energy spectrum (World Meteorolcgy Organization 1976).
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The chief research need in regard ~o sensitle hea~

is ~b. developmen~ of mere refined models ~o carry ou~

..nsi~ivi~y s~udies. Since lead ~imes of 50 tc 70
years are desirable in as..ssing ~he po~en~ial i~pact

of energy-genera~ing and distrihu~ion sys~e~s, this
work should commence soon.

We au~ have more knowledge ato~ humankind's ~lace

in ~his vas~ly co.~lex clima~e picture~ Do ~he earth's
liVing ma~~er, atmosphere. oceans, ice shee~s, and land
surface consti~ute a single organisn ~ha~ is ca~atle of
responding ~o ex~ernal s~imuli in a manner that
co~rols the ear~h's surface ~emperature, the
composi~ion of the a~sphere, the pH of ~he soil, and
so on, within limi~s tha~ are conducive ~o an orderly
evo1~ion ~o successively higher forms of life? In
philosophical ~erms, ~his implies ~ha~ ~his complex
organism has a central nervous sys~em and an awareness
of itself and ~he res~ of ~e universe. An a1~ernative

would be that i~ is only by random chance that ~be

physical conditions on earth have teen sui~at1e for a
fea~ of na~ural biochemical engineering that is sind­
boggling in i~s complexi~y.

IMPACT

An increased atility to assess ~he possible
consequences of human ac~ivities on the atmosphere
would have imPOrtan~ implications for ~he entire werld.
If it were known vi~hout doubt ~hat certain hunan
activities, if continued, would lead ~o a significant
increase in deser~s or ice shee~s. modifica~ions of our
energy and indus~rial systems would be in order. Given
the poten~ial effects of widespread climatic changes,
the proposed research cannot te judged by the usual
techniques. What we may confront are ~wo alternatives,
survival and no survival.

unfor~unately, actual exanp1es ~o put ~bese

problems in perspective are scarce. There is an
example, however, of the effec~s of increased amounts
of air pa~icula~es fro~ urbanization on rainfall and
hail wi~h sUbsequen~ effec~s on agriculture. Eraham,
et ale (1976) report increases of from 10 to 30 percent
above the normal summer level of rainfall in a 2,000­
square-mile area in sou~hern Illinois east of S~. Louis
be~ween 1971 and 1974. The increased rainfall resulted
in annual gains of 400,000 bushels of corn and 130,000
bushels of soybeans, as well as an average s~rea~flow

increase of 15 percent. Offset~ing these, however, was
a threefold grea~er crop loss due to hail in ~he same
areas.



IMPLEMENTATION

Profiles 1 and 2 discussed the iKplementaticn cf
programs for the collection of climatic and weather
data and the design of atmospheric ~dels. Inadvertent
modification of the climate due to human endeavors has
strong similarities to natural atmospheric processes
and must be approached in the same way. It is ty means
of the sawe data collection processes and atmos~heric

models that it will be possible to simulate and assess
the various anthropogenic variables. The GARP ~rogram

can make a contribution to such problem analysis
whether such analysis involves natural processes or
human activities.
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Profile 4

PROSPECTS fOR ~EATBER MODIFICA~ION

Improved agricul~ural practices and ~odern

~echnology have led ~o grea~ increases in fcod
produc~ion in ~he high-income na~ions. so far,
however, rela~ively li~~le has been done ~o reduce ~he

variability of ~he wea~her, pa~icularly during ~he

growing season. ~~ springs s~ill cause serious delays
in planting, and sho~ seasons due ~o frosts still
diminish crop yields. Bail and s~ronq winds s~ill

des~roy veqe~ation, and drough~s con~inue ~o have
devasta~ing effec~s.

During ~he las~ three decades, scien~is~s have been
investiga~ing ways in which ~o modify the wea~her. The
dispersion or, "seeding," of particular suhs~ances in~o

cer~ain types of clouds sometimes affects yields of
snow and rain. The seeding of certain ~ypes of
~hunderstorms apparently affects the size and therefore
destructiveness of hailstones. Theore~ical and
experimental work also sugges~s ~ha~ ~he des~ructive

power of hurricanes migh~ be reduced hy seeding, which
reduces peak winds~eeds. Some limi~ed evidence
suggests ~hat cloud seeding might reduce lightning and
the resulting forest fires. Finally, i~ has been shown
that by means of cloud seeding some types of fegs can
he dispersed.

RESEARCH NEEDS

Major contribu~ions ~o increased food producticn
expected from ~his research are (1) augmentation of
rain and snow, (2) reduction of hail, and (3) reduction
of hurricane winds. These lines of researdh can be
couched in ~hese objectives:

Cevelopment of be~~er precipita~ion augmenta~ion

technology. This would require precise
iden~ificationof ~he meteorological condi~ions
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under which precipitation can be increased (or
decreased) by means of cloud seeding.
Development of better technology for reducing hail
damage.
Development of the technology for reducing the peak
windspeeds of hurricanes.
tevelopment of reliable knowledge on the social
costs and benefits of weather ~odifieation

technologies so that appropriate legislation and
legal interpretations can be made.

