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PREFACE

The International Union of Pure and Applied Chemistry (IUPAC) 1is an
international, non-governmental organization dedicated to the advancement and
application of chemical science and technology. Through its broad and world-wide
scientific and engineering connections, IUPAC was in a strong position to carry
through the concept of CHEMRAWN, first enunciated in 1975. As the acronym for
"*Chemical Research Applied to World Needs", CHEMRAWN was conceived as a focus for
identifying and addressing world problems amenable to solutions through chemistry.
It recognized the interdependent nature of world communities, expressing a concern
for problems facing both developed and developing nations, and at the same time,
noting the limitations of a purely technological approach, endeavoured to address
simultaneously scientific, social, economic and environmental factors.

The general purpose of CHEMRAWN was further seen as being achieved through
providing an effective international forum, through a series of world conferences,
each on a selected problem area, bringing together experts, leaders and decision-
makers from governments, industries and universities in developed and developing
countries. Through such meetings, the identification and publication of medium-
and long-term goals for research and development were visualized as giving further
effect to the objectives of CHEMRAWN. The first such world conference, CHEMRAWN
1, held in Toronto, Canada, in July 1978, fully exemplified this international and
interdisciplinary approach as it considered the problem of "‘Future Sources of
Organic Raw Materials'.

The second international meeting invoking this CHEMRAWN concept was the
International Conference on Chemistry and World Food Supplies - the New Frontiers,
held in Manila, Philippines, in December 1982 as CHEMRAWN 11I. Recognizing the
problem of achieving adequate food and nutrition for the burgeoning populations in
developing nations, it was Fitting that IUPAC was joined in a sponsorship of such
a topic by the International Rice Research Institute (IRR1). Renowned throughout
the world for the significant role it has played and is playing in the advancement
of agriculture in the developing nations, IRRlI was both sponsor and, in many re-
spects, a co-host, as its facilities are located in the Philippines at Los Bafos.

CHEMRAWN 11 provided discussion of critical needs and solutions relating to
chemistry, agriculture and world food supplies. Treating chemical-based needs as
a system, and including the social, economic and environmental factors, it was an
interdisciplinary meeting bringing together modern aspects of the fields of
chemistry, biochemistry and microbiology with the critical needs of agriculture
production and food processing. Special attention was given to strengthening the
indigenous capacity of developing countries through the involvement of their
scientists and leaders in all phases of the conference.

CHEMRAWN 11 had the following objectives:
- First, to identify and put into perspective those areas of research and

development having the potential to increase significantly food production
and improve food storage and processing.



Xii

- Second, to strengthen scientific research in devel oping nations, particularly
in those fields which require professional conpetence and initiative wthout
excessive capital and hunman resources.

- Third, to accelerate inplenmentation of research priorities and objectives by
fostering cooperation anong governments, industries, and universities.

The first objective was nmet by a series of 56 invited |lectures, which are now
the contents of this volune of scientific proceedings, and a further group of

pl enary |ectures. The latter, along with a well-considered conpilation of
recommendations, are contained in a conpanion volume on "Perspectives and
Recomendati ons™, being published by IRRI. The presentation at the conference of

over one hundred poster session papers (nostly from the devel oping countries),
their publication by edited abstract in a Conference Handbook, and the above two
CHEMRAWN || vol unes are designed together to neet the remaining objectives.

In editing the papers presented in this volume, | have been greatly assisted
by the cooperation and understanding of the authors. An effort has been nmade to
achieve both clarity and sone unifornmity of presentation, and the acceptance by
aut hors of suggestions for abbreviation and re-wordi ng has been nmuch appreci at ed.
If there is textual deviation fromthe ideas they presented, it is the editor's
responsibility and | request their further understanding.

| gratefully acknow edge the inval uabl e assistance in the editorial task (not
only of these papers but also of the poster session abstracts) of Dr. Cay M
Switzer, Dean of the Faculty of Agriculture of the University of Guel ph, of Dr.
Leon J. Rubin, Professor of Food Engineering, University of Toronto, and of Dr.
Ross H. Hall of the Department of Biochenistry, MMaster University, Hamlton.
Dr. Hall, both by propinquity as well as by dedication and experience, gave
gui dance and support throughout the assenbly of the papers into this vol une. I am
al so indebted to the Publications Conmmittee Chairman, Dr. WG Schneider and to
the General Chairman, Dr. Bryant Rossiter, for their continuing support; and am
equal ly grateful to the CHEMRAWN |1 Local Arrangenents Committee under Dr. Marcos
Vega for providing editoral office facilities and support during the conference.
Dr. Joyce Torio, as Secretary and Co-ordinator for CHEMRAWN |1, was always
cheerful and effective in the numerous conmunication efforts required. The
excel l ent work of the staff of the McMaster University Engi neering Wrd Processing
Centre deserves both praise and extensive thanks — with special thanks to Ms.
Betty Petro who renmined efficient and enthusiastic throughout countless
revi sions. | amal so nost grateful to ny secretary, Ms. Rita Donal dson, for her
interest, many hours of proofreading and general support. M. Don Craw ey of
Per ganon Canada Limited has | ent expert advice and full support throughout.

L.W Shemlt

Hami | t on, Canada
April 1983



ACKNOWLEDGEMENTS

We are grateful to the following organizations and companies for their sponsorship

and/or generous financial assistance.

Co-sponsors:

International Union of Pure and Applied Chemistry

International Rice Research Institute

Affiliate Sponsors:

Chemical Society of the Philippines
International Fertilizer
Development Center
International Food Policy
Research Institute
International Society for
Horticultural Science

Financial Contributors:

Agency for International Development,
USA
Ajinomoto Co., Japan
Asahi Chemical Industry Co. Ltd., Japan
Australian Development
Assistance Bureau, Australia
Carnation Company, USA
Castle & Cooke, Incorporated, USA
Canadian International
Development Agency, Canada
Chemical Society
Located in Taipei, China
Chiyoda Chemical Engineering and
Construction Co., Japan
Ciba Geigy, Ltd., Switzerland
The Coca Cola Company, USA
The Commemorative Association for
the Japan World Exposition, Japan
Department of Agriculture, USA
E.1. Du Pont de Nemours & Company, USA
Eastman Kodak Company, USA
Exxon Corporation, USA
The Ford Foundation, USA
French Ministry of
Research and Industry, France
Fujisawa Pharmaceutical Co. Ltd., Japan
General Foods Corporation, USA
H.J. Heinz Company Foundation, USA
Hershey Foods Corporation, USA
Hoffman-La Roche Incorporated, USA
International Council of
Scientific Unions
International Development
Research Centre, Canada

International Union of Biochemistry
International Union of

Biological Sciences
International Union of

Food Science and Technology
International Soil Science Society
International Union of

Nutritional Sciences

International Union of
Pure & Applied Chemistry
Kajima Foundation, Japan
Kikkoman Shoyu Ltd., Japan
Kyowa Ikkko Kogyo KK, Japan
Dr. R. Mag Ltd., Switzerland
McCormick & Company Incorporatd, USA
Meiji Seika Kaisha Ltd., Japan
The Meito Sangyo Co. Ltd., Japan
National Science Foundation, USA
Nestle S.A., Switzerland
The Quaker Oats Company, USA
Ralston Purina Company, USA
The Rockefeller Foundation, USA
Rohm & Haas Company, USA
Sandoz AG, Switzerland
Shionogi and Co. Ltd., Japan
Sumitomo Chemical Co. Ltd., Japan
Suntory Ltd., Japan
Swift & Company, USA
Takara Shuzo Co. Ltd., Japan
Takeda Chemical Industries, Japan
Teijin Ltd., Japan
Thomas J. Lipton, Incorporated, USA
Toray Industries, Inc., Japan
Royo Jozo Co. Ltd., Japan
Treuhandstelle IM Verb. der
Chemischen Industrie, FRG
UNESCO
Wm. Underood Company, USA
United National Development Programme
Velsicol Chemical Corporation, USA
Xerox Corporation, Canada and USA



Xi v ACKNOWLEDGEMENTS

In addition to the sponsors and financi al

significantly to CHEMRAWN | |

Phi |'i ppi ne Gover nnent
Anerican Associ ation for
Areri can Chenical Society
I nt ernati onal
Nat i onal

CHEMRAWN II COMMITTEE MEMBERS:

General Chairnman

Vi ce Chairman for
Local Arrangenents

Vi ce Chairman for Finance
Secretary

Devel opi ng Country

Partici pation Chairman
Future Actions

Conmi tt ee Chai rman

I nternational Union of Pure
and Applied Chenistry (1UPAQ)

Post er Sessi on Chair man

Program Commi tt ee Chai rnen

Scientific Editors

Publ i cati ons Commi ttee Chairnman

Publicity Committee Chair

Treasurer

t he Advancenent

donors, the follow ng contributed

and its success.

of Sci ence

Food Policy Research Institute
Acadeny of Sci ences/ National

Research Council, USA

Dr. Bryant W Rossiter, Eastman Kodak Conpany, USA

Dr. Marcos R Vega,

International Rice Research Institute, Philippines
Dr. Richard L. Hall,

McCor mi ck and Conpany, Inc., USA

Dr. Joyce C. Torio,
International Food Policy Research Institute, USA

Dr. Edward S. Ayensu,
Smi t hsoni an I nstitution, USA

Dr. Cyril Ponnanperma,
Uni versity of Maryland, USA

Dr. S. Nagakura, |UPAC, Institute for

Mol ecul ar Sci ence, Japan

Pr esi dent

Dr. Heinrich Zollinger, |UPAC, Past President,

Techni sche Hochschul e Zurich, Switzerland
Dr. Ernesto del Rosario,

Uni versity of the Philippines, Philippines
Dr. Norman E. Borlaug, Nobel Laureate,

I nternati onal Maize and Weat

Mexi co

| mprovenent Center,

Dr. Melvin Calvin, Nobel Laureate,
Uni versity of California-Berkel ey, USA

M. Peter A Oram
International Food Policy Research Institute, USA

Dr. L.W Shenilt, MMster University, Canada

Dr. Gordon Bixler, American Chem cal Society, USA
Dr. WIlliamG Schnei der,

Vi ce President, Canada

| UPAC
Ms. Carol L. Rogers, American Association
for the Advancenent of Science, USA

M. Francisco J.
Anerican Cheni cal

Marin- Pri ce,
Soci ety, USA



ACKNOWLEDGEMENTS xv

O gani zi ng Conmi tt ee:

Dr. Bryant W Rossiter, Eastman Kodak
Conpany, USA, Chairman

Dr. Adnan Al - Ageel, Kuwait Foundation
for the Advancenent of Sciences, Kuwait

Dr. Eduarti o Al varez-Lung, | nternational
Council for the Devel opnent of
Underutilized Plants, Mexico

Dr. WIliamQO Baker,
Bel | Laboratories, USA

Sir John G Crawford, The Australian
National University, Australia

M. Charles S. Dennison,
Council on Science & Technol ogy
for Devel opment, USA

Dr. Jacques Diouf, Secretary of State
for Scientific & Techni cal Research,
Senegal

Dr. N choli Emmanuel,
Acadeny of Sciences, USSR

The Honor abl e He Kang, Mnistry of
Agricul ture, China

ProgramConmi t t ee:

Dr. Norman E. Borlaug, Nobel Laureate,
I nternational Mize and Weat
| mprovanent Center, Mexico, Chairnan

Dr. Melvin Calvin, Nobel Laureate,
Uni versity of California-Berkel ey,
USA, Chairman

M. Peter Oram International Food
Policy Research Institute,
USA, Chairman

Dr. B. A. Aheyw ckrama,
Uni versity of Ceylon, Sri Lanka

Dr. WK. Agbl é,
Crops Research Institute, Ghana

Dr. C.C. Balch,
Uni versity of Reading, England

Dr. Ricardo Bressani,
Instituto de Nutricion de
Centro Anericana y Panama, Cuatenala

Dr. Kenzo Hemm, University of Tokyo,
Japan

Dr. W David Hopper, The Wrld Bank, USA

M. Joseph H. Hul se, International
Devel opnent Research Centre, Canada

Dr. FranklinA. Long,
Cornel | University, USA

Dr. Janal T. Manassah, City Coll ege of
New Yor k, USA

Dr. WIliamG Padolina, University of
the Philippines at Los Bafios, Philippines

Dr. Bukar Shaib, Special Advisor tothe
President, Nigeria

Dr. M'S. Swam nat han, The International
Ri ce Research Institute, Philippines

Dr. Werner Treitz, Federal Mnistry for
Econoni ¢ Cooperation, FRG

Dr. Mriya Uchida, TEIJINLtd., Japan

Dr. Ralph WF. Hardy, E.1. du Pont de
Nenours & Conpany, USA

Dr. Rogelio O Juliano, University of
the Philippines, Philippines

Dr. Mhammed El - Khash, The Center for the
Studies of Arid Zones and Dry Lands, Syria

Dr. Mohammed Nour, International Center for
Agricultural Research in Dry Areas, Lebanon

Dr. Thomas R CGdhi anbo, The International
Center of Insect Physiol ogy & Ecol ogy,
Kenya

Sir Charles Pereira, Peartrees, England

Dr. Eavid Pinentel,
Cornel | University, USA

Dr. R Scott Russell, The Grange,
East Hanney, Want age, Oxon, Engl and



XVi
Dr. George W Cooke, Rothansted
Experimental Station, England

Dr. Masao Fuji neki,
Qchanomi zu Uni versity, Japan

Dr. Kurt F. Gender, Unilever
Forschungsgesel | - schaft MoH, FRG

Dr. Hans Cei sshuhl er, G ba- Cei gy
Cor poration, Switzerland

Fut ure Actions Conmi ttee:

Dr. Cyril Ponnanperung,
Uni versity of Maryland, USA, Chairman

Dr. Bansi Amla, The Worl d Bank, USA
Dr. Norman E. Borl aug, Nobel Laureate,
International Mize & Wheat | nprovenent
Center, Mexico

Dr. Nyle C. Brady, Agency for

I nternational Devel opnent, USA

Ms. Teresa Sal azar de Buckl e,

Junta del Acuerdo de Cartegena, Peru
Dr. Melvin Calvin, Nobel Laureate,

Uni versity of California-Berkel ey, USA

Dr. F. Egani, M tsubishi- Kasei
of Life Sciences, Japan

Institute

Dr. Khal ed El - Shazl y,
Al exandria University, Egypt
Dr. W David Hopper,

The Worl d Bank, USA

Dr. Herw g Hul pke, Bayer, A G, FRG

Dr. Enmil O Javier, University of the
Phi l i ppi nes at Los Bafios, Phili ppines

Dr. Kwoh-Ting Li, Magsaysay Awar dee,
Academ a Sinica located in Taipei, China

Dr. P. Mhadevan,
Organi zati on,

Food and Agricul ture
Italy

ACKNOWLEDGEMENTS

Dr. Bernard S. Schweigert,

Uni versity of California-Davis, USA
Dr. Gerald G Still,

U.S. Departnent of Agriculture, USA
M. RV.K M Suryarau,

Coromandel Fertilizers Limted, |ndia

Dr. Lee KumTatt,
Si ngapore Institute of Standards and
I ndustrial Research, Singapore

Dr. John W Mellor,
Food Research Institute,

The | nternational
USA

Dr.Louis G Nickell,

Vel si col Chenical Corporation, USA

Dr. Thomas R Odhi anbo, The | nternational

Centre of Insect Physiology & Ecol ogy,
Kenya
Dr. Raul N Ondarza, Consejo Nacional de

Ciencia y Technol ogi a, Mexico
Dr. Thonmms Parton,

Ci ba- Gei gy Corporation, Swtzerland

Sir Charles Pereira, Peartrees, England
Sir George Porter, Nobel Laureate,

The Royal Institution, England

Dr. Abdus Sal am Nobel Laureate,
International Centre

for Theoretical Physics, Italy

Dr. @enn T. Seaborg, Nobel Laureate,

Uni versity of California-Berkel ey, USA

Prof essor Li Su,
Academ a Sinica, Bejing, China

Dr. MS. Swani nat han, The | nternational
Ri ce Research Institute, Philippines



CONTRIBUTIONS OF CHEMISTRY TO REMOVING SOIL
CONSTRAINTS TO CROP PRODUCTION

R. Scott Russell
(formerly Director, Letcombe Laboratory)
East Hanney, Wantage, Oxfordshire, OX12 OHQ, England
and
G.W. Cooke
Rothamsted Experimental Station
Harpenden, Hertfordshire, AL5 2JQ, England

ABSTRACT

Chenmistry provided the background for the scientific control of soil
fertility by providing fertilizers and other agrochem cals. It is closely
involved also in nultidisciplinary studies of the soil—plant system which have
created our wunderstanding of how the growh and function of root systems is
regul at ed. New opportunities have thus been provided for identifying constraints
to crop production and for devising nethods to overcone them Fertilizers nake it
possible to renpve all nutrient constraints, but information is needed on their
interaction with other production factors, such as the supply of avail able water,
before recommendations for applying them can have a sound scientific basis.
Fertilizers are rarely used with the maxinum efficiency and nore research is
needed to specify fertilizers to nmeet |ocal needs in developing countries, to
provide nitrogen fertilizers by methods which consunme |ess energy, and to deter-
m ne the ambunts and nethods of application which fit local conditions of soil,
climate and cropping system Consi derable increases in crop yields should be
possi bl e with adequat e research, devel opnment and advi sory servi ces.