~o achieve these objectives. basic research in
cloud physics must be expanded te su~ple~ent the
technology. Inadequate understanding of many as~ects

of cloud and stor~ behavior has seriously hindered
progress in weather modification. A great deal still
must be learned. for exa~ple. about the interaction of
clouds with the air around them and about the formation
and growth of ice crystals.

IMPAC~

Augmenting Bain and Snow

~he seeding of supercooled clouds (clouds co~~osed

of water droplets so pure that they remain in a liquid
state even at temperatures as low as -200 or -300C) can
cause alterations in the cloud structure and influence
the precipitation formation mechanisms.

Evidence exists that appropriate seeding of certain
types of winter clouds over mountainous terrain causes
significant increases in snowfall. In an analysis of
the possible effect~ of seeding winter stor~s ever the
Colorado Biver Basin. Weisbecker (1974) estimates that
in an average year. 2.3 million acre-feet of water
could be produced. Weistecker also states that the
cost of this endeavor is significantly cheaper than the
cost of water produced by other augmentation methods.
such as desalination of saltwater or condensation of
geothermal steam.

Becent studies of silver iodide seeding of clouds
over a two-winter period in the Ukraine has led to
claims that the average snowfall was increased ty about
35 percent above the amount of nearby areas that were
not seeded. Such results call for additional research
to establish firmly the potential advantages of seeding
winter storm clouds in agricultural regions with fairly
flat terrain.

Bain is of paramount importance in grain-producing
areas during the growing season. but the effectiveness
of cloud seeding of summer rainstorms has yet to be
established. Some cloud seeding has been followed by
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increased rainfall, but at otber times there has teen
less rain than expected. Some seeding bas bad no
discemable effect at all.

Nonetheless, recent research indicates that it is
sometimes possible to identify cumul1form summer clouds
which will produce additional rain if seeded in an
appropriate fashion. ~here is little doubt tbat
individual clouds can be modified; the question is
whether rainfall can be increased 10 to 30 percent over
an agricultural region some tens of ~iles in dia.eter.
Experiments in the United States, U.S.S.~., and otber
countries suggest that a summer rainfall augmentation
technology is a distinct possitility.

A major new research program to be conducted over
the Great Plains of the United states, currently in the
planning stage, should contribute substantially toward
imprcved understanding of the potential effects of
summer cloud seeding. ~he same can be expected from an
ambitious international researcb program on rain
augmentation being sponsored and planned by the World
Meteorological Organization.

~he value of increased precipitation over the
grain-growing areas of the United States has been
estimated in a recent report by the National Academy of
Sciences (NRC 1976a). Mathematical models were used to
calculate the effects of a 10 percent increase in
rainfall on principal grain crop yields (Table 1).

Hail suppression

If hailstones falling from thunderstorms were cnly
a few millimeters in diameter, .elting would cause them
to reach the ground as raindrops or tiny, harmless ice
grains. The object of most hail suppression prcg~ams

is to bring about such a result. Thunderstorms thought
to be prospective hail producers have been seeded with
ice-crystal nuclei in the hope of producing a great
many small hailstones instead of the s.aller numter of
large hailstones that would have occurred naturally.

Scientific evidence demonstrating the effectiveness
of tbese efforts is meager. Major research programs in
the United States, Canada, Argentina, and Switzerland
have yielded ambiguous answers. On the other hand,
research in the U.S.S.R. during the early 1960s
convinc~d scientists in that country that it was
possible to reduce hail significantly ty firing ice
nuclei into clouds with cannons or rockets.
Operational hail suppression programs have been carried
out over many parts of the U.S.S.R. since 1963, and the
program has grown steadily. About 12 million acres of
farmlands were under so-called "hail protection" in
1976 (see Sedunov 1974 and Battan 1977). And, it is
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Table 1. ca1culated increases in average annual produc:tion in the
tJnited States

AdditIOrilil
prochx:t.ioo
(nd.llloo
bushels)

Cbm

With a 10 percent increase in average rainfall
With a 30 percent reductioo in hail d!lmage*

N1eat

With a 10 percent increase in average rainfall
With a 30 percent reduction in hail d!lmage*

Soybeans
With a 10 percent increase in average rainfall
With a 30 percent reduction in hail damage*

*Durin} critical periods of produc:tion.

Source: NR: (1976).

38
8

34
31

18
5

claimed that hail damage has been reduced by 60 to 90
percent with very high benefit-cost ratios. The
validity of these claims is difficult to assess without
an independent test. Such a test is to be conducted in
Switzerland over the next few years in a joint Swiss~

Italian project using seeding rockets and launchers
purchased from the soviet Union.

Estimates of the value of hail sup~ression in the
United States have been made (Table 1).