KEYWORDS: Crop yields, Cultivation, Fertilizers, Ntrogen, Plant nutrients,
Rhi zosphere, Roots, Soil, Yield gap.

I NTRODUCTI ON

The maj or part of the food which man eats has its origin in plants which grow
in the soil. Thus, the topic of this paper is basic to any discussion of world
food supplies, especially when enphasis is given to the contribution of chem stry.
This began with the identification of the elenents which are essential plant
nutrients and was followed by the devel opnent of industrial chemi cal processes to
provide additional supplies of them as fertilizers, as well as other agro-
chemi cal s which benefit crop production. These pioneer contributions of chem sts
paved the way for nodern studies of the plant/soil system which requires inputs
al so from plant physiologists and pathol ogi sts, mcrobiologists and physicists.
This interdisciplinary approach has in the past 30 years, much increased our
understanding of the basic principles which govern crop growmh in the soil,
and enlarged the opportunities to mmnage crops and wuse inputs, including
fertilizers, more efficiently and economically. Sone of the background
information is reviewed in the first part of this paper, attention being given



2 R S. Russell and G W Cooke

Table 1: Conparison of Average Yields of Three Major Crops Wth the
"Potential Yield' Based on Experinents or Farmers' Results.

Yield, tonnes per hectare

Wheat Ri ce Mai ze (corn)
Potential Yield: 14 14 22
Average Yield (fromFAO:
Devel oped countries - 1961-65 1.7 4.9 3.5
1979 2.3 5.9 5.8
Devel oped countries - 1961-65 1.0 1.6 1.1
1979 1.4 2.1 1.3
Best country with |arge production - 1979 5.9 6.6 6.9

- derived fromCooke (1982).

the situation. Major constraints to crop growth, which often cannot be adequately
overcome by the traditional nmethods, are commonly caused by stresses which root

systens experience in the soil (Table 2). To relieve themefficiently we require
an understanding of the principles which govern the growh and function of root
systens, and their interaction with the soil. This subject is considered here in

relation to physical stresses, although some of this infornation is relevant also
to relieving stresses from other causes, which is discussed later in these
proceedi ngs.

Roots and the Regul ation of Plant G owth

Until recently, the roots of plants were thought to fulfil only three
essential functions - the absorption of water, the absorption of nutrients and
anchoring the plants in the soil. A fourth equally essential function is now
known: roots participate in the hornonal control processes which regulate plant
growt h. Detail ed discussion of these conplex and still partially understood

mechani sms is given in these proceedings by Bruinsma (1983) and Nickell (1983),
who also consider possibilities for benefitting crop production through the
manuf acture of synthetic substances. However, for two reasons, account nust be
taken of exogenous hornones in discussing the effect of stresses in the soil on
pl ant growt h. Roots, especially their apices, are major sources of four of the
main classes of growh regulator which are now recognized, viz., cytokinins,
gi bberellins, ethylene, and abscisic acid. These interact with substances
produced in shoots, for exanple, auxins, to regulate growth throughout the plant.
Many stresses in the soil affect hornonal synthesis in roots and this is sonetines
the primary cause of injury to shoots. It is of practical inmportance to realize
this as sone hornonal effects on shoots could otherwi se be mistakenly attributed
to an inadequate supply of water or nutrients.

It is hoped that further research on hornonal nechanisns wll explain
responses of roots, which are at present little understood, but are of far-
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Table 2. Stresses in the Soil Which Can Restrict the Ability
of Plants to Use Nutrients Which Are Present In It.

Physical stresses Water stress
Mechanical impedance
Anaerobiosis (Waterlogging)
Unfavourable temperature

Chemical stresses Toxic substances and unfavourable pH
Nutrient inbalance

Biological stresses Pests
Diseases
Competition from weeds

reaching significance 1in their behaviour under stress. Compensatory growth
(Russell, 1977) serves as an example. IT one part of the rooting zone is more
favourable for root growth than another — and this is the usual situation when
stresses arise — the favourably placed roots can grow better than if the whole
root system experienced that environment, thus compensating for reduced growth of
roots elsewhere. The localization of nitrogen and phosphate fertilizers in the
soil can evoke this response, which is here illustrated by an experiment in an
artificial system. A young cereal plant, three weeks old, illustrated in Figure
1, had been grown in solution culture with a deficient supply of nitrate to the
root system (0.01 M), except for a short segment which grew through a compartment
4 cm deep which received an ample supply (1.00 M) and was then returned to the
dilute solution (Drew and Saker, 1975). Within a few days, the weight of the
"well fed" zone increased and subsequently there was a considerable localized
proliferation of lateral roots. Increased uptake of nitrate in that zone had
caused the preferential translocation to it of metabolites from the shoots; the
mechanism responsible is as yet unknown but, seems explicable only in hormonal
terms.

When these plants (the L treatment) were compared with those for which the
entire root systems had received the ample nitrate supply (the H treatment), it
was found that, although the rate of growth (g/g-d) of the L plants was less in
the early part of the experiment, there was no difference between L and H plants
when the photograph was taken. Moreover, the nitrogen content of the two types of
plant differed little. Five times as much had been taken up by the "well fed"
zone in the L treatment than by the corresponding zone in the H treatment; this
was due both to the numerous laterals and to the rate of uptake; absorption per
unit weight of root, from the same external supply, can increase if less root is
present to absorb it or if the requirement for metabolism elsewhere increases (see
also; Pitman, 1972). Again the detailed mechanism is unknown but a hormonal
response iIs suspected.

The scope for further research by biochemists and plant physiologists is
evident but, for the present discussion, the salient facts are clear: the
performance of the whole plant is closely coordinated; changes in the environment
which root experience can affect the pattern of growth throughout the plant in
many ways; moreover metabolism in shoots can influence absorption of nutrients by
roots.
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particularly to the effects of physical constraints in soil and opportunities for
mtigating them The second part of the paper deals with the history and present
state of crop nutrition involving fertilizers. Al'though fertilizers have been
with us for nearly a century and half, there are still many problens in securing
their efficient use, and in integrating them into inproved and nore intensive
agricultural systenms in both devel oped and devel oping countries. These probl ens
are outlined. The need is stressed for governnents to recognize that these
scientific problens exist, and that they must provide the support for research and
devel opment to investigate soil/root relationships nore fully so that nore food is
available, and at |ower cost through the nore efficient use of fertilizers and
ot her inputs.

Many results of past research have not yet been fully applied. Experi nents,
and trials on farners' fields in many countries, showthat average yields are now
much bel ow those which are possible. The realization of this fact has been nuch
encouraged by estimates, based both on field experinents and theory, of what could
be achieved if we elimnated all constraints which we are now capable to control.
Wi le the potential yield estimated in this way is hardly attainable on the world-
wi de average, the conparison made in Table 1 for three nmajor crops is nonethel ess
a stimulus. A very considerable "vyieldgap" between average and potential yields

is evident; so also are the achievenments of the last two decades. In sone
devel oped countries where soil and climate are npbst favourable, a fairly close
approach to the theoretical potential is now possible. CGenerally, in the
devel oping world greater environmental constraints and fewer resources make the
situation different. For example, the International Rice Research Institute
concluded that the "practical" potential yield of rice in the Philippines is about
hal f that shown in Table 1 (IRRI, 1978). But this still |eaves a considerable
"yield gap". More inmportantly, IRRl and its associates have denonstrated,
dramatically, how interdisciplinary effort can reduce this gap. In 1972, the
average rice yield of farmers in the Philippines was 1.6 t/ha and it was not clear
why it was much below that obtained by research workers (Chandler, 1975).

However, a few years later, an interdisciplinary "constraints" programof |IRR and
its associates on about 400 sites in six Asian countries, identified constraints
many of which arose in the soil, and led to average yields of 3.6 and 4. 3 t/ha for
wet and dry season rice respectively (Herdt, 1979; De Datta, 1981). It was al so
shown that greater inputs could increase yields by a further 25 to 30% this would
make themnore than tw ce the average for devel opi ng countries shown in Table 1.

No other crop in the developing world has yet been studied as widely as rice and
there is no reason to believe that it is the only one of which the yield could be
doubl ed by the fuller use of existing know edge. Closing the "yieldgap" is one
of the nost inportant tasks for agricultural science in the imediate future.
Progress will depend primarily on the effort devoted to experinmental work under
the varied field conditions which farners experi ence.

SOVE ASPECTS OF ROOT/ SO L RELATI ONSHI PS

Faced with our present problenms, it may seem surprising that the manner in
which roots interact with the soil received so little attention at an earlier

time. But there is a sinple explanation. In those favourable soils of tenperate
regions, where nmodern agricultural research developed, it often seens that the
soil imposed little constraint on plant growh, provided that adequate nutrients
were available, the land being well drained and elaborately cultivated.
Fertilizers and nmanure could satisfy the first requirenment; manual |[|abour and
machi nery could deal with the other two. A detail ed understanding of how roots
grow and interact with the soil thus seemed unnecessary. The extension and

intensification of agriculture to |l ess favourable soils and climtes have changed
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Figure 1: Mdification in the formof roots of barley (Hordeumvul gare)
caused by providing an enhanced supply of nitrate (0.1 nmV to
the md-part of one root axis; the renminder of the root system
recei ved one-hundredth of that concentration. Phot ogr aphs
taken 15 days after treatment (Drew and Saker, 1975).

Movenent of Nutrients Through the Soil Into Roots

The quantity of roots produced by crop plants varies w dely dependi ng both on
speci es and the environment, but they always occupy only a snmall fraction of the

total volume of the soil - often less than 5% in the zones where they are densest
(Wersum 1961). Thus, if nutrients diffuse so slowy in soil that little reaches
the surface of roots, they will be largely inaccessible to the crop for which they
are provided; those planted in |later years may, however, benefit. The properties
of ions which cause themto nmove slowy can also lead their fixation, which is
di scussed later in this paper. On the other hand, if nutrients nove very freely
through the soil, at a rate little different fromthat of water, the efficiency

with which they are used can be much reduced by | eaching.

Nitrogen fertilizers in general nove sufficiently rapidly for local depletion
to be prevented and the main problemis often to avoid loss by leaching or in
ot her ways. Phosphate fertilizers are in sharp contrast. They diffuse through
moi st soil at nuch | ess than one-hundredth of the rate of nitrate, and they may be
virtual ly exhausted in the soil adjacent to roots even though the supply a few nm
away is unaffected (Nye and Tinker, 1977). There is good evidence that, when
abundant root hairs penetrate the soil, phosphate is readily taken up in the zone
they penetrate. But it remmins uncertain whether this is due to absorption by the
hairs thensel ves or because the abundant mi croorgani sns and exudates in this zone
increase the mobility of phosphate (Russell, 1977). The consequence of practical
importance is that the restraint on absorption inposed by slow diffusion is
reduced because the dianmeter of the root hair cylinder is much greater than that
of the root itself.

Recently, it has been realized that a further nechanism can facilitate the
movenent to roots of some nutrients, especially phospate, when it is in deficient
supply - a common situation in many tropical regions. Vesi cul ar arbuscul ar
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nmycorrhi zas of the genus Endogone commonly infect the cortex of roots and devel op
hyphae which can extend 2 cminto the soil. The fact that they are capable of
providing roots with two to three times as much phosphate as could reach them by
di ffusion through soil was first denonstrated | ess than ten years ago (Sanders and
Tinker, 1973). Field surveys in N geria have shown themto be present on roots of
many crop plants (Sanders, 1981). Their inportance, especially for cassava, has
al so been indicated in other regions, including South Arerica (Howeler, 1981). At
present, adequate quantitative results from field experiments are |acking, but
there can be no doubt of the inmportance of further work on this subject.

Potassium is internediate between phosphate and nitrate in its novenent
through the soil. In sone soils, it noves freely, but when 2:1 clay mnerals
occur, its rate of diffusion can be nuch reduced, leading to |ocalized depletion
cl ose to roots.

Know edge of the parts of the roots systems which are able to absorb
nutrients is also inportant for considering the efficient passage of nutrients to
t hem I nproved research nmethods have lately shown that all parts of the entire
root systens of cereals, and some other annual crops, can absorb the three main
nutrients, N, P and K, at approximately the sane rates if the external supply of

water and nutrients does not vary. Calciumis, however, an exception. Its uptake
is confined to the apical parts of roots and it does not nove downwards within the
roots to the young growi ng parts. An adequate concentration of calciumin the

zone where they extend is therefore essential.

Physi cal Soil Stresses Wich Restrict Root Gowh and Function

The size and distribution of pores in the soil are its npst inportant
structural characteristic which affect the occurrence of physical stresses to
roots. The followng sinplified classification of pores is used here:

Transit pores of channels, exceeding cir. 50 pm in dianeter. Wat er noves
freely through them under gravity; air enters and roots comonly grow down
t hem

Storage pores, cir. 5 - 50 pymin dianeter. They hold water against gravity
but at a potential (free energy) sufficiently high for roots to extract it.

Abundant snaller pores are also present, but do not enter into this discussion as
the water in themis at too low a potential to be readily available to plants.
Both the pedol ogical origin of the soil and its management can greatly influence
its pore characteristics.