Hurricane Modification

It has been hy~othesized that it is possible to
change the pressure pattern in a hurricane so as to
reduce peak winds~eeds ty heavily seeding the towering
clouds outside the peak wind ring. Mathematical models
of hurricanes suggest that such a hypothesis is
plausible. Two tests conducted by federal government
scientists during a hurricane in August 1969 gave
encouraging results: peak winds decreased by atout 15
and 30 percent for a few hours following seeding.
Additional experiments are needed. but a relative
scarcity of hurricanes and the need to conduct
experiments over ocean areas have restricted seeding
opportunities. prospective tests in the western
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Pacific. where hurricane. are rela~ively frequen~. were
abor~ed becau.e of objec~ion. from the govern&en~s of
Japan and the People'. Republic of China. More recen~

plan. call for ~e.~. over the we.~ern A~lan~ic or
ea.~ern Pacific area••

An analy.i. of ~he benefi~•• coats. and risks
aS80cia~.d wi~h hurricane seeding has been made by
Boward. et ale (1972). ~hey concluded. on the basis of
available knowledge. ~ha~ hurricane seeding is likely
~o reduce peak winds by abou~ 15 percen~ and ~ba~ this
would reduce ~he probabili~y of severe land damage from
hurricanes. They s~a~e: wThe expe~ed lo.s in ~erms

of proper~y damage appears ~o be abou~ 20 percen~ less
if ~he hurricane is seeded. w ~his conclusion has been
ques~loned by many .ci.n~iats on ~he grounds ~ha~ i~ is
ba.ed on inadequa~e 8Cien~ific da~a. Nevertheless. i~

ha. served ~o encourage fu~her research on hurricane
modifica~ion.

Social and Environmen~al Impa~s

I~ is difficul~ ~o make a comple~e assessmen~ cf,
the cos~s and benefi~s ~ha~ migh~ resul~ from ~ea~her

modifica~ion. An increase of rainfall in one area may
lead ~o more or less rainfall downwind. wi~h

detrimen~al consequences. Or ~here may be compe~ing

in~eres~s in the .ame general area. Grain and frui~

growers may wan~ hail suppressed. while ca~~le growers
may wan~ augmen~ed rain or ice par~icles on ~eir

pas~ures. Bydrologis~s migh~ wan~ more snow over
wes~ern moun~ains. while environmen~alistsmigh~ be
concerned abou~ ~he increased prospect of avalanches
and ensuing harm to humans and animals. Many economic,
legal, and social problems are involved in wea~her

modifica~ion. If a useful ~echnology is ~o emerge. i~

is important ~ha~ ~e social aspec~s be s~udied and
~hat appropria~e legisla~ion be adopted to pro~ect both
individual and pUblic interes~s.

IMPLEMENTAUON

~he three-decade his~ory of weather godifica~icn

has been a period of conflict. a blend of unwarranted
optimism and unfounded pessimi~m, and inadequa~e basic
research and field experimen~s required to illuminate
the complex issues that are involved.

Recent literature includes a historical overview
(Bess 1974). a,state-of-the-art assessment (NRC 1973).
an outline of the federal role in weather modification
(DOmestic Council 1975), a penetrating analysis cf
institutional deficiencies at the federal level (NOAA
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1976), and a discussion of agricultural implications
(NRC 1976a). The National Weather Modification policy
Act of 1976 (Public Law 94-490) directed the Secretary
of Commerce "to prepare a study on the state of
scientific knowledge and technology concerning weather
modification as well as the problems impeding the
effective implementation of such technology." Included
in the terms of the study is a directive to develop a
comprehensive and coordinated national weather
modification policy based on legal, social, ecological,
legislative, and international considerations as well
as on scientific and technical factors.

Meanwhile, WMO is undertaking a systematic research
and development program intended to assess the
feasibility of significantly augmenting precipitation.
Designated the Precipitation Enhancement Project (PEP),
the program has identified six potential operational
sites, and studies are now underway to select a region
for the main PEP experiment and to establish a sound
~xperimental design.

Although a great deal has been learned about the
scientific aspects of weather Uoodification over the
last three decades, progress in the development of
reliable technology has not lived up to expectations.
A national commit~ent has not been made to such a goal,
and inadequate financial resources have been
distributed among many government agencies, including
NOAA, the Bureau of Reclamation, the National science
Foundation, the Depart~ent of Defense, the Department
of Transportation, and the Department of Agriculture.
Between fiscal years 1973 and 1976, total federal
support for weather modification research decreased
from about $20 millicn to $15 million, which is
inadequate both in terms of the difficulty of the task
and the potential benefits. Funding fer weather
modification research will have to be enlarged
SUbstantially if significant advances are to be
achieved in the next 5 to 10 years.

In order to centralize responsibility for progress
in research and application of weather modification
techniques, one government agency should be assigned
principal administrative responsibility. This agency
should work with other government and state agencies,
the academic community~ and private interests in
planning a research program aimed at achieving the
research objectives listed earlier. Coordination
should be improved, but strong competing progra~s

should be retained.
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Profile 5

ADAPTATION OF AGRICULTURAL PRAC~ICES TO
WEATHER AND CLIMATIC VARIABILI~Y

successful farming is, to a large degree, the
result of appropriate adaptation to weather and
climatic variability. Any attempt to improve the
world's agriculture must include improved understanding
of plant and ani~al responses to weather and cli~ate.