Water Stress: \Wen there is a conplete ground cover of vegetation, water can be
lost into the atnosphere at about three quarters of the rate froma free water
surface; solar radiation incident on leaves is the driving force. Thi s
consi derabl e use of water is an inescapabl e consequence of the structure of |eaves
whi ch provides for gas exchange between leaf cells and the atnosphere, on which

phot osynt hesi s depends. Stomatal closure, which is influenced by abscisic acid,
one of the hornones produced in roots, can restrict water |oss during the daylight
hours when insolation is highest. Pl ant species differ much in the efficiency of

this process and also in other characteristics which can reduce water use. Pl ant
breedi ng may i nprove their water econony but a considerable loss is inescapable in
rapi dly grow ng pl ants.

Water noves along a gradient of decreasing water potential from soil through
the plant and, if transpirition |osses are not bal anced by absorption, injury can
be rapid - nuch nore so than would be often caused by a simlar interruption in
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the supply of nutrients. Some decrease in root extension can occur when the soil
water potential is still above -1 bar; nutrient uptake and yield can be rapidly
affected as the potential falls and death can occur if the entire root system
experiences -10 to -15 bar. However the dessication of the ol der parts of roots,
which are nearest to the soil surface may have little effect, provided that
sufficient of their apical growing regions receive adequate water. Thi s charac-
teristic is often of prine survival value during drought because water is |ost
much nmore rapidly fromthe surface soil than from the deeper layers; the water
potential at the depth of 20 - 25 cmmy fall fromclose to zero to below -5 bar
within a week, but at the depth of about 1 mthe water potential decreases nuch

more slowy. Continuing gromh then depends on the downward extension of roots
being sufficiently rapid for an adequate part of the root systemto be in soil
where water remains available. Conpensatory growh can much assist this;
decreasing water potential in the surface can cause roots to be nore nunerous,
sonetimes by a factor of nore than four, in the deeper soil (Kl epper et al.,
1973).

The main characteristics of soil which facilitate survival of drought are:
(1) the conservation of water in the rooting zone; this depends on there being
sufficient stable and continuous transit pores for rain from periodic storms to
enter, and adequate storage pores to retain it, and (2) conditions which permt
deep root penetration. Major requirements for this are an adequate depth of soil
and the absence of stresses which restrict root penetration; nechanical inpedance
can be anobng the nost inportant constraints which soil managenent can mitigate.

Mechani cal | npedance: Mdern understanding of the effects of this stress in field
conditions can be considered to date from the denonstration, by Wersum (1957),
that roots cannot decrease in diameter to enter pores snuller than thensel ves;
i ndeed nmechani cal constraint commonly causes their dianeter to increase. I f they
have to resist pressures as low as 0.2 bar to expand pores their rate of elonga-
tion can be much reduced (Figure 2) though it can continue at a slow rate when

pressures are considerably greater. Species differ but present evidence suggests
that root growth is always retarded if roots have to resist external pressures of
0.5 bar or nore. Reports that a few species have a special ability to growin

heavily conpacted soil may be due to them being able to survive with a very slow
rate of root extension. The sensitivity of roots to very snall external pressures
is due to physiological nechanisms in the apical neristem which are presumably
either hornonal, or the result of changes in fine structure (Russell and Coss,

1974; CGoss and Russell, 1980).

If the extension of root axes is inpeded, but there are pores |arge enough
for the finer laterals to enter freely, these latter show conpensatory grow h;
laterals proliferate imrediately above the zone where conpaction occurs. When
adequate nutrients and water are present in this restricted zone the yield of
plants may be little affected, but, as explained above, shallow rooted plants are
very susceptible to injury fromeven slight water stress. Low wat er potential in
the soil also reduces root elongation and increases soil strength, i.e. its
resistance to deformation, so that the forces roots nust resist in enlarging pores
are increased. Thus the effects of water stress and nechanical inpedance can
interact positively in several ways.

Roots can penetrate the soil by two strategies and increasing interest in
reduced cultivation or "no till" systens makes it inportant to distinguish between
them If the soil is relatively honbgeneous, wth few continuous pores larger in
dianeter than roots, the extension of roots depends prinarily on their ability to
expand pores. Because pore size and the bulk density of soil vary inversely, the
measurenment of this property may then indicate when it is desirable to increase
porosity by soil disturbance. The use of penetrometers can also help by show ng
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Fi gure 2: Ef fect of pressure which the roots of barley (Hordeumvul gare)
have to overcome to penetrate artifical porous systems. The
di aneter of the barley roots was about 400 pmand the di ameter
of the pores ranged from 15 um (triangles) to 150 um (open
circles). For sources, see Russell (1977).

changes in soil strength. By contrast, in heavy soils with massive structure, for
exanpl e clays, the penetration of roots can depend prinmarily on the existence of
continuous transit pores or fissures, caused often by soil shrinkage, burrow ng
organi sms or dead roots. These can persist in undisturbed soil but are largely
destroyed by pl oughing. Because of the small fraction of the soil volune which
roots occupy, quite limted nunbers of these channels can be sufficient for their
downward penetration so that measurements of the bulk density of the soil do not
provi de gui dance on their occurrence. The same is true with "gravel horizons",
whi ch are common in some regions; even though the bulk density of the intervening
fine material may suggest that roots can penetrate freely, this nay be prevented
if the gravel aggregates are so close together that the fine material can "I ock"
between them when roots are expanding pores (Wersum 1957; Harrison-Mirray,
1978) . These are exanples of responses which at present can be adequately
detected only by examining living roots in situ and with know edge of the
nmor phol ogi cal effects of nmechanical stress on roots.

Anaer obi osis: Wen roots and the mcroorgani sns of the soil are respiring rapidly
they can, within a day, consume about as much oxygen as is nornally present in a

wel |l aerated soil. Because oxygen diffuses very slowmy in water - at about
1/10,000th of the rate in air - anaerobic conditions can develop rapidly unless
sufficient transit pores in the soil are filled with air. Anaerobiosis is thus

caused by waterlogging and it can occur transiently in normally well drained soils
if their surface is degraded by intense rain so that all pores are occluded with
water for alimted time (Wen et al. 1979).

Except in plants such as rice, in which aerenchyma allows oxygen to pass
downwards from shoots, a continuing supply of oxygen at the surface of roots is
essential for normal growth. Plants differ much in their sensitivity to water-
I ogging, which can also vary with their age. Some |egunmes die after 3- 4days
wat erl oggi ng. The absorption of water and nutrients is affected, nodulation can
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be inhibited; attack by microorganisms after the original injury may hasten death
(Wien et al., 1979). However, iIn at least some cases effects on hormonal
processes are the primary cause of iInjury; epinasty in tomato plants, which
superficially can suggest wilting of leaves, occurs rapidly and is known to be due
to ethylene formed from a precurser, which is translocated from roots (Jackson and
Campbell, 1976; Bradford and Yang, 1980). In contrast ethylene can sometimes
assist survival of waterlogging. Drew et al. (1979) have shown that it is
responsible for the development of cortical air spaces, comparable to the
aerenchyma of rice, in the crown roots of maize (corn) when oxygen is in limited

supply.

In addition to depriving roots of oxygen, anaerobic conditions can give rise
to many toxic products in the soil. For example iIn root apices can be rapidly
killed by fatty acids, especially acetic acid, produced by the decomposition of
water-saturated plant material. This is well known in wet rice soils (Wang et
al., 1967) and can also occur in temperate conditions (Lynch, 1978).

It is evident that some of the soil physical characteristics which discourage
anaerobiosis may increase the susceptibility of plants to water stress. Very
rapid drainage through the soil, which shorten periods of waterlogging, could
reduce the amount of water retained in the rooting zone for subsequent use by
plants, and while numerous storage pores are beneficial during water stress, they
can decrease the drying of waterlogged soils. Thus, since water stress and
mechanical impedance also interact, it may be necessary to consider these two
stresses and waterlogging conjointly in assessing soil conditions for plant
growth.

Unfavourable Temperature: Temperatures in excess of 40°C are not uncommon a short
distance below the soil surface in the tropics (Lal, 1974). This is appreciably
above the optimum mean temperature for root growth in any species, which appears
to be about 33°C (Cooper, 1973). However there is inadequate field data to show
whether high temperature, as opposed to low water potential in surface soil, is
ever a major cause of injury to young plants. The [likelihood that high
temperatures affect well established root systems, which have reached below the
depth of cir. 20 cm, seems remote on the basis of Lal"s measurements, especially
as shading by foliage is likely to reduce soil temperature in the immediate
vicinity of stems. I, nonetheless, the mitigation of the effects of high
temperature on roots did become important the obvious solution would be to shade
the soil by mulches or in other ways. Since there are already strong reasons for
mulching to increase the infiltration of water and reduce soil erosion (Lal, 1983)
no separate discussion of mitigating the effects of high temperatures on root
systems is necessary.

LIVING ROOTS AND SOIL CONDITIONS

The prime importance of a water-stable pore regime for minimizing stresses to
root growth from water stress, mechanical impedance and anaerobiosis, is obvious;
it is equally important in the control of soil erosion. Organic carbon compounds
and especially polysaccharides are involved iIn stabilizing the soil but the
mechanisms responsible are not fully understood. Roots and microorganisms,
especially fungi, are believed to be mainly responsible for preserving aggregates
greater than 250 pm in diameter, on which desirable soil structure largely
depends (Tisdall and Oades, 1982). Materials released on the death of roots has
often been thought to be their main contribution, but the direct involvement of
living ones now seems also to deserve attention; they can exude considerably more
organic materials than was formerly suspected. Studies using #C have shown that
about 15% of the carbon fixed iIn photosynthesis can be released into the soil
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during a few weeks by young plants, in which time root death is negligible (Barber

and Martin, 1976). Soil mcroorganisns can stinulate the rel ease of exudates and
also rapidly respire a considerable fraction of them There seenms no doubt that
these epheneral substances make a contribution to stabilizing the soil; particles

often adhere firmly to living roots and an increase in soil stability is sone-
times, though not always, observed when young plants have been grown in pot
culture for a few weeks (Reid and Goss, 1981). Al though the extent to which
products fromliving roots contribute to soil stability in field conditions is not
known, it is beyond doubt that the destruction of root systens by soil distur-
bance, and the enhanced soil respiration to which it often |eads, can nake soil
conditions less suitable for subsequent crops, especially when the soil is left
bare for an appreciabl e peri od.

Despite the limtation of present know edge of plant-soil interactions, the
devel opments here referred to have increased our understanding of ways for
mtigating stresses in the soil which can restrict the extent to which the
nutrients are used by preserved plants. More is known also of how desirable
characteristics of the soil can be preserved or inproved by its managenment (see
Lal, 1983).

CRCP NUTRI TI ON

The greatest contribution of chemstry to renpving constraints inposed by
soil on crop growth has been in plant nutrition. The identification of the sinple
chemical ions that are plant nutrients (which occurred early in the last century
for major nutrients and, in this century, for mcronutrients), was the greatest
breakt hrough in the whole history of agricultural science. Chemical industry
responded by making these ions available to farmers as fertilizers. The out cone
was that crops need no longer be limted in their growh by |ack of nutrients; the
amounts of elenents required to supplement deficient supplies in soil could be
supplied in fornms imrediately available to plants. This sinple concept is,
however, at variance wth the considerable conplexities involved in plant
nutrition, and the difficulties that are now recognized in using fertilizers
efficiently.

Hi story and Present World Use of NPK Fertilizers

Fertilizers were being used in Europe by the 1830's - bones were used to
supply P and nitrates were inported from South America. Superphosphate was first
made in the 1840's and the fertilizer industry steadily devel oped fromthat tinme.
Ammoni um sul fate, made fromthe waste |iquor fromgas-making, supplied Nuntil the
Haber - Bosch process for fixing atnospheric N was established in 1912. The m ning
of potassium deposits began late in the last century. Devel opments in this
century have included a wider range of chenical forns of fertilizers, the
provision of liquid fertilizers and a great inprovenment in the physical condition
of solids, as well as a vast expansion of the industry.

Information on the amounts of N, P and K used as fertilizer is now published
annual |y by FAO (1981). Estimates of the anpunts applied at intervals since 1913
are in Table 3. In the last 40 years use has increased by 22 times for N, by 9
times for Pand by 8 tines for K In total the devel oped countries use 50% nore
N, nearly 3 tines as nuch P, and nearly 6 times as nuch Kas is used in devel opi ng
countries. Rel ative to N, devel oped countries use about one-third as much P and
one-half as much K by weight; in the developing countries these fractions are
one-si xth as much P, and one eighth as nuch K. These small proportions of P and K
relative to the Nused in devel oping countries cannot continue if production is to
be increased. Soils of the developing countries have snall reserves of all
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nutrients which just suffice to maintain yields in traditional farm ng systens.
When fertilizers are used to supply nore N and to raise yields the supplies of P,
and particularly the supplies of K in the soil are rapidly depleted and the
amounts of these nutrients that are available then lints yield. Consequently as
devel oping countries increase their production by using nore N-fertilizer and
improved varieties of crops the ambunts of P and K used will have to be increased
if a full return is to be obtained fromother inputs. The need for using more K
inintensified systens in India has already been shown (Roy et al. 1978).

Table 3 also shows the great variations in rates of application of
fertilizers in the continents of the world, using data given by FAO (1981). The
smal | amounts of N, P and Kused in Africa, and the l|arge anpbunts used in Europe,
are striking features; so also is the fact that in the period 1967-78, the
percentage increases in the use of fertilizers were greater in devel oping than
devel oped countries (von Peter, 1980). FAO has estimated that, if the needs for
food of the Wrld' s expanding population are to be net, the fertilizers used in
devel oping countries would have to increase by seven tines between 1975 and the
year 2000. Mbdre nodest estimates are that the use of NPK nust increase by four or
five times in the next 20 years.

Factors Affecting Future Use of NPK Fertilizers

The constraints that inpede the increased use of fertilizers have been
di scussed by von Peter (1980) and also by Mathieu and de la Vega (1978). They
include 1) lack of fertilizer; 2) shortage of credit; 3) poor advisory services
and badly inforned farners; 4) poor quality of seeds; 5) inadequate water for
irrigation; 6) patterns of tenancies; 7) government action in setting ratios
between prices of crops and fertilizers; and 8) lack of basic information on the
effects of fertilizers on crop vyields. The last two constraints require further
conment .

The nost effective way of increasing fertilizer use, and therefore of
increasing food production, is to establish ratios for value of crop (v), to the
cost of fertilizer (c), that make the use of fertilizer attractive to the farner.
Exanpl es of such rel ati onshi ps are shown bel ow (1 FC, 1981 and FAQ, 1982).