Basic research recommended in the Supporting p'Eers of
the world Food and Nutrition Study on breeding crops
and animals to withstand greater meteorological
stresses will help farmers adapt their far~ing systems
to weather and climate (see specifically the reports of
Study Teams 1 and 2). Unfortunately, previous
adaptations to weather and climate have come indirectly
or by happenstance since the basic research objectives
were directed at other problems. The research
recommended in this profile concentrates directly on
the adaptation of agriculture to weather and climatic
variables.

Climate and weather research interacts with
agricultural research at several points. ~o date,
however, very little of either research has
concentrated on these interactions which are
significant in reducing world hunger and malnutrition.
A recent NAS study, ~liaate and Food. Climatic
Fluctuation and U.S. Agricultural ProductiQn (NRC
1976a) speaks directly to this issue. The detailed
research recommendations in that study should be
strongly supported, and this profile and the next One
are in some ways merely illustrations of the research
needs documented in that study.

RESEARCH NEEDS

~hat is needed is fundamental research on
biological responses to variable weather conditione.
This research would establish the basic relationships
affecting the adaptation of specific crops and far~
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animals to heat or moisture stresses, risk, and
management of resources. Much of this research would
be an expansion of ongoing biological or related
research covered by the other study teams, but some of
it will be unique, dealing with environmental stresses
caused by climatic conditions alone.

~his research would be based on bloresponse aodels
which provide vital input for the manageaent
information system discussed in Profile 6. However,
the two topics can be developed separately, with work
on each proceeding concurrently.

IMPAC~

Ferhaps farm management would have the greatest use
for these models in decisions such as time of planting,
rate of planting, water aanagement, fertilization
levels, weed control, and harvest activities.
Estiaates of yield derived from the models would be
particularly useful to government officials.

The probability of success in determining the
biometeorological responses of plants and animals is
high, since the disciplines of plant and animal
physiology are already well established. It is
anticipated that imaginative interdisciplinary research
aimed at closing ~resent gaps in our knOWledge of
biological response would result in substantial Kodel
improvements within three to five years. Complex
multilevel models that would adequately simulate plant
and animal responses could be developed in about a
decade. This could be done in either of two ways: (1)
by dedicating present controlled-environment research
facilities to the study of a single crop or animal for
extended periods of time in order to obtain a wide
range of biological responses, or (2) by building new
specialized controlled-environment facilities.

These complex models could be used to define areas
where further research in biometeorological response is
needed. They also could be used to indicate ways to
maximize (or minimize) the interactions between
meteorological factors and biological responses.

IMPLEMENTATION

Such variable meteorological factors as
temperature, precipitation, and solar radiation are
necessary to perpetuate biological systeas. Until now,
research has concentrated on statistical links tetween
meteorological variables, usually averaged over aonthly
periods, and biological responses, generally in terms
of marketable yield. While this approach provides a
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firs~-order approxiaa~ion be~ween wea~her and yield,
~he model'. applicabili~y i. nearly always li~ited to
the geographical area for which the relation.hips were
developed.

Re.earch has begun on the development of strategic
multiple regre.sion ei.ula~on and individual farm
models. ~he.e model. simulate plant growth and
development and e.~mate production by determining
biological respon.e. to inpute of meteorological
factor. on a daily, and in a few cases, hourly or
shorter time basie. ~hey place the biological,
meteorological, and economic variables in appro~ria~e

relation to each other. ~s adaptative research
should be encouraged. ~be neces.ity for improved data
gives urgency to the backup analysie for data, as well
as for the model building.

~hese simulation model. permit the assessment of
short-term environmental ~resses so their application
will not be geograpbically limited. In addition, they
are very useful for reeearch on both basic and a~plied

problems, as well as in farm unagement and
governmen~al policymaking.

con~ruction of these physiological models has been
hampered, however, by a lack of suitable biological
response information and of weather and climatic
variation data. For the mos~ part, model builders have
had to rely on em~irical generalizations drawn frOB
field responses wbich have not only been averaged over
individual crops or animals but also integrated over
~ime, and thus under varying weather conditione. Since
the ~udies were designed for purposes other than
weather adaptation, little or no attention has been
paid to the mechanism or environmental factor that
produced the response.

Dynamic simulation models of crop growth and animal
development, therefore, need to be improved through
better understanoing of the relationships among kasic
biochemical, physiological, and morphological ~rocesses

as well as meteorological and other environmental
factors. Among the more important research areas for
establishing biological response functions are canopy
radiation interception, photosynthesis, translocation,
respiration, morphology, phenology, root development,
soil-plant atmosphere dynamics, water status, and
nutrient intake.
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Profile 6

USE OF WEATHER A~D CLIMATE INFCRMA~IO~

BY AGRICULTURE

~he need for research on plant and animal respcn8e
to stress, especially the stresses of weather and
climate, was established in Profile S. ~his profile
outlines research on the problems of adapting and
implementing bioreSPOnse information and other data
such as weather predictions, for practical purposes.
Prospective users of this information, such as far~ers

and aqribusiness managers, need to know how to
incorporate this information into their decision
making.

RESEARCH NEEDS

Research is needed to achieve three goals: (1)
better use of statistical techniques for estimating
geographic patterns of weather and climate changes, (2)
the development of more sophisticated models which
incorporate bioresponse information for handling risks
of farmers or managers of marketing organizations
(these models would use probability distributicns of
the cost and benefit factors with respect to the
bioresponse information), and (3) increased use of
information from models in the management area, as
emphasized in cliqate and Food (NRC 1976a).

Much of the historical information available deals
with weather and climate variability over land, but
many weather patterns form over water. ~he means for
studying weather ~ovements and the ability to relate
weather probabilities in one area to weather
probabilities in another have improved, making such
research more feasible.

Research undertaken by other industries has shewn
how weather predictions can be used in models of risks.
Risk models have been used in agriculture, but
generally indirectly, through farm planning or in
inventory control in marketing organizations. The
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dominan~ emphasis in applying ~hem ~o farKs bas teen on
~be level of far. .pecializa~ion, ~hus many o~her

variables have come in~o play. ~h. research proposed
here would approach ~he problem of risk by emphasizing
the wea~her variable dire~ly, ra~her ~han using i~

indirec~ly.

Research in~o managemen~ me~hod. can reduce both
weatber-rela~ed risk. and damage caused by
meteorological di.~urbances. This re••arch would
concen~ra~e on how ~o improve farm managemen~ decisions
on crop and acreage mixes, pes~ control, seedbed
preparation and plan~ing. in~erseeding, ~iming and
amount of fertilizer application, and harves~ing.

Also, it could be used in agribusiness management
deci.ions concerning transpor~a~ion plans, selling
da~es, inventory policy, raw ma~erial procuremen~, and
~ricing policies. Animal produ~ion also can be
improved by paying more at~ention to the wea~her.

While most farmer. revise their day-to-day management
prac~ices according to their expectations of weather
changes, better biological response information and
more reliable weatber forecasting would improve their
management pra~ices.

~he leadership in this research will rest with ~he

high-income countries, but the results sbould aid in
the managemen~ of crops in the developing countries
where such crops are highly weather-sensitive. It is
esimtated that three-fou~hs of the potentially arable
land in the tropics have limited capacity due ~o

insufficien~ moisture. This research could aid in the
management of these sho~ supplie.. Use of me~eorology

in the tropics has been hampered by insufficient data
and research.

IMPACT

~he impa~ of the research proposed in this prefile
is difficult to estimate. Much of this research deals
with how to make use of the basic biological and
meteorological research discussed in earlier profiles.
Thus how research proposed in other profiles is applied
will often depend upon ~he researcb recommended and
accomplished here. This research also will activate
research in other areas.

As mentioned earlier, the potential impact of this
research is not limited to farms and marketing
institutions in ~he high-income nations. For example,
identifica~ion of the "lead indicators" of climate,
such as the timing and streng~h of monsoons, would
facilitate many management decisions. The Indian
Meteorological Service has made notable progress in
monsoon forecasting. It has discovered, for exanple,
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that the mean surface pressure over tropical South
America during April and snow accumulation in the
Himalayas during May appear to be correlated with
summer monsoon rainfall distribution in India (Pearce
1976).

~he principal beneficiaries of the proposed
research would be farmers and ranchers, tbose whc
supply goods or services to farmers, and those in
government agencies concerned with policy decisions.
Benefits also would accrue to those engaged in
transportation, distribution, and processing of
agricultural products. Ultimately, the consumer should
benefit, directly and indirectly, as increased
efficiency in farm management results in steadier food
supplies and greater stability in food prices.

Meteorological services can open up many supporting
lines of research, as outlined in Clim,te and Food (NRC
1976a):

Meteorological services in less developed
countries are not now as important as they
might be, but they have great potential
importance for specific areas such as (1)
determining the proper climatic profile for
plant breeders to breed varieties adapted to
the longer-term climate rather than to the
time scale of plant development; (2)
delineating potential new areas for production
adapted for specific crops (phytocli~atology);

(3) managing diseases and insects by both
institutional and individual methods such as
seeding and harvest dates or denial of pest
habitat; (4) determining the appropriate
carrying capacity for native ranges and
forests; and (5) perhaps most i~portantly,

improving forecasts of the beginning and
ending of dry and wet seasons that determine
seeding and harvesting dates in many of the
less developed countries.