N used on all Yi el d of
v _ price of paddy/kg ar abl e crops paddy
c price of Nkg 1979 aver age 1979- 1981 avge
kg/ ha t/ha
Nepal 21 6 1.8
Phi | i ppi nes 30 23 2.2
Sri Lanka 55 40 2.5
I ndonesi a 65 32 3.3
Kor ean Republic 101 199 5.5
CGovernments nust recognize that, if they have a food deficit, the renedies
are in their hands. The surest way to have nore food produced is to renove

financial wuncertainty from farmng by establishing v/ic ratios which make it
profitable for farmers to use the inputs that research and devel opnment have shown
to be necessary to increase production. Three-quarters of the increase in food
production in devel oping countries in recent years has cone from achieving | arger
yields on existing cultivated land, and only a quarter by bringing new land into
cultivation (von Peter, 1980). This trend will continue; both admnistrative
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Table 3: Wrld and Regional use of NPK Fertilizers

Total Anmpounts Applied in the Wrld, MIlions of tonnes

N P K
1913 (approx.) (1.3) (0.8) (0.7)
1939 2.6 1.6 2.3
1954 5.6 2.8 4.7
1960 9.7 4.2 7.1
1970 28.7 8.2 12.9
1975 38.9 9.9 16.5
1980 57.2 13.6 19.5

Total Anpunts, 1979/80, MIlions of tonnes

vel oped Countries 34.7 10.0 16.6

Al De
Al'l Devel opi ng Countries 22.6 3.6 2.9

Rati os Applied 1979/80

Worl d 1 0.24 0.34
Al'l Devel oped Countries 1 0.29 0.48
Al'l Devel opi ng Countries 1 0.16 0.13

Rates of Application to Agricultural Land in 1978, kg/ha

Worl d 11.3 2.9 4.5
Africa 1.4 0.4 0.3
North-Central Anerica 18.8 4.2 8.3
Sout h Anerica 2.2 1.4 1.7
Asi a 14.1 2.3 2.1
Eur ope 61.1 17.5 31.5
Cceani a 0.5 1.1 0.4
Al'l Devel oped Countri es 17.3 5.1 9.0
Al Devel opi ng Countries 6.8 1.3 1.2

Annual Rates of Growth, 1967- 78, in Percent Per Annum

Worl d 7.5 5.1 5.8
Devel oped countri es 6.5 3.7 5.3
Devel opi ng countries 10.3 12.0 10. 4
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action relating to the profitability of inputs, and research and development on
the efficient use of these inputs, must concentrate on raising the productivity of
land that is now cultivated.

Effects of Fertilizers on Crop Yields

When crops have an environment that provides adequate water, and gives
complete freedom from pests, diseases and competing weeds, their growth is
directly proportional to the supply of nutrients, up to the limit that genetic
capability and solar radiation make possible. These ideal circumstances rarely
exist 1in practical framing, but iIn modern research on the causes of yield
variation such conditions must be established by the use of inputs (fertilizers,
irrigation if needed, and agrochemicals to control pests, diseases and weeds) so
that the true potential of crops are established in the field. Yields are built
up by the interactions which remove constraints; these must be investigated and
understood.

Before a fully scientific basis for advice on the use of fertilizers can be
provided the constraints affecting yield in an area must be identified and their
interactions with fertilizers established. These facts are commonly ignored and
no nation has a complete understanding of the effects of iInputs, and their
interactions, on crop yields for all the regions of the country. These circum-
stances have arisen because fertilizers were first used, and methods for advising
on their use were developed, in the well-watered regions of temperate countries.
It was considered sufficient to make field trials of the effects of fertilizers on
crop yields and to apply economic techniques to the results of these trials.
Simple trials which test the effects of increasing amounts of fertilizers, and
sometimes compare different forms and methods of application, do no more than
sample the environment with its constraints on crop growth resulting from climate,
soil properties, and the limited capabilities of the farmers who grow the crops.
While such trials help provide immediate advice to the farmers,they do not satisfy
the longer-term objective of having full scientific control of crop growth and
thus the ability to obtain yields nearer to established potentials. These
limitations to the value of field experimentation with fertilizers cannot be
accepted indefinitely.

The remedy can only be to establish research and development programs which
identify constraints to the growth of major crops in particular regions, and then
investigate the interactions between the fertilizers and the other inputs, which
remove these constraints. The work can begin with simple experiments such as
described by Widdowson and Penny (1965) who identified the constraints on yield of
wheat imposed by shortage of N, by root disease and pests, and by drought, and
investigated the interactions of the inputs applied to overcome these constraints.
Multidisciplinary factorial experiments are the next step. Lester (1980, 1981,
1982) has described elaborate studies of this type, and the work of IRRI illus-
trates the application of this method in developing countries. Establishing such
research and development programs is the best investment that governments can make
in implementing policies for agricultural development, for the knowledge acquired
of local resources and problems has permanent value despite any changes in
economic or social conditions.

The essential role of soil surveys in trasferring information from experi-
mental sites to farmers® fields must be stressed. The soil classification and
mapping which result from the surveys take account of parent materials, climate,
and soil-forming processes which are the factors that determine the nutrient
status of soils in their unimproved condition. Soils that are similarly
classified, and with similar past histories, will have similar needs for
fertilizers. Governments must recognize the need for soil surveys as the basis
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for agricultural inprovement and subsequent managerment in a region.

O her Nutrients Required as Fertilizers

Most discussions on fertilizers relate to N, P and K, but when the other
maj or nutrients (Ca, S and My) and the micronutrients (B, Cu, Fe, M, M and Zn)
must be applied to supplenent the reserves in the soil and so grow a |arger crop,
they too are fertilizers. There are no published statistics to show the anpunts
of these elenents applied as fertilizers to the Wrld' s crops. The only assess-
ments of current needs that can be made are fromthe results of field experinents
testing these fertilizers, and soil analyses, made by | ocal workers.

Cal ci um Many tropical soils are very acid and contain nuch soluble alum nium
which is toxic to many crops; sone contain so little calcium that they cannot

supply sufficient of this nutrient. Crops that have traditionally been grown in
these areas tolerate the acid conditions and high concentrations of Al which are
serious obstacles to the introduction of other species of plants. Much may be

done by breeding crops to develop varieties which tolerate the chemical stresses
caused by soil acidity, for exanple, wheat varieties that tolerate very acid soils
have been bred in Brazil. However this remedy cannot be applied to all crops,
e.g., no variety of soybean can thrive on very acid soils. Assessnments nust be
made of the need for linme to precipitate soluble A, and to supply Ca, wherever
improvenent of acid soils is planned; the value that plant breeding may have in
adapting crops to tolerate soil acidity nmust be explored further. Wrk will also
be required on nethods of dimnishing subsoil acidity to encourage the deep
rooting of crops that helps in overcom ng drought, and on the assessnents of |ine
needed to precipitate soluble Al and on the timng of the dressings, so that
| osses of Ca by |eaching are m nim sed.

Sul fur: Deficiencies of sulfur are conmon in many devel oping countries (IF DC
1979) . In nost tenperate and industrial regions the atnosphere supplies nore than
sufficient S for crop growmh by direct deposition and in precipitation. In the
tropics the atnosphere supplies much less S, but too few data are available for
any adequate assessnent of the need to use S as a fertilizer. Studies on the
S-cycle, on S-reserves in soils, and on crop responses to S-fertilizers are
urgently needed in nost devel oping countries. Sis certain to be needed in |arger

quantities as natural sources will be insufficient to support the larger yields
when systens are intensified by applying other fertilizers and supplying other
i nput s. Research will also be required on the materials and nmethods to secure

high efficiency in the use of S-fertilizers.

Magnesi um Deficiency of My does not appear to be a comon cause of poor vyields
in devel oping countries at present. My is supplied by rain, also by dolomtic
limng nmaterials. Little has been done on the M-cycle in tropical countries.
Al though the need for investigations does not appear to be urgent, the situation
must be kept under review. Experinental work on crop responses to My-fertilizers,
and tests of alternative sources of My are desirable.

M cronutrients: These elenents will be needed in increasing quantities as efforts
are nmade to increase production in developing countries. For exanple, half of the
soils of India are reported to be deficient in zinc (Tandon et al., 1981). I'n

nmost other countries little has been done to assess the reserves of micronutrients
in soils and the likely need to apply themas fertilizers. More studies simlar
to that of Sillanpaa (1982), sponsored by the Governnent of Finland and FAO are

needed. Even this latter conprehensive work said the findings could only "be
considered as general guidelines to draw attention to the nature of problens
likely to arise and to the future work necessary to resolve them'. Al new work

must be related to soil classification since parent naterial and weathering
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processes determne the anobunts of trace elements present in soils. The need for
research on the nost efficient nethods and materials to supply micronutrients is
al so urgent. There are large differences in the ampunts and costs of these
el enents needed to correct deficiencies by 1) applications to soil, and 2) foliar
sprays. We know little of the value to later crops of the large residues left by
soil applications. There is controversy on the rival nerits of applying soluble
salts or chelates of the elenents to both soil and | eaves.

Efficiencies of NPK Fertilizers

The efficiency of fertilizers has received far too little attention in the
past . The objective of all scientific work on the subject nust be to secure 100
percent uptake of the applied nutrients by the crop, or series of crops, for which
the fertilizers have been appli ed.

Nitrogen: Oten no nore than 30%of the fertilizer nitrogen applied is recovered

by a crop. Mich of the renmainder is lost by leaching or dentrification in wet
periods, volatilisation of ammnia also occurs; but npbst early investigations
failed to account for a considerable proportion of the N applied. I n devel oped

countries little interest was taken in this serious inefficiency of an input,
either by fertilizer manufacturers (whose sales would logically be dimnished if
the N sold was nore efficient), or by farmers who were nore concerned w th buying

fertilizer cheaply than with using it efficiently. Di scussi ons on environment al
pol lution began to change these attitudes in the late 1960's. Leached nitrate
damages the quality of natural waters by eutrophication, and it nmay pose a problem
to health when nuch is present in drinking water. Ni trous oxide, evolved by
dentrification, may interfere with the ozone |ayer of the stratosphere. These
concerns, reinforced by the large increases in the price of oil, and hence in the

cost of fixed nitrogen, have given high priority to research on the efficiency of
N-fertilizers.

Much success has been achieved. Wrk with 1N has nmade it possible to
account for about 90% of the N fertilizer applied (Jenkinson 1982a, 1982b).
Model | i ng of the transformations and novenent of forms of N in soil, in relation

to soil type, weather and crop, has lead to nore precise recomendations for
applying fertilizer (G eenwod, 1982). Gowing a |larger crop by the use of their
inputs to high-yielding varieties can double the anmounts of N recovered by the
crop. Research on the production of forns of Nfertilizers, and on nethods of
application, that |ead to higher efficiency have been successful, particularly for
flooded rice culture. | FDC (1982) has taken a leading role in this research to
improve the efficiency of N McCune (1981, 1982) has described research on the
production and use of large granul es placed deeply in soil, on coating of granules
to delay their solution, and on nitrification and urease inhibitors; all of these
techni ques have a place in raising the efficiency of nitrogen.

Phosphat e: The reactions by which soluble phosphates are precipitated in soil
('fixation'" of phosphate) result comonly in not mnmore than a quarter of the
appli ed phosphate being recovered by the first crop. Wi le there has been
consi derabl e advance in wunderstanding of the processes involved, the only
practical advance has come from placing the phosphate close to seeds or roots of

the crop which has increased short-term efficiency. The residues of phosphate
fertilizers in soil retain sonme solubility and can benefit later crops, and they
enhance soil fertility. When account is taken of recoveries over very long

peri ods, phosphate fertilizers can have very high efficiencies. More research is
needed on phosphate econony in devel opi ng countries to determ ne whether near-

conpl ete recoveries can be expected in the long-termon nost soils where residues
have built up the level of soil phosphate. Research, such as that done by |FDC
(1982), is required on fornms of phosphate, and particularly on the use of
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i ndi genous rock phosphates processed in various ways. The problem in devel opi ng
countries is whether to seek for short-termefficiency of P by using special forns
of sol ubl e phosphate and pl acenent nethods, or to regard phosphate dressings as a
long-terminprovenent of the soil, and use the cheapest effective source to build
up residues that enhance phosphate status. This problem has been discussed by
McCune (1982) who states that "it may not be advi sable for devel opi ng countries to
adopt devel oped country fertilizers and concepts" and "nore work is needed to
tailor fertilizers to meet the special needs of devel oping country agriculture".
These statenments are particularly relevant to phosphate.

Pot assi um This cation is retained in soil in the exchangeable formand is not
readily |eached except fromsoils with very little clay and very small exchange
capacity. In soils with 2:1 clay nmineral lattices reserves of Kare accunul ated

in '"fixed" forms which can be slowy used by later crops; again on a long-term
basis K can be a very efficient nutrient alnost all of a fertilizer-K dressing

bei ng recovered by a sequence of crops. Tropical soils commonly have only 1:1
lattice clay mnerals which lack this capacity to accunulate fixed Kas a reserve
protected from | eaching. The relatively small anpbunt of work done on the

efficiency of K in tropical soils indicates that there should be no serious
difficulty in securing the high efficiency of this nutrient applied as a
fertilizer, providing that attention is given to applying the correct anmpbunts at
the right tines which will be judged by the rainfall, the root devel opnent of crop
and the rate of K uptake.

FUTURE SUPPLI ES OF NI TROGEN

In many regions the supply of nitrogen determnes agricultural productivity
and this elenent is certain to be a limting factor in nost schenes for devel op-
ment that involve cereals, root crops and pastures. therefore the source of
future supplies of N require careful consideration and planning, as well as
appropriate research work. A nmjor factor is the |large amount of energy needed to
manufacture N-fertilizers through the synthesis of ammonia and alternative
processes shoul d be sought.

Alternative Chemical Fixation System

In ‘'natural' (i.e. biological) fixation systems the enzynme nitrogenase
operates at normal tenperatures and pressures, taking dinitrogen fromthe air and
conbining it with hydrogen from water. If this process could be understood so

well that it could be operated in a factory, considerable savings in energy would
result. This has been the objective of research done in the 1970s and revi ewed by
Chatt (1976). Ammonia can be produced from conpounds havi ng nol ecul ar-N attached
to el ements such as nol ybdenum or tungsten at ordinary tenperatures and pressures

in an aqueous nedium supplying protons. Cyclic catalytic systens in which the
metal conmpound is not destroyed are now being sought. Chatt concluded -
" Cbviously the goal is still far away, but at last one can see it as a definite
possibility". W rk on this topic is a very inportant challenge to chemi sts.

Bi ol ogi cal Fi xation Systens

Chatt (1976) estimated that 176 million tonnes of N were fixed annually by
bi ol ogi cal processes - 3 times as nmuch as chemical industry provided for world
agriculture in 1980. Research is being done on the natural systens of understand
them better, to increase their efficiency, and to develop new systens. The
potential of this work was discussed by Chatt, and, nore recently, by Postgate
(1982). The latter concluded - "GCenetically-screened, and later genetically
improved, inocula for established legunes are likely to becone available in
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future, as are organisns genetically-altered so as to be able to form agro-
nom cal ly significant biocoenoses w th non-legunmes such as cereal s". Beri nger
and Day (1981) reviewed the inprovenent of |egunes, reporting annual fixation
ranging up to 550 kg/ha of N by beans, 460 kg/ha by alfalfa, and 670 kg/ha by
clover. Inproved clovers have fixed up to 470 kg/ha of N in English experinents.
Such work points to the path that nust be taken in devel oping countries where the
badl y-needed inprovenment of pasture cannot afford to rely on the treatment of
grass with fertilizer-N, the practice which is so comon in Europe. The use of
clover to fix Nwill also beconme nore inportant in much pasture |land of tenperate
countries where the high cost of N-fertilizer deters its use on grassl ands. O her
possibilities are the transfer of genes for nitrogen fixation to other organisns
whi ch may formnew synbioses with plants. Wrk on nitrogen-fixing bacteria shoul d
be encouraged; some of these have already been show to be associated with the
roots of grasses and cereals; others fix N while deconposing organic matter added
tosoil.