According to Pearce (1976):

In nearly all tropical countries the main
justification for the existence of a
meteorological service has been the suppcrt cf
aviation needs in co~~liance with
international air transport regulations and
this has determined tbe level and direction of
funding of the service and, indirectly, tbe
level of meteorological research in
universities and other institutions.
Developments in agriculture and water resource
planning do not, in general, result in an
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appropria~e increase in funding of ~he

meteorological .ervice and o~her instituticns
to suppo~ re.earch (or even opera~ional

requirement~) into the use of m~eorological

inforaation in these activi~ie••
In general, ~here see~. to be too little

local effort devo~ed to:
(a) studies of water vapour budgets, water

balance and soil water regimes and
~heir in~egra~ion into local
agricul~ural and hydrological
programmes, analysis of rainfall
di.~ribution in space and tine;

(bt the stru~ure of the main rain­
producing systems affec~ing pa~icular

areas and their relationship to larger
scale systems such as monsoon
circulations and sub~ropical

an~icyclones (this could yield
information of value in medium range
predi~ion); and

(C) forecasting techniques, particularly
beyond a day or two.

The areas (a), (b) and (c) listed above
are those in which research is ~ost

appropria~ely carried out by individual
countries; indeed it would not be prac~icable

~o carry ou~ this research in any other way,
since the kinds of inves~igations involved
of~en require access to and main~enance of
field facilities and coordination wi~h local
agencies. Research techniques are available
which can usefully be applied wi~hou~ access
~o very large compu~er facili~ie8 so ~ha~

large capi~al investments in such facilities
in each individual coun~ry are no~ necessary.

~he overall level of impac~ during ~he nex~ 15
years is difficul~ ~o determine because of the
complexity of ~his research and ~he difficul~ies in
adapting the research. Even if improved and more
~imely information and guidance are made available,
farmers and other users may choose not ~o use i~ for a
variety of reasons. Certainly a s~rong educational
program for farmers and other users is necessary.
considering ~he complexity of ~his research as opposed
~o its potential benefits for agriCUlture, the ne~

effect during the next 15 years can be expected to be
at leas~ moderate. ~his research may help get research
that is already underway adapted, which could nake the
research extremely high in returns.
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I~PLEMENTATION

The proposed research is mainly an extensicn of the
research on models for predic~ion and measurement of
historical variability of climate discussed in Profiles
1 and 2. Tha~ research includes the collection of a
backlog of data, both actual current weather and
climatic variations and proxy data from sediments and
glacier cores. After data are collected, probability
distributions of expected climatic variations in one
area can be joined with those from another area to
predict events either in the second area or in a third
area.

Simulation techniques and lag models enhance the
use of the techniques used to measure historical
variability of climate. The improved seasonal
prediction models should directly aid research on the
more comprehensive prediction models.

Research into risk management could be ~atterned

after that used in other industries. Risk models could
be incorporated into linear program~ing and budgeting
models used for overall farm and agribusiness planning
and special emphasis would be placed on the level of
farm specialization. However, the complexity of
agriculture will make this work more complicated than
in most other industries.

J. C. Thompson has developed a well-known ~odel

which illustrates the risk management approach used in
the construction industry (Godske et ale 1957) (see
Appendix B). By using weather probability data for a
series of concrete pours, a hypothetical company was
able to reduce costs of protection against rain by more
than 70 percent. The analysis used assumptions such
as: $400 would be needed to protect the concrete
against damage from rain on any given day; and (2) rain
of more than 4mm in a given 36-hour period would result
in $5,000 damage to the concrete.

~he proposed research on management has been
detailed in Climate and Food (NRC 1916a) and the
implementation procedures given there are endorsed.
This research would be primarily adaptive, an extension
of the large amounts of ongoing and planned research,
especially on crop stress. Models for applying
probability statements to management problems are
available, although substantial "fine tuning" of plant
and animal response to weather and climate is required.

~his research must be coordinated with research on
water management such as publicly financed irrigation
projects, water catchment projects, wells, and
desalination efforts. (See NRC 1976a and the report of
Study Team 4). This research also must be coordinated
with research on expanding both central and local on­
site food storage facilities to reduce waste in food
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marketing and di.tribution. (See NRC 1976a and the
relX)rts of subgroup A" Study 'Ieam 1" and of Study 'Ieam
6.)

To support this overall re.earch program" it is
essential that national and worldwide climatological
data bases be further developed. Weather information
needed for variou. agricultural areas should be
identified. We recommend:

nationwide o.s. information programs" including an
expanded National Weather service Program, ~o

provide farm9rs with tetter weather and cliRate
informationi
assignment of a meteorological specialist to the
staff of the o.s. cooperative Extension Service
office in each state.

Por each farming system and for each crop" ti~ely

weather and climatic data should be made available in
concise and easily comprehensible form. Measures of
variability and contingency tables also should be
presented. Examples of useful agricultural weather
information not now generally available include soil
moisture levels, soil and air temperatures and
precipitation distribution and intensity, as well as
-normal- data, whether it is daily, weekly" monthly" or
annually.

'Ihis entire program must be well coordinated among
all agencies and must keep the final users in ~ind.