CONCLUDI NG REMARKS

I ncreased food production will depend on our success in providing information

on the working nmaterials of cropping systens — soil, plant, water and nutrients.
This demands research on soils and crops, and on the fertilizers essential to
increase soil fertility. This information nmust be used to guide both the advice

on using fertilizers in cropping systens that is given to farners, and also the
advice that is given to fertilizer manufacturers. The high efficiency which is so
essential to repay the cost of inputs will cone from the right fertilizers,
applied in the right place and at the right tinme.

In developing countries many farmers still need to be introduced to
fertilizers as vital aids to higher crop yields. The nost serious problens will
be in fornulating and manufacturing materials to suit the constraints set by soil,
crop and climate, and by the farner's capabilities and equipnent. The fertilizers
that suit agriculture in tenperate developed countries nmay not fit these
requirements; nodification of their physical formand chemical conposition may be
required to suit nethods of application that secure high efficiency. Full use
shoul d be made of indigenous raw materials, notably mneral rock phosphates which
may prove superior in the long-termto the water-soluble and citrate-soluble forns
of phosphate used in tenperate countries. These are chal |l enges which should be
sol ved by the soil chem sts and the chemi cal engineers working together.

In planning to increase food production by agricultural devel oprment
governments nmust establish the financial incentives that encourage farners to
nmoderni ze and intensify their systenms, and give full support to research and
devel opment prograns to support these changes. The nost rewarding investment that

governments can make wll be to support scientific investigations of the
constraints to yield under local conditions; the information acquired will have
i mredi ate practical application and it will also be of permanent value to the
country's agriculture. Li nes of communication nust also be examined to ensure

that all the information acquired from investigations on the efficient use of
inputs is transferred smoothly from research workers to advisers, and then to
farmers. Advice based on sound scientific know edge nust not be set aside to suit
sone tenporary econom ¢ advant age.

The farming systens of the future, which will ensure freedom from hunger for
the world' s expanding population, wll be based on the results of scientific
investigations, and will be controlled by scientific methods. The magnitude of
the work that must be done should not be under-estimated. The sequence wl |
al ways be, firstly to identify the constraints in the production systens, and
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secondly to devise nmeans of overcoming them by research. It is essential to
identify the hierarchy of limting factors, to knowtheir relative inportance, and
then to estimate the effects of progressively renoving constraints. From the
i deal package of inmproved practices that wll be proposed the governments and
farmers concerned will then have to choose those conponents that are practicable
and which give the best econom c returns. Finally, it nust be stressed that the
ability to make sound policy decisions at all management levels, from an

individual farm to a country, depends on being able to make reliable predictions
of the likely results of changes in production systens. The ability to make these
accurate predictions can only cone fromthe results of research and devel opnment
investigations on the cropping systens of the individual regions of a country.
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ABSTRACT

Chenmicals are being evaluated for their capacity to inprove the agronomc

efficiency of wurea, the nost widely used nitrogen fertilizer. Exanmpl es are
inhibitors, coatings, nmetal ions to reduce |osses. Solid and liquid forms of
conditioners are reducing |osses through inproved product quality. New manu-

facturing routes, being evaluated for their wusefulness in processing raw
materials, especially phosphate ores, nore efficiently include direct acidulation
of ore as mned, use of the ore directly as fertilizer on acid soils, and

conversion to partially soluble forms w thout total dissolution. New flotation
reagent chemicals are used to upgrade phosphate ores that cannot be used without
benefici ati on. I nprovenents in the manufacturing, handling, storage, and

distribution of fertilizers, raw materials, and internediates are being nade
through better materials of construction, a w der variety of good quality bags,
more distribution in bulk, and other neans. Thus, chemistry is playing an
important role in providing "cost effective" fertilizers for farmers with the
ultimte goal of increasing the world food supply.

KEYWORDS: Inproved fertilizer efficiency, fertilizer manufacturing, fertilizer
di stribution.
| NTRODUCTI ON

The need for nore intensive agriculture is illustrated by the decline in

arabl e I and per person fromabout 0.41 ha in 1962to 0.31 ha in 1979 for the world
as a whole. The devel opi ng countries had an average of 0.21 ha of arable |and per

person in 1979. Al'though nmore arable land may be brought into production,
popul ation gromh is expected to greatly exceed arable |and growh. So nore
intensive agriculture -- higher yields and nore crops per year where practical --
will be necessary with intensive and efficient fertilizer use as an essential
conponent . Modern fertilizers supply one or nore of the primary nutrients --
ni trogen, phosphorus, and potassium Scientists now recognize that secondary
nutrients -- calcium magnesium and sulfur -- nay be needed, and many conmerci al
fertilizers are formulated to supply them Further, small quantities of such

m cronutrients as boron, chlorine, copper, iron, manganese, nolybdenum zinc, and
cobalt may al so be needed for optinmumyields. The chenmical formof these el enents
is likely to influence their agronom c effectiveness, but fortunately nost are
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available in several chemical and physical forns. Mani pul ation of chemistry in
the formulation, manufacturing, and distribution of fertilizers nmust be considered
if the challenge to make these nutrients nore "cost effective” is to be achieved.
Thi s paper discusses sone of the current research chall enges and opportunities for
the fertilizer sector, as well as how chenmistry is affecting the world food supply
through various fertilizers.

FERTI LI ZER FORMULATI ON

In fertilizer termnology, fornulation indicates the nmanner, types of
materials, and proportion in which nutrients are supplied in fertilizers.
Nitrogen is derived fromair and may be fixed in the ammonia, nitrate, or anide
form or a conbination of these. Exanpl es are anhydrous ammonia (82.3% N),
amoni um sul fate (21%N), ammonium nitrate (33- 34%\), urea (45- 46%N), calcium
cyanam de (20- 40%\), and sodiumnitrate (15%N). Phosphat e rock, the basic raw
material for all forms of phosphate fertilizer, is a conplex mineral, with apatite
(Cayg(PQOy)gX,, where X may be F, OH, or C) being the major constituent. Numerous
other elenents are often substituted for Ca and P in the apatite structure.
Decomposition of the rock with a mineral acid (H,SO, HiPO, or HNO;) deternines
the form of the resulting product. Forms such as single superphosphate (SSP,
16- 22%P,Q;), triple superphosphate (TSP, 44- 48%,0;), ammoni umphosphates (MAP,
11% N- 55%P,0;; DAP, 18% N- 46%P,0;), and nitric phosphates (14- 20%P,0;) are
wi dely used. The predom nant form of potash used today is high- grade potassium
chloride (60- 62%,0, but such nonchloride types as potassiumsulfate (50% K,0O
and potassiumnitrate (13% N- 44%K,0) are also avail able. Compound fertilizers
are products that contain two or nore nutrients. Conpoundi ng may be achi eved by
chem cal reactions and/or physical mxing. Formul ati on denotes the proportion of
nutrients in conpound fertilizers as well as the sources from which they are
derived.

Chenicals for Increasing Fertilizer Agrononic Efficiency

Efficiency of a fertilizer indicates the degree of utilization of a nutrient
by a growing plant and depends on how it is used. Specific types and/or
managenment systens are being studied in an attenpt to achieve higher efficiency.
Efforts are underway to determine the mechanisnms and magnitudes of |osses of

nutrients, especially nitrogen applied to rice and various upland crops. In sonme
cases only about one-thirdof the applied nitrogen is actually utilized by the
crop. Losses may occur thorough ammonia volatilization, nitrification-
denitrification, |eaching, and runoff. Soil type, tenperature, and noisture as

well as the form timing, and placenent of nitrogen fertilizers have a significant
ef fect on the extent and mechani smof the nitrogen | osses.

Inhibitors -- Ammmonia volatilization is a prine cause of nitrogen |oss,
particularly when urea is used to supply nitrogen for flooded rice. Uea is
converted to ammonia and carbon dioxide by urease which is present in the soil.
The anmoni a can escape to the atnosphere through the floodwater. Amonia volati -
lization losses also can be inportant for surface- applied urea on upland
(unfl ooded) soils. Urease inhibitors are chemicals that are added to urea to
prevent or delay hydrolysis of urea and thus decrease nitrogen |osses by ammonia
vol atilization. Such chenicals, added to urea in the range of 0.5-5.0% include
phenol phosphor odi ani dat e (PPD), cat echol , t hi our ea, di net hyl phenol , and
benzoqui none. In prelimnary greenhouse tests, PPD was spectacul arly successful
in decreasing amonia |osses from flooded soils from 30% (without PPD) to about
4% The addition of 1%PPD was as effective as that of 5% and inconplete data
indicate that 0.5%may be sufficient. In further greenhouse tests with rice, urea
containing 5% PPD gave inproved nitrogen recovery, but plant growh was not
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i mproved (Byrnes and coworkers, 1982). Plants cannot effectively utilize urea as
such, so the degree of inhibition must be adjusted to supply amonia nitrogen at a
rate adequate for plant growh. Further study is needed to understand the
mechani sm define the optimum dosage, and find |ower cost urease inhibitors. At
this tine, only experinental quantities of these materials are avail abl e.

O her conpounds are being evaluated as nitrification inhibitors. Nitrifica-
tion is a two-step biological process whereby the ammonium ion (NH)) is first
converted to nitrite (NO;) by N trosompbnas or nitrite-fornming bacteria and then
the nitrite is converted to (NOy) by N trobacter or nitrate-formng bacteria. I'n
flooded soils lacking air circulation, the nitrate ion can be converted to gaseous
elenental nitrogen (Ny) and nitrous oxide (NO by nicrobes that destroy the
nitrate ion to obtain oxygen and thus allow the nitrogen to be lost to the
at nosphere. Such compounds as a sulfathiazol e-fornmal dehyde reaction product,
2-chloro-6-(trichl oromnethyl) pyridi ne (N-Serve), di cyandi ami de (DCD), and
nitrapyrin are being tested as nitroficiation inhibitors. |In India, nitrification
inhibition for urea is being claimed for neemcake, although the active ingredient
has not been isolated (Ketkar, 1976). Sone results with urease and nitrification
inhibitors are shown in Tables 1 and 2. Sone of the results are prom sing, but
much nmore work is needed to evaluate these naterials.

Table 1: Apparent Fertilizer Recovery FromVarious Fertilizer Sources on Rice
(Source: | FDC G eenhouse data, 1981, unpublished.)

Mat eri al Type, Broadcast and I ncorporated Apparent Fertilizer Recovery, %

Conti nuously Fl ooded

Ur ea 27
Urea + PPD (urease inhibitor) 42
Urea + DCD (nitrification inhibitor) 39
Urea + nitrapyrin (nitrification inhibitor) 34

39-Day Dry Period, Followed by Fl ooding

Ur ea 21
Urea, split application 24
Urea + PPD 32
Urea + DCD 22
Urea + nitrapyrin 18
Urea + neemcake (nitrification inhibitor) 11

Coat ed urea, rubber latex (controlled rel ease type) 19
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Table 2: Effect of Phenyl Phosphorodi anidate (PPD) on 15y Recovery by
Sorghum fromUrea as Affected by Rainfall.
(Source: | FDC G eenhouse data, 1981, unpublished.)

Simul ated Rainfall, nmm
Mat eri al Low (245) Hi gh (465) I ntense (500
R (Apparent15N Recovery, % - - - - - - -

Urea, Broadcast 47. 2 52.3 -
Urea + PPD, @ broadcast 52.5 54.7 -
Urea, |ncorporated 56.5 59. 4 49.1
a. Ur ease i nhi bitor.

The wuse of inhibitors with urea offers promse for inproved nitrogen
efficiency, but two basic problems nust be solved. The inhibitors nust be nade
"cost effective", and a practical method must be devel oped to incorporate them
intonitrogen fertilizers.

Coating of Soluble Fertilizers -- Another potential method for inproving the
efficiency of soluble nitrogen fertilizers is to coat themwith a material that
will control the rate of nutrient release (Powell, 1968). The concept is that the
nutrient will be released at the proper tine and in the anmount that the plant can
ef fectively use. Researchers have evaluated a wi de range of materials, including
acrylic latex, sulfur, rice bran wax, urea-formal dehyde, cenent, natural rubber

| atex, and magnesi um anmoni um phosphat e. Sul fur-coated urea (SCU) and a water-
perneable, resinous filmcoated urea (Csnocote) are available comercially, but
because of the cost they have very linted use on food crops. Coating woul d
appear to mnimze | osses by amoni a vol atilization, nitrification-

denitrification, and |eaching. Surface-applied coated urea for rice in Asia has
provided significant vyield increases conpared wth surface-applied, split
applications of uncoated urea. Table 3 gives sone yield data for SCU versus
uncoat ed urea. In some cases SCU woul d be a cost effective nitrogen fertilizer if
there were a comercial supply in Asia. However, the results are highly variable,
and on the average it is doubtful whether the inproved efficiency justifies the
additional cost. Further study is needed to define the conditions under which SCU

is likely to be cost effective and to lower the manufacturing cost. Lar ger
granul es of SCU, such as forestry grade (about 4-6 nm average diameter), require
less sulfur for an effective coating and thus reduce the cost. One advant age of

SCU is that no change in farmers' practices is required, no machinery is needed
for application, and less labor is needed since a single application can replace
split applications.
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Table 3: Effects of Particle Size and Coating of Urea at Two Nitrogen Rates
on the Grain Yield of IR36, IRRI, 1981 Dry Season.

Grain Yield! , ton/ha

Source of Urea 58 kg, N/ha 87 kg, N/ha F-means

No fertilizer nitrogen - - 2.7c

Urea, prilled 3.1c 3.9b 3.5b

Urea, forestry grade 3.5 bc 4.3 ab 3.9b

scu,2 forestry grade 4.9 a 4.8 a 4.6 a

Urea, supergranule (1 g) 4.2 b 4.7 a 4.4 a
Mean 3.9 4.4

In a column, means followed by a common letter are not significantly
different at the 5% level.
2 sCU = sulfur-coated urea.

Source: De Datta, S.K., E.T. Creaswell, 1.R.P. Fillery, and C. Menguito, IRRI,
1981, unpublished data.

Metal Salt-Urea Complexes -- Another approach to reduce urea hydrolysis or
ammonia volatilization loss is to combine the urea with a metallic ion which can
form a complex with the ammonia. Iron and aluminum have been found to be
effective in reducing ammonia loss when the molar ratio of urea to metal does not
exceed 40:1 (Lewis, 1979). Other ions, such as copper, zinc, and manganese, which
are also micronutrients are worthy of study. The concept, therefore, offers
promise as a means of adding micronutrients and an ammonia volatilization
inhibitor in a single application.

Deep Placement -- An alternative means for improving the efficiency of
nitrogen fertilizers, especially for rice, is placement in the soil at a depth of
about 10 cm. This method has been extensively investigated in Asia. The usual
method is to place large granules called ‘''supergranules™ or briquettes, each
containing 1-3 g of urea, about 10 cm deep between rice hills after transplanting.
This method is effective, but as with SCU the effectiveness varies from one
location to another. The main disadvantage is the labor required for hand
placement or the expense of machine placement. FIinn and O"Brien (1982) have
analyzed the economic advantages of deep placement and SCU under Philippine
conditions concluding that in each case the higher resulting efficiency would
cover the extra costs involved.

Phosphate and Potash Fertilizers

Phosphate and potash fertilizers are not considered lost in the same sense as

nitrogen fertilizers. Phosphate fertilizer applied to certain high P-fixing
soils, however, may become immobilized so that the plant cannot efficiently
utilize it (Sanchez, 1976). Most phosphate fertilizers were developed for

temperate agriculture and may not be both economically and agronomically optimum
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for the humid tropics and acid soils (pH 4.5-5.5). In sandy soils with high
rainfall, potash fertilizers are subject to |eaching |osses, and in extrene cases
sol ubl e phosphate fertilizers may also be | eached. Through chenical reactions it
is possible to manipulate the solubility of phosphate fertilizer. (Solubility of
phosphate (P,Q) can be expressed by several nmethods -- solubility in water and in
sol vents such as neutral ammoniumcitrate, citric acid, or formc acid.) A range
of experimental products is emerging, and these range from (1) the |east soluble
form -- directly applied ground phosphate rock; to (2) controlled solubility
products -- partially acidul ated phosphate rock and nitrophosphates; to (3) highly
sol ubl e, anmoni um phosphates -- (MAP/ DAP), superphosphates (SSP/TSP), and certain
ni t rophosphat es. Such manipul ations offer an opportunity to better tailor or
formul ate the phosphate product to suit the soil, crop, and rainfall conditions,
the market demand, the particular characteristics of the raw materials, any |ack
of foreign exchange, and the utilization of |less skilled manpower for production.
Furthernore, the opportunity exists for reducing the investment and production
cost and, as discussed under " Phosphate Manufacturing”, for making use of locally
available raw materials that otherw se woul d not be expl oited.

In general, agronomi sts agree that potash utilization efficiency is not a
serious problemat this tine. Because of the relative abundance and | ow cost of
hi gh-grade potassiumchloride, it is less likely to attract nuch research effort
conpared with nitrogen and phosphate fertilizers. Coating of soluble potassium
chloride is one obvious way of reducing |eaching |osses if and when this problem
becones significant. No low cost alternative forms of potassium such as
pot assi um phosphat e, potassium nitrate, or potassium sulfate, are readily
avail abl e. However, double sulfates of potassium and nagnesium such as
I angbei nite (K.;SO-2MySQ), may be econonmic fertilizers when all three nutrients
-- K S, and My -- are needed.

| MPROVED EFFI CI ENCY THROUGH MANUFACTURI NG

I mproved manufacturing efficiency can be achieved by (1) reduced consunption

of rawmaterials and (2) reduced processing cost. Sone exanpl es are given bel ow
to show the ways that chemistry and a better understanding of it are contributing
to higher efficiency. Inproved efficiency is also being achieved through

equi prent nodi fications that are not discussed in this paper.

Ni trogen Manufacturing

Most nitrogen fertilizers today are derived from ammonia whose hydrogen
source may be natural gas (methane), liquified petroleumgas (butane and propane),
napht ha, coke-oven gas, heavy oil, coal, nethanol, ethanol, or water, and whose
nitrogen source is air. About 70% of the world's ammoni a production is based on
natural gas. Wth this feedstock and nmpbst of the others, the hydrogen is
associated with carbon which can be utilized indirectly to produce hydrogen by
partial oxidation or steamreformng followed by a shift reaction. For exanpl e,
the reactions using nmethane as feedstock are:

Steamrefornming -- CHy + RO = 3H, + CO (1)
Shift reaction -- CO + HO = H + CO& (2)
Overall reaction -- CHy + 2H,0 = 4H, + CO (3)

The carbon dioxide is separated fromthe hydrogen in modern plants by such
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sol vents as nono- et hanol am ne, potassium carbonate, methanol propyl ene carbonate.
Such processes can usually operate at a relatively low tenperature and the gas is
rel eased w thout a high heat input. The pure carbon dioxide is often used for
urea production in an adjacent plant. In the People’s Republic of China, carbon
dioxide is utilized by reaction with ammonia in small plants to produce ammoni um
bi carbonate. The reaction of hydrogen and nitrogen to formammonia is carried out

catalytically at high pressure and tenperature. Hi ghly reactive metal powders
that would be effective catalysts at |low tenperature and pressure would greatly
sinplify the ammonia synthesis step (R eke, 1977). Wi le nmpost such work is

proprietary, some has been reported from Japan (Ozaki, 1981). Al t hough ot her
ener gy-savi ng steps have been proposed and sonme of them are in use, the increased
investment may offset the inproved efficiency (Midahar and Hi gnett, 1982).
However, substantial energy savings are possible by nore efficient operation of
present facilites.

Except in devel oped countries anhydrous ammonia is rarely used directly as a
fertilizer. Instead it is converted to solid products: wurea (amonia plus carbon
di oxi de), ammoni um nitrate, ammonium sulfate or ammoni um chl ori de. In terns of
world consunption for agricultural use, wurea and anpnium nitrate are nost
important. The nmobst common nethod of producing the solid product is to prill an
anhydrous nmelt by letting droplets of it fall through an upward-noving stream of
air in a prilling tower. Some newer plants are converting to granul ation where
the anhydrous nelt is sprayed onto a rotating or fluidized bed of granules. Solid
particles, prills or granules, may not be sufficiently strong to be handl ed,
distributed, and nechanically applied. Weak granules that form dust, tend to
cake, or absorb noisture may become a big problem for humd tropical countries.
In some cases deterioration in physical condition nmay represent significant
manuf acturing and distribution |osses. Smal | anpunts (0.25% 1.0% of additives,
called conditioners, conbined with inproved operating techniques have been found
to prevent one or nore of the above probl ens.

Conditioners are basically of two types -- those such as formal dehyde and
par af or mal dehyde that are incorporated into the granules to inpart strength, and
those that are applied to the surface to retard caking. Solid conditioners, such
as powdered diatomaceous earth, siliceous dust, and clays, are added to the
surface primarily as anticaking agents but are not intended to inhibit noisture

absor pti on. Some surface-applied liquid conditioners are Uesoft for urea and
al kyl am nes for annobnim nitrate. Both types of conditioners are rendered
ineffective if the npisture content of the urea or amonium nitrate is not
carefully controlled during production and distribution. Amonium nitrate

undergoes changes in crystal state at 84.2° and 32.1°C which cause crystal
expansi on, possibly resulting in particle degradation. This |ower tenperature can
easily be reached in storage in tropical areas. About 1% by wei ght of chemi cal
additives wll reduce or elimnate this problem Magnesium nitrate and
“Permal ene® are used for this purpose in Europe and the United States,
respectively.

There is a continuing interest in nitrogen fixation processes such as the arc

process that nmay be applicable to devel oping countries. Through an el ectri cal
arc, nitrogen and oxygen in the air are converted to nitrogen oxides which then
formdilute nitric acid by reaction with water. The nitric acid is neutralized

with I'ime or phosphate rock and applied as a solution fertilizer. Alternatively,

the calciumnitrate solution can be dried and granul at ed. The process consunes a
large quantity of electrical energy per ton of fixed nitrogen (774,000 kWh/nt N).

Unl ess electrical energy is relatively low in cost and the byproduct heat can be
utilized, the process is economically questionable (Livingston, 1977). El ectro-
lysis of water to produce hydrogen for ammonia is nore efficient (712,000 kWh/nt N
fixed) and may be nore easily justified for renote areas (G undt, 1982).
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Phosphat e Manuf act uri ng

Because of the wide variation in the chenical and m neral ogical analysis of
phosphate rock "as mned", the technol ogist is challenged to devel op processes for
handling the difficult ores. Two approaches can be taken: (1) use the ore "as
is" in nonconventional processes, or (2) upgrade the ore to make it suitable for
conventional processes. This research is gaining in inmportance since nmany known
deposits are yielding |lower grade (lower P, content) ores having a w der range
of inmpurities. Also, nmany developing countries want to make better use of their
i ndi genous resources. Before any research programcan be planned, it is necessary
to study or conpletely characterize a representative ore sanple to establish
possi bl e research alternatives. Probl em ores generally have one or nore of the
following inpurities in relatively high quantities: (1) iron and alum num (2)
carbonat es (nagnesi umand/or calcium, (3) silica, (4) chloride, (5) organics, and
(6) sulfides (Table 4). An excessive ambunt of any of these inpurities seriously
af fects the use of the ore in conventional processes (Lehr, 1982).

Some ores can be benficiated nerely by washing to renove a clay-like fraction
called slines. In nmost cases a significant part of the original phosphate is |ost
inthe slimes. After renoval of slimes, sone ores still contain excessive anmounts
of inmpurities and may be treated by flotation to separate the phosphate rock
(apatite) from the inpurity minerals. This is only possible when the inpurity
mnerals are present as separate particles or can be separated by grinding.

Separation of silica by flotation is widely practiced. Tall oil, a mxture of
long chain fatty acids, is a conmonly used flotation reagent; it is available as a
byproduct from the paper industry. Studies are underway to identify nore

ef fective or | ess expensive or |ess expensive reagents.

Only recently has it been possible to renove cal cium or magnesi um carbonate
by flotation. The U.S. Bureau of Mnes has developed a carbonate-silicate
flotation process that has been successfully used in the western United States to
upgrade the quality and increase the recovery of the phosphate rock concentrate

from a |ow grade ore. In bench-scale tests a sanple of ore from China was
upgraded to 32% P,O with 94% recovery (Stowasser, 1981). Simlar processes have
been developed to renove both carbonates and silicates from south Florida ore
(Duf our and coworkers, 1980). In Finland a special flotation chemical is being

used to upgrade an ore containing only 4% P, to produce a 35% P, concentrate
wi th 85%recovery (Kuikkola, 1980).

A better understanding of the chemstry and mneralogy of phosphate rock
could lead to its utilization w thout benefication in some cases. I't has been
denonstrated in pilot-scale work that wet-process phosphoric acid can be nade
directly fromsiliceous ores if the equipnent is specially designed to handle the
larger quantity of byproduct solids and to elimante corrosion/erosion problens.
By direct acidulation of phosphate ore, P,Q recovery is 95% or higher conpared
with the usual recovery of 50% 70% t hrough beneficiation followed by acidul ation.
Thus, it may be nore econonical in some cases to use a high-silica ore directly to
make phosphoric acid than to beneficiate the ore and use the concentrate.

Another use of ore directly involves partial acidulation with sulfuric or
phosphoric acid to produce a solid fertilizer. Since the ore is not dissolved
conpletely, it is likely that inmpurities will be less of a problem Depending on
the chemistry of the apatite structure, phosphate ores vary widely in reactivity.
H ghly reactive ores -- having a high degree of Co3-2 substitution in the apatite
lattice -- are relatively effective fertilizers on acid soils. Use of the ore
directly results in essentially no processing |osses. In addition it provides
certain secondary elenents; also, mcronutrients are usually present in the ore.
These and other processes now nmake it possible to utilize certain ores that
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previously were not

consi dered exploitable and

i mpact on the food supply in devel opi ng countri es.

t hat
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could have a significant

Tabl e 4: Chemi cal

Conposi tion of Sel ected Phosphate Ores "As M ned"
or Beneficiated (1FDC unpublished data).

Africa

1. Upper Volta (Kodjari)
Pit No. 2
Pit No. 3
2. Mali (Tilensi Valley)
3. Abu Tartur, Egypt
4. Angol a, Africa

Latin Anerica

Baj a California, Mexico
Tapira, Braxil

Pat os de M nas, Brazil
Sechura, Peru

Sar di nata, Col onbi a
Pesca, Col onbi a

Napo Formati on, Ecuador

NooswN R

Asi a

=

Mussoori e, |ndia
(Mal deot a mi ne)
Cui zhou, China
Sri Lanka

Hazara, Pakistan
Lanmphun, Thai | and

aRwN

c

us.
b

1. Tennessee

North Carolina

(uncal ci ned)

3. Central Florida

N

PO, Cao
26.5 37.1
17.5 23.2
27.6 39.2
26.5 43.3
37.0 51.0
23.6 37.8
35.9 50.1
17.0 21.8
30.2 46.5
25.8 42.2
20.4 28.9
27.8 49.6
21.2 38.5
17.6 40.0
36.4 48.5
31.0 42.7
33.2 48.0
31.4 44.2
30.0 49.0
33.4 48.9

N
w

w

PONEN

WRNNN RN

SERENEN

No©Wwowwmo owuly B

PNOoON

=

NN O
No Oo R

NP A~AoOOW

ApwWhA OO

orpo
NOoONO

o N

[e¢]

AL,0,  Fe)0
(w9
2.3 1.6
2.7 2.6
2.7 7.1
0. 99 4.0
2.0 0. 44
1.6 1.3
0. 57 2.5
9.1 3.8
0. 84 0.81
2.1 0. 89
1.1 0. 85
0. 87 1.50
0.73 6.3
0.54 0.33
1.9 4.8
1.4 1.0
2.5 0.78
2.4 4.2
0.43 0.72
1.3 0.9

NAC
Sol ubl e
Si 0, P,0s
26.0 2.3
48. 3 2.4
13.9 2.7
4,1 3.5
1.1 5.5
24. 4 5.3
2.7 1.6
37.8 1.4
3.2 6.0
16. 6 2.4
42.2 3.8
7.1 4.4
6.6 2.2
3.5 1.0
0.8 2.8
17.0 2.5
2.5 7.1
7.8 2.9
1.4 6.7
4.5 4.0

a. P,O; soluble in neutral

anmoni umcitrate.

b. Benefici at ed phosphat e rock.

Tabl e 4 shows the cheni cal

anal ysi s of some phosphate rocks "as m ned",

or

in
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sone cases as beneficiat ed. The relative reactivity of these rocks is indicated
by the percentage of P,Osthat is soluble in neutral amonium citratel When
these rocks are finely ground and applied directly to acid soils in humid tropical
areas, the short-term response is proportional to their reactivity as shown in
Figure 1. Hi ghly reactive rocks are about as effective as sonme water soluble
phosphates such as TSP, whereas rocks of |ow or mediumreactivity range from 50%
to 75% as effective as TSP.

® TSP

® Fosbayovat, Peru
Gafsa, Tunisa
N. Casoting, USA

o C.Florida, USA

o Pesco, Colombia
Medium o Huilg, Colombia

[ Arad, Israsl

o Tannessee, USA

a Patos de Minas, Brazil
b Lobatera, Venezuelo
Low 4 Sardinata, Celombia
a Araxa, Brazil
=) Abote, Brozl
o Jocupiranga, Brazil
a Very low Cataloo, Brazil
[=] Tapira, Brazid

" : " e 1
O 5 10 15 20 25 30 35 40

P uptake, mg/pot
Figure 1. Relative Availability of Phosphorus Sources as Measured by P-Uptake by

Pamcum maxsmum Grown on an Acid Oxisol (Las Gaviotas. Colombia)
Under Greenhouse Conditions. Sum of Three Cuttings

Source: Ledn, L. A W.E. Fenster, and L. L. Hammond “Relative Agronomic Potentiat
of Finely Ground Phosphate Rocks fFrom Brazil Colombia. Peru, and
Venezuela.” Agronomy Abstracts, 1981

For | ong-season crops or a succession of crops, reactivity is less inportant.
for instance, in a 4-year experinent in Colunbia w th grass (Brachi arai decunbens)
in which a total of 14 cuttings was harvested, the yield was proportional to
reactivity only for the first cutting. Thereafter all rocks increased in
ef fectiveness, and the 4-year total yield was essentially the same for all of the
six rocks tested and fully equal to the yield from TSP (Parish and coworkers,
1980). Simlar results have been obtained with other crops such as beans.

When i medi ate response is needed, it can be obtained by partial acidulation
of the ground rock with a mineral acid, such as sulfuric acid using 20% 40% of the
acid that would be required for full acidulation to nake superphosphate. | FDC has
devel oped a nethod for partial acidulation and sinmultaneous granul ation of ground
rock that works well even with rocks of high inpurity content and relatively |ow
reactivity. This process supplies sone soluble P,0; for imediate effect and the
remaining insoluble P,0; becones available |ater. Al'so, when sulfuric acid is
used for partial acidulation, the product supplies sulfur which is often deficient
in tropical soils. Figure 2 shows that in an experiment in Colonbia partial
acidul ati on of Pesca rock using sulfuric acid to the 40% | evel gave yields equal
to TSP. In experiments in Upper Volta, ground rock (Kodjari) with 44%sulfuric
acid acidul ation produced yields of cotton, nillet, sorghum and ground nuts equal
or superior to TSP.

1. For rocks that contain free calcium or nagnesium carbonate, these carbonates
shoul d be renmpoved by extraction with a suitable reagent before carrying out the
amonium citrate solubility test in order to obtain a correct indication of
reactivity.
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Energy consunption for drying is a significant cost in fertilizer nmanu-

facturing. Wherever possible, the processes are being designed to utilize
chem cal heat as a replacenent or a substitute for natural gas, fuel oil, coal, or
ot her types. For exanple, the reaction of ammonia w th phosphoric acid can be
used to evaporate nost or all of the water that normally is done by drying. A

speci al reactor devel oped by TVA called a " pipe” or "pipe-cross" reactor is being
used by industry with good results, especially for MAP. For MAP the dryer is not
normal ly used, and for DAP the energy consunption is reduced by 40% (Sall aday,
1981). Several devel oping countries are studying the nerits of this process. The
reactor is also used in NPK granulation plants for producing such N- P.O—
grades as 12-12-12 without using a dryer (Salladay, 1977).

FERTI LI ZER DI STRI BUTI ON

The application of chem stry is also being used for inproving the techniques
for storage, handling, and distribution of fertilizer internediates and products.
The corrosive nature of chemical fertilizers often require special construction

materials, conmbining metals and non-netals. For coating of mld steel, inproved
formul ati ons for epoxy paints are now available. Stainless steels or rubber-Ilined
mld steel vessels are in use for bulk transport of corrosive acids. Cer ami cs,

able to withstand the high tenperatures in rotary kilns, are comercially
avai l abl e. The tendency now is to nove fertilizer materials in bulk as close to
the farmer as possible. For exanmple, bulk fertilizer may be shipped to a
receiving port, off-loaded, and bagged inmediately. The equipnment for this
practice is treated for protection agai nst a salt environnent.

Better materials now available for bagged fertilizers include polyethyl ene or
pol ypropyl ene, to a great extent replacing the jute bag. Mul tiwall paper bags
with a plastic lining are also readily available. Many devel opi ng countries
import plastic pellets and convert them to continuous film for bag preparation.
Certain chem cal additives add strength and offer protection from ultraviolet
I'ight. In several countries fertilizers are stored outside in plastic bags. I'n
this case polyethylene and pol ypropyl ene should contain chemicals such as various
derivatives of hydr oxybenzophenone, hydr oxyphenyl benzotri azol e, or phenyl
salicylate to protect agai nst damage by sunlight (Kirk and O hner, 1967).

Manuf acturing, storage, handling, and distribution of fertilizers, raw
materials, and internediates represent a significant part of the final product or
nutrient cost. Chemical innovations such as inproved chemical and physical
properties, additives to inprove agronomic efficiency, |ess energy-intensive

KO
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processes, inproved materials of construction, and |ower |osses during chem cal
processing will ensure nore econonical fertilizers in the future.
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MODIFYING CROP PERFORMANCE WITH PLANT
GROWTH-REGULATING CHEMICALS
Johan Bruinsma
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ABSTRACT

The endogenous factors regulating crop yield are the distribution of matter
and the longevity of the organs that produce and store that matter. Both factors
are controlled by plant hornmones so that interference with the hornonal pattern is
the obvious way to nanipulate crop performance. For lasting effects, the nore

persistent synthetic plant growh-regulating chemcals (PGRs) are wusually
preferred over the biol abile hornones.

Wth PGR s, both norphogenesis and netabolismcan be influenced so that form

and function are altered. Application of PCRs to cereals is an exanple of
nmor phogenetic control to secure and increase grain yield, denpbnstrating the
conpl exity of an apparently sinple effect. Uses in fruit growi ng show PGR effects

on net abol i sminproving harvest and postharvest life, and reveal the high | evel of
organi sation and co-operation required for successful application of PCR s.

KEYWORDS: apple, cereal crops, fruits (thinning, ripening, storage), grain crops,
growth retardants, hornones (plant), phytohornmones, plant growth regulators,
post har vest physi ol ogy.

I NTRODUCTI ON

The use that crop plants nake of their environmental conditions, and the
portion of their productivity that they invest in harvestable organs depend on
distribution of materials within the plants as well as the relative longevity of
their organs. Both the distribution of matter and the duration of organ life are

largely determ ned by an endogenous pattern of plant hornones. Mani pul ati on of
transport and vitality in agricultural practice can enhance effects of soil and
crop nmanagenent and inprove the quantity and quality of the vyield. Such

mani pul ati on of crops can be achieved by intervening in the pattern of endogenous
hor nones.

THE PHYTOHORMONE PATTERN

As in aninmals, hornones in higher plants are produced in response to external
and internal stimuli in order to adapt to environmental and internal changes.
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Unlike aninmals, plants produce these hornobnes not in specific glands, but in
normal tissue cells. Further, wunlike animal hornones, plant hornobnes are not
specifically directed towards a single target organ. A great nmany tissues contain
the specific cellular receptors with which the hornones interact to exert their
effects. The anpunt or availability of these receptors determne the sensitivity
of the tissue for the correspondi ng hornones. Because one tissue usually contains
several types of receptors, the plant hornmones interfere with each other, pronot-
ing or counteracting each other's effects. In any given plant organ at any tinme,
a shifting pattern exists of various hornmones, both those locally synthesized and
those derived as signals from other plant parts. The resulting vector of this
hornonal pattern may induce the organ to continue or to arrest growh, to remain
vital or to senesce, to absorb nutrients or to give themoff. It is this hornonal
state that makes seeds and buds sprout or keeps them dormant, that nmintains the
veget ative stage or induces flowering. Favourabl e soil conditions allowthe root
tips to produce hornmones that induce the above parts to grow, whereas shortage of
any nutrient has the opposite effect. Fertilizers may act as such but also by
stinmulating the production, by the roots, of such grow h-pronoting hornones.

The regulation of the growth of one plant part by the hornone-producing
activity of the other, is particularly inportant because of the plasticity of
plant growth. Table 1 presents an illustration of this.

Table 1: Yield Analysis of Wnter Rye Sown at Different Densities
(After Bruinsma, 1966)

Seed Nunber of Nunber of Dry Wi ght Yi el d per
Density Ear s per Grains per Grain Pl ant
kg/ ha Pl ant per Ear my g
100 1.16 X 41 X 39 = 1.85
5 9.0 X 56 X 48 = 24.2

Normal | y-sown wi nter rye, (100 kg per ha), forms nostly one-culmplants with
an ear containing less than 2 g dry weight of grains. If sown, however, at the
| ower seed rate of 5 kg per ha, the plants formmany ears that are, on an average,
50% heavier, the total grain production being 13 tines |arger. Yet, both plant
types devel op harnoni ously, the under- and above-ground parts and vegetative and
reproductive parts being properly related. It is the mutual hornonal control
between the different plant parts that results in such proportional devel oprment.
Not only cultivated plants, but wild plants too, although constrained in their
natural environnment, because of this hornmonal control, present exanples of harnony
adm red by scientists and artists alike.

In the hormonal patterns at least five different groups of phytohornones
interplay (Mwore, 1979), three of which are derived fromthe neval onate pathway
(Fig. 1). The cytokinins are adenine derivatives with an isoprene unit as a side
chain. The abscisins are triners, the gibberellins tetramers of these units. Two
other groups of hornmones are derived fromam no acids (Fig. 2): the auxins and
the sinple, gaseous nolecul e, ethylene. The latter has to be regarded as a true
hornone, because of its very specific action on growh and devel opnent at very | ow
dosages. This action can be prevented by inhibitors of the genetically controlled
protein synthesis indicating that, as do other plant and ani mal hornones, ethylene
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exerts its effect through translation of genetic information into the activity of
new y produced enzynes.

It is not unlikely that new hormones will be discovered, for instance those
involved in the regulation of flower induction and tuber formation (Bruinsns,
1981). Horrmones that are produced at a particular site can be translocated
through the vessels, also fromcell to cell, and ethylene in the gas phase of the
pl ant. At other sites they can interfere in the local hornonal patterns or be
inactivated by breakdown or conjugation. As inactive conjugates they can be
stored and possibly released later and redistributed as active materials. I'n

particular, our lack of understanding of these questions of hornmone transport and
met abol i sm creates one of the main obstacles for progress in the regulation of
matter distribution and organ vitality in plants.

I NTERFERENCE BY SYNTHETIC PGR' S

For the application in the field, however, phytohornones thenselves are |ess
suitable, particularly because they are liable to netabolic inactivation by plant

enzynes. Synthetic substances are often nuch nore stable in the plant and con-
sequently their effects are nore persistent. This is inportant to their activity
because the plasticity of plant growth enables the crop plant to conpensate |ater
for an earlier effect. It can, for exanple, outgrow an earlier growh inhibition
as we wll see. Synthetic PGR's are often difficult to inactivate enzymatically
in the plant tissue and thus can postpone and/or reduce such conpensating
reactions. Alternatively, their delivery can be controlled by packaging the
chemicals in time-release systems of, e.g., a nenbranous, matrix or |am nated

structure (WI Kkins, 1982).

Synthetic PGR s usually interfere with the phytohornmone pattern in two ways.
First, their nolecular structure may contain specific, configurational simlari-
ties to hornone nolecules, allowing themto react with the same cellular recep-

tors. Such PGR s can sinulate the action of hornones. On the other hand, they
can affect the biosynthesis, translocation, or metabolism of a hornone, thereby
changi ng the anount of a conponent of a local hornonal pattern. In such cases,
altered |levels of hornones should occur. This can be denpnstrated with the very

specific, sensitive, and accurate nmethods available for isolation and neasurenent
of picogram anpbunts of these hornonal substances (HIlman, 1978, Weiler, 1981).

The hornone |evel, however, is not always a reliable indicator of its activity;
sensitivity to, and turnover rates of hornones may be physiologically nore
rel evant than their absolute anmpunts (Bruinsma, 1980). This presents another

difficulty to our understandi ng of hornmone action at present.

One problem with mani pul ation of crop performance by a PGRis that, because
the phytohornones exert a variety of effects, PGR s are likely to do so, as well.
As a consequence, undesired side-effects nmay occur which reduce or even cancel
beneficial effects. Gbberellins, for instance, are used to prevent fruit drop in
pear orchards after late night frosts, but these substances readily reduce next
season's flower formation in which case the renedy may be worse than the disease.

Another problem with application of PGRs is their distribution within the

treated crop plants. WHen sprayed on the foliage or applied to the soil, the
penetrating nol ecul es may be translocated to unexpected sites and exert undesired
effects. If the PCR is to sinmulate the action of an endogenous hornone, it may

arrive at sites other than where the correspondi ng endogenous hornone resides.
Accordingly, its fate and function may be conpletely different, even within the

sane cells. For exanple, an exogenous PGR may penetrate the cytoplasmwhere it is
readily netabolized, whereas the endogenous hornone may be safely stored within



MODIFYING CROP PERFORMANCE 39

the vacuole (Bruinsma, 1980). Radioactive labelling may often give clues as to
distribution and fate of such applied chemicals after uptake into the plant body.

Even if a PGR is sufficiently stable within the crop plant and exerts the
desired effect without unwanted side-effects at the desired site, its application
in practice can be hampered or even prevented by other factors such as different
responses among varieties, unacceptable toxicity to producer and consumer, as well
as costs of production and evaluation. In practice, PGR"s are being developed
only for major crops of considerable economic value.

MORPHOGENETIC EFFECTS: GROWTH RETARDANTS IN CEREALS

The peculiar feature about the grain stalk is that the heavy ear is located
at the top of the elongated culm and, therefore, the stalk may lodge in rainy or
stormy weather. Lodging causes severe yield losses and makes harvest difficult so
that its prevention is a matter of great economic importance. Elongation of the
grain stalk originates from transverse divisions of cells in the internodes and at
the top of the culm, so that layers of cells on top of each other arise. Both the
division and the growth of these cells are stimulated by gibberellins, so that
culm height should be effectively reduced by lowering the endogenous gibberellin
level. Alternatively, the level of a hormone antagonizing this gibberellin effect
such as ethylene could be raised. Fortunately, a number of substances are known
that either block the biosynthetic pathway of gibberellins or enhance ethylene
production. Figure 3 shows some effective growth retardants active in several
crops.

Many growth retardants block cyclisation of geranylgeranylpyrophosphate into
kaurene (Fig. 1), but daminozide seems to increase ethylene synthesis, and
ethephon serves as a substrate from which ethylene is evolved within the plant
tissue. Chlormequat 1is used extensively in Europe to control culm length in
wheat. A combination of the related compound, mepiquat, and ethephon is success-
fully applied to winter barley (Herbert, 1982) and also to cotton (Schott and
Rittig, 1982). The amounts used are of the order of 1 kg active ingredient per
ha. The time of application influences the effect on internode length; early
treatment shortens and stiffens the lower internode, whereas late application
reduces length of the highest and longest internodes resulting in the greatest
overall shortening effect. With early application, the internodes formed later
may even grow taller than in untreated plants so that early retardation is more
than compensated (Fig. 4). Even then the more resistant lowest internode may have
a beneficial effect.

Ample fertilization, particularly with nitrogen, enhances culm elongation and
thus increases the danger of lodging. Stalk shortening with growth retardants
allows a larger nitrogen fertilization resulting in a further increase of grain
yield (Fig- 5).

In short-straw cultivars the resistance against lodging is genetically built
in. It requires, however, a long period of breeding to obtain such varieties and,
moreover, the more versatile resistance by retardant application has advantages
over the fixed, genetic resistance. Because of the generally positive association
between yield and plant height, there is some reluctance among breeders to develop
short-straw varieties, a high biomass being a prerequisite for a high vyield
(Lupton, 1980, Gale and Hanson, 1982). The decision whether to apply a growth
retardant, at what dosage and at what time, can be taken by the grower according
to his particular conditions, offering great flexibility.