Training programs must be expanded to provide adequate
numbers of highly qualified people to carry out these
activities in both the high-income and the developing
countries. The training needs of agricultural
meteorologists in the tropics is critical since most
available meteorologists have teen trained for other
purposes. Some training programs are evolving such as
the East African Institute for Training and Research in
Nairobi, but others are needed. some of this may te
special training needed for particular adaptative
research as noted in Cli~ate and Food (NRC 1976a).

Resources needed for successful implementatien
of better meteorological services include the
education of agrometeorologists and
climatologists to the use of satellite and
synoptic data available from nonnational
sources to help determine certain critical
changes such as the beginning and end of the
dry season. 'Ihe capital required to use this
information is relatively small and is mostly
for radio transmission or reception equipment
from existing meteorological networks.
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An improved informa~ion system in the United states
would have worldwide benefits and would be based on
existing facilities, personnel, and communicaticn
networks. This basic framework must, however, be
expanded and regionalized for maximum impact.

!he development period would have three phases.
The first phase (two to three years) would emphasize
collection and consolidation of existing meteorological
data, analysis and establishment of benchmark
statistics, and creation of interactive interpretive
models. Existing facilities, such as those of NOAA,
state, and academic institutions, would be used. The
second phase (one to two years) would include a pilot
project covering one agricultural region. In the
third, or operational, phase, 12 regional centers would
be established in the United states.
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AppencS!x A

SOME CBARACTERIS~ICS OP THE C~IMA~IC SYSTEM

Here we include precise definition. of several
terms used in this report.

Weather:

The definition used for weather in this re~ort is
consi.tent with ones used in prior NAB reports.
Another definition ie found in ~he Glossary of
MeteOrology of the American Meteorological society
(1959) :

The state of the atmosphere, ~ainly with
respect to its effects upon life and human
activities. AS distinguished from ·cli~ate,"

weather consists of the short-term (minutes to
months) variations of the atmosphere.
Popularly, weather is thought of in terms of
temperature, humidity, precipitation,
cloudiness, brightness, visibility, and wind.

Climate:

••• the average (together ~ith the variability
and other statistics) of the co~plete set of
atmospheric, hydrospheric, and cryospheric
variables over a specified period of time in a
specified domain of the earth-atmosphere
system. The time interval is understood to be
considerably lcnger than the life span of
individual synoptic weather systems (of the
order of several days) and longer than the
theoretical time limit over which the behavior
of the atmosphere can be lccally predicted (of
the order of several weeks). We may thus
speak for exa~ple, of monthly, seasonal,
yearly, or decadal climatic states (NRC 1975).
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Climatic variation:

••• the difference between climatic states of
the same kind, as between two decades. We nay
thus speak, for example, of monthly, season,
yearly, or decadal climatic variations in a
precise way. The phrase "climatic change" is
used in a more general fashion but is
generally synonymous with this definition (N~C

1975t.

Climatic Anomaly:

••• the deviation of a particular climatic
state from the average of a (relatively) large
number of climatic states of the same kind.
We may thus speak, for example, of the
clima~ic anomaly represented by a particular
January or by a particular year (N~C 1975).

One climatic state is related to another clinatic
state through cliroatic processes. Climatic processes
can be described in terms of interactions (includir.g
positive, or reinforcing, and negative, or dampening,
feedback mechanisnst among components of a clinatic
system consisting of the atmosphere, the oceans, the
cryosphere (land ice and snow, sea ice), the biosphere,
and the lithosphere. These components forn the
"internal" climatic system, which is global in extent.
Thus changes in one part of the globe are almost always
related to changes in other parts, but they are not
necessarily of the same type, magnitude, or direction.
Climate also may be influenced by "external" forces,
such as (It variations in the characteristics of the
sun, the primary energy source; (2) orbital parameters
of the earth, including the tilt of the earth's axis;
(3) volcanic eruptions; and (4) orographic features.
Human activities that nay produce climatic changes,
such as the emission of gases, particulates, and
sensible heat, can often be treated, at least
initially, as external ~odifications.

~hree additional characteristics of the climatic
system may also be of interest. "Adjustnent time"
describes the rate at which an adjustment occurs to
changing exte~nal forces. For the atmosphere,
adjustment time is about one month. This is inferred
from the march of the annual temperature cycle, which
is delayed about cne month relative to the annual narch
of solar radiation. For the surface layer of the
ocean, adjustment time varies from a few months to a
year, while the adjustment time of the deepest layer of
the ocean (below the thermocline) is on the order of
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1,000 years. For the .urface of ~h. earth (i.e.,
vege~ation an~ surface characteristics), as well as for
sea ice, a~justment time varies between years an~

~eca~es. For ice .heets, such as those found in
Greenlan~, a~jus~ment time varies from 1,000 to several
thou.an~ years.