Moreover, also in these semi-dwarf varieties application of a growth
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retardant usually results in increased yield even in the absence of |odging
(Herbert, 1982). This is a general phenonmenon. In 19 trials with wheat and
barl ey, where lodging did not significantly affect yield, an average yield
increase of 12% was obtained by the use of growth retardants (Wllians et al.,
1982). This is because of the general inpact on the norphogenesis of the crop
plants by reduction of its gibberellin biosynthesis. G bberel lins pronote shoot
growth and generally inhibit the formation of organs for propagation, such as
flowers and tubers. For this reason, growh retardants not only inhibit shoot
growth but tend to enhance the numbers of, for exanple, pods in broad bean and
tubers in seed potatoes (unpublished data, Research Station for Arable Farm ng,
Lel ystad, Netherlands). Al so apical dominance of the shoot beconmes |ess
pr onounced. Growth inhibition itself occurs in the aboveground parts only, so
that the shoot:root ratio decreases. As a result, the relatively larger root
system supplies nore water and nutrients. The hi gher water and nitrogen content
of the sprouts reflect a delay in developnent; the sprouts renmain sonewhat
younger, the |eaf canopy closes later and ear initiation, heading, flowering and
ripening are del ayed (Fig. 6).

Because of the delay in ear appearance (three days, Fig. 6), nore florets
conpl ete their devel opnent. Accordingly, increased yield is not so nmuch a matter
of a larger kernel weight, although foliar senescence is also retarded, but rather
of an increased kernel nunber. The larger number of grains results not only from
nmore kernels per ear but also fromnore ears per plant (Fig. 6). Plots treated
with growh retardants usually |ook darker than untreated plots. This is partly
due to a higher chlorophyll concentration because of shortened |eaves and partly
to the nore erect position of the |eaves. As a result, less of the incident
sunlight is reflected and nore of it penetrates into the crop. Al so, because of
decreased api cal dominance, nore tillers survive under the better |ight conditions
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so that nore ears per plant develop. Mre ears per plant and nore kernels per ear
give a larger nunber of grains per surface unit. The del ayed foliar senescence
involves a prolonged filling period for the grains so that, wusually at an
unchanged thousand-kernel weight, a higher yield results (Bruinsma, 1982, Hofner
and Kuhn, 1982).

The application of growh retardants in cereal crops denonstrates the
conpl exity of the nmode of action of PGR s. In addition to the primary ai mof culm
shortening, these chenicals affect the root:shoot ratio, the change of vegetative
into reproductive devel opment, apical domi nance, plant architecture, and the rates
of growmh and devel oprment. It is this whole conplex from which increased yield
ultimtely results, quite apart fromthe resistance to | odging.

The use of growth retardants in cereals, a mjor application of PCRs in
agriculture, is given here as an exanple because it illustrates the norphogenetic
effects of PGR s on crop plants. Changes in norphogenesis arise fromquantitative
and qualitative changes in the netabolic pathways by which the plant constituents
are forned and converted. Sone of these nmetabolic effects of PGR-application wll
be shown in the second exanpl e.

METABOLI C EFFECTS: PGR S IN FRU T CULTURE

In the culture of pome-fruits, nitrogen fertilization is a nain nmethod used
to control crop performance. The time of nitrogen fertilization is very
i mportant. Early application pronotes strongly the vegetative growh of fruit
trees, often at the cost of flower production. This is not a matter of conpeti-
tion between shoot growmh and flower formation, rather grow ng shoots produce
gi bberellins that inhibit flower devel oprment.

On the contrary, a late nitrogen application, after cessation of shoot
growth, not only enhances fruit growmh but also initiation of flower prinordia,

probably also by the action of root-produced hornones. However, the devel opi ng
seeds in the growing fruits are also a source of gibberellin production which nay
reduce seriously further developnment of the flower initials. This causes the

wel | - known danger of biennial bearing; an on-year with heavy bearing is followed
by an off-year without significant yield. The remedy is to thin the excess fruit
at an early stage, before their seeds actively produce gibberellins. The
remai nder can then develop into large, valuable fruits wthout harm ng next
season's flower formation.

Fruit-thinning by hand is far too expensive, but chenicals have been
devel oped that when sprayed on trees cause the developing fruitlets to abscise

(Fig. 7). The fruit pedicel contains a zone of cells that can be induced by the
hornmone, ethylene, to form cell wall-solubilizing enzynes and to secrete these
enzynmes in their own walls. As a result, these walls are digested so that the

contacts between the cells disappear and the fruitlet drops. The sane phenomenon
occurs with the shedding of wunfertilized flowers and with the drop of yellow
| eaves fromdeciduous trees in the fall.

The induction of ethylene in a sufficiently large nunber of devel oping
fruitlets can be brought about by such scorching chenicals as DNOC or carbaryl, by
synthetic auxins such as naphthylacetic amde (NAAn), and by ethephon. A side
effect of ethylene, next to its thinning action, is that it antagonizes
gi bberellin in its inhibiting influence on flower formation. As a result of this
chem cal induction of ethylene synthesis the crop is properly thinned and fl ower
formation for the following year is ensured. In the U S. State of Washi ngton, one
of the nost successful areas of apple production in the world, over 95% of the



MODIFYING CROP PERFORMANCE 43

FRUIT- THINNING CHEMICALS
OH O—C—NH—CH;
s - OO
NO,
DNOC CARBARYL
4,6- dinitro—o—cresol {-naphthyl- N~ carbamate
(o]
I}
CH,—C—NH,
Ci—CH,~CH —P/ on
e 7 2 ” \OH
(o]
NAAm ETHEPHON
1-naphthylacetoamide 2~ chloroethanephosphonic acid

Figure 7: Fruit Thinning Chemicals.

growers use chemical thinning to improve fruit quality and yield. Biennial
bearing has nearly been eliminated in Washington State apple orchards (Couey and

Williams, 1982).

Another problem area in pome-fruit growing is to obtain simultaneous and
regular ripening of the crop to facilitate harvesting, with optimum fruit quality
for postharvest life and consumption. Ripening is a complex phenomenon, including
de novo synthesis of enzymes for the development of colour and smell, conversion
of starch and acids into sugars, solubilization of cell walls to soften fruits,
etc. It is usually accompanied by a sudden increase in respiration and in the
evolution of ethylene that is generally considered to be the ripening hormone
(Bruinsma, 1982 b). Consequently, a spray with ethephon, shortly before the
desired harvest, causes a rapid and regular ripening. Such a treatment increases
the soluble-solids content and diminishes astringency. As a result, such a
chemically advanced harvest extends the early marketing season with dessert fruit
of improved quality (Couey and Williams, 1982). Apart from the risk of preharvest
fruit drop, ethephon treatment reduces the postharvest shelf life of the crop.
Because synthetic auxins induce ethylene evolution as well as inhibit abscission,
chemicals such as 2, 4, 5-T (2, 4, 5-trichlorophenoxyacetic acid) and NAA (nhaph-
thylacetic acid) are safer PGR"s to use for accelerating ripening (unpublished
data, Research Station for Fruit Growing, Wilhelminadorp, The Netherlands).

In order to extend the postharvest life of fruit, either synthesis or action
of the ripening-promoting hormone, ethylene, should be prevented. Both inhibitors
of ethylene production and of its action are known, but these PGR"s until now have
not been used practically on fruits, for either toxicological or economic reasons.
The vaselife of cut flowers, for example, can be considerably extended by their
use. Daminozide, that otherwise stimulates ethylene synthesis in plant tissues,
for some unknown reason turns out to inhibit it in pome fruits. Therefore, both
in the U.S.A. and in the Netherlands a preharvest spray with daminozide is
applied, not only to control the vegetative growth of the trees and to promote
flower Tformation, but also to produce Tfirmer, better coloured fruit that has
prolonged storage life with a reduced sensitivity for such storage diseases as
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wat er cor e. In conbination with advanced storage conditions under controlled
at nosphere remarkable results have been obtained. Dami nozi de-treated fruits,
stored either under 2-3% oxygen and 1-5% carbon dioxide after a 15-20% carbon
di oxi de pretreatnent during the first 10 days of storage, or under 1.0-1.5%oxygen
throughout, remain firmand crisp into June and July. Together with the advanced
harvest techni que using ethephon a nearly year-round fresh fruit supply becones
possi bl e. For optinmum results, fertilization with nitrogen should be kept
nmoderate, otherwi se the harvest may be large but poor in quality, vyielding sour
and starchy apples. If these apples remain longer on the tree their taste
improves but they become nore liable to storage diseases (Couey and WIIians,
1982). Thus, sophisticated fruit culture requires a delicate balance of optimal
fertilization, PGRapplication, and storage conditions. There has to be good
cooperation between experienced growers and storage managers, backed up by
extension service and research facilities.

CONCLUSI ON

The possibilities and problens of nodifying crop perfornance by application
of PGR's, chenmicals that interfere with the endogenous hornonal pattern of crop
pl ants, has been denonstrated. The exanpl es presented show that netabolism and
nmor phogenesi s of crop plants can be carefully controlled to increase the quantity
and quality of the yield and to inprove harvestibility and postharvest life of the
commodi ti es. The potential of PGR's in agri- and horticulture is great, but the
conplexity of effects requires thorough investigation of their inmpact on the
physi ol ogy and the norphology of the crop plants in order to ensure consistent
results. For this research, the analytical tools and the biological and chenical
know edge are available, as well as the personnel. It will largely depend on the
investment made as to the extent that application of PGR s contributes to the
solution of man's needs for food and fodder crops.
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ABSTRACT

In densely populated South and Southeast Asia, where both food and arable
land are scarce, about 100 million ha of lands that are climatically,
physiographically, and hydrologically suited to rice cultivation lie idle largely
because of soil problems such as salinity, alkalinity, strong acidity, acid
sulfate soil conditions, and excess organic matter. About 100 million ha of
current rice lands suffer from the same problems or deficiencies of nitrogen,
phosphorus, and zinc.

Recent researches on the chemistry of submerged soils and the nutrition of
the rice plant have revealed the yield-limiting factors in problem rice lands and
enabled the formulation of amelioration measures. By combining soil amendments
with cultivar tolerance for adverse soils, the productivity of current rice lands
can be improved, and millions of ha of idle lands brought into rice production.

KEYWORDS: Acid sulfate soils, Alkalinity, Macro and micronutrient deficiencies,
Peat soils, Salinity, Soil amendments, Varietal tolerance, Wetland rice.

INTRODUCTION

In densely populated South and Southeast Asia, where both food and arable
land are scarce, about 100 million ha of Ilands that are climatically,
physiographically, and hydrologically suited to rice cultivation lie idle or are
cultivated with poor results largely because of soil problems. On millions of ha
of current rice lands the modern improved rice varieties do not deliver their
potential because of soil problems.

Five recent developments focus attention on problem rice lands: 1. the need
for more food for a rapidly increasing population; 2. the scarcity of arable land;
3. soil degradation; 4. advances in the chemistry of rice soils; and 5. the advent
of modern rice cultivars adapted to adverse soil conditions.

IT present estimated trends persist, by the year 2000 the world population is
likely to be 6.3-6.7 billion and the food need 3 billion t (Hopper, 1981). But
food production growth rates are barely sufficient to keep pace with population
growth especially in the poor, populous countries (Barr, 1981). Until about 1950
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the increase in world food demand was nmet by an increase in the cultivated area.
But now there is little arable land left that can be brought under crops at a
reasonabl e cost. The pressure on the land is nmobst severe in densely popul ated
South and Southeast Asia (Wllet, 1976). Er osion, salinization, and denudation
are rendering 5 to 7 nmillion ha per year of agricultural |and unproductive (Dudal,
1978). Overcrowdi ng, food shortages, and |and scarcity are conpelling devel opi ng
countries to bring under crops lands Iying idle |largely because of soil problens.

Recent advances in the chem stry of subnmerged soils and the nutrition of the
rice plant have revealed the growmh-linmting factors in current and potential
problemrice lands. Methods of diagnosing, delineating, and alleviating themhave
been developed, and rice cultivars with tolerance for adverse soils are now
avail abl e. The main adverse soil factors are chenical, physi cal , and
hydrol ogi cal . This paper discusses the chenical problens. Cheni cal problens are
soil toxicities, nutrient deficiencies or both.

Soil toxicities include salinity, alkalinity, strong acidity, acid sulfate
soil conditions, excess organic matter, and boron toxicity. The extent and
distribution of the mjor classes of toxic soils are in Table 1. Comon
deficiencies are those of the macronutrients nitrogen, phosphorus, potassium and
sul fur and those of the micronutrients, iron and zinc.

Table 1. Distribution and Extent of Problem Rice Lands in
Sout h and Sout heast Asi a.

Problem Rice Lands (million ha)

Country Saline AlKkali Acid sul fate Peat
soils soils soils soils Tot al

Bangl adesh 2.5 0.5 0.7 0.8 4.5
Bur ma 0.6 0.2 0.8
I ndi a 23.2 2.5 0.4 26.1
I ndonesi a 13. 2 2.0 16.0 31.2
Kampuchea 1.3 0.2 1.5
Mal aysi a 4.6 0.2 2.4 7.2
Paki st an 10.5 4.0 14.5
Phi | i ppi nes 0.4 0.4
Thai | and 1.5 0.6 0.2 2.3
Vi et nam 1.0 1.0 1.5 3.5

Tot al 58.8 7.0 5.3 20.9 92.0
Source: International Rice Research Institute, 1980.

SALINI TY

Saline soils cover 344 nmillion ha of the earth's |and surface (Massoud, 1974).
O these 230 mllion ha are not strongly saline and have crop production
possibilities. About 27 million ha are in the humd, tropical region of South and
Sout heast Asia where at |east one rice crop can be grown per year.
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Saline soils vary widely in the kind and content of salts, salt dynamics, and
in their chemical and physical properties, but they have one common feature: the
electrical conductivity of the saturation extract of the soil in the root zone
exceeds 4 dS m™l.  Some of the growth-limiting factors in saline soils other than
excess salt include: deficiencies of nitrogen, phosphorus, and zinc; and
toxicities of aluminum, boron, and iron (Ponnamperuma, 1982a). Rice varieties
vary widely in their tolerance for salt and the accessory growth-limiting factors.

Saline tracts are converted to agricultural lands by preventing the influx of
salt water, leaching out of the salts, and correcting soil toxicities and nutrient
deficiencies. Advances in the knowledge of ion-exchange reactions in soils have
helped soil chemists determine the amount and frequency of leaching and also avert
the consequences of using low-quality irrigation water. Plant nutrition research
has identified accessory growth-limiting factors and methods of alleviating them.
Rice is the crop best suited to saline soils because soil submergence that is
necessary for leaching out the salts benefits rice. The capital and recurrent
costs of reclamation can be reduced by growing modern, salt-tolerant rice
cultivars. Extensive tests in farmers®™ Tfield have shown that yields of 3 to 4
t/ha per season are possible on some moderately saline tracts without costly
inputs if salt-tolerant cultivars are grown (Ponnamperuma, 1982b). Use of
salt-tolerant