A secon~ characteri.tic, ~he geoqraphic extent of
climatic changes, falls into three categories: (1.
local clima~ic changes, which extend over an area of
from 10 to 100 kilometer.; (2) regional cl~matic

change., which have ~imensions of u~ to several
thousan~ kilometers; and (3. global climatic changes
(which may be the sum of diverse regional changes) ,
embracing the entire earth's surface.

finally, the .cale of climatic variation, if one
uses temperature as a key indicator of cli~ate, falls
into three categories: (1) those that occur over an
interval of about 100 years--tenths of a degree
Centigrade; (2) those that occur over thousands cf
years--l 0 to 30C; and (3) those that occur over
intervals tha~ vary from tens of thousands to hun~reds

of thousands of years--So to 100C.
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Appendix B

EXAMPLE OF THE USE OF WEATHER tATA
IN A RISK MANAGEMENT MODEL

FOR THE CONSTRUCTION INDUSTRY

A hypothetical Los Angeles ccnstruction
company is engaged in making a series of
concrete pours during the winter months. The
company finds that it will cost about $400 to
protect the concrete each ti~e, but that
damage of $5,000 will result if rainfall
exc~eding 4 mm occurs within 36 hours of the
time of pouring. Accordingly, to mini~ize the
cost of the entire operation, the concrete
should be protected if the ratio of the cost C
to the contingent loss L is less than the
probability P of rainfall greater than 4
mm•••• Thus, in this case,

(1) P (rain > 4mm) > C/L = 400/5000 = 0.08.

The usual categorical forecast is therefore
not the most valuable prediction in this case,
since it is aimed at providing a forecast tc
suit the' "average" user and is quite properly
tased (either subjectively or objectively) on
piS being greater than 0.50, or

(2) P (rain> 4mm) > O. SO.

Consulting [prior data,] we see that the
inequalities (1) and (2) are satisfied for any
value of Wf exceeding 4.1 and 6.6
respectively. If the contractor should accept
(2), the categorical forecast, as a basis for
his decision whether to protect his work or
not, it is evident that he would not ~rotect

his concrete often enough. In order to make
this point clear, the following comparison has
been made of the cost of carrying on this
operation throughout the winter season (1
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O~ober 1949-31 March 1950. by several
alternative ~rocedure.. Sere, for the .ake of
.implicity, it i. a.sumed that the contractor
operate. every day during the period (182
day•••

'Iota1 C08t
Flus len

Ca.e I. The contractor ottain.
no forecast at all and take.
protective mea.ure8. Since
there are 17 day. with rain
exceeding 4 .. during the
period, the loss i8 $5,000
per day for 17 day8••••••••••••••••• $ 85,000

Case II. The ccntra~or obtain8
no forecast but take8 protective
measures every day. He thus
sustains no loss, but the co.t
is $400 per day for 182 days•••••••• $ 72,800

Case III. The contractor uses
climatoloqical expectancy as a
basis for the operation,
takinq ~rotective measures
only during the period when
this expectancy is greater
than 0.08. lor Los Angeles
this requires protection from
11 December to 25 March and no
protection before or after that
period. In this case the
contractor would take protective
me~sures on 105 days and would
sustain a 10S8 on 4 days•••••••••••• $ 62,000

Case IV. The contractor uses
"persistence," i.e., takes
protective measures on all days
following a day with measurable
rainfall, and provides no
protection on other days.
This would require ~rotection

on 31 days and the contractor
would suffer loss on 5 days ••••••••• $ 37,400

Case V. The contractor obtains
a cateqorical forecast designed
for the "average" user and thus
based on equation (2) above.
Using the objective probability
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estimates. this would require
protective measures on 19
days. and the contractor would
suffer loss on 5 days••••••••••••••• S 32.600

Case VI. The ccntractor
obtains a forecast designed
for his particular operation
and thus based on equation (1).
Using the objective probability
estimates. this would require
protective measure on 35 days.
and the contractor would
suffer loss on 2 d.ys••••••••••••••• S 24.400

An inspection of these figures reveals
that, although the contractor using the
"average" forecast. Case V. would reduce the
total cost of the oper.tion below that for an
operator using nc forecast at all, or using
climatological expectancy or persistence, the
least total expenditure would result from the
use of the probability forecast. This
illustrates the advantage of the probability
estimate and reveals the danger in any
categorical forecast where the user is not
provided with, or does not make use of. a
measure of the reliability of the prediction.
In the above example, only the objective
probability forecasts have been considered,
althouqh probability estimates ~ight also be
made by the forecaster from a subjective
evaluation of the meteorological situation.
For some purposes where adequate numerical
techniques are not available, such subjective
probability forecasts undoubtedly could be
used to good advantage (Thompson 1950).
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NOTE

1. Thi. report e~phasize. general climatic research
and related implications of such research for
agriculture. The report of the National Acadewy of
Sciences, Climate an4 Food. Climatic fluctuation
and U.S. Agricultural Production (NRC 1976a),
discusses in more depth applied weather and climate
research directly affecting agriculture. ~hese two
report. complement each other as background for the
research recommended in World Food Ind Nutrition
study: The potential contributions of Research
(NRC 1977).
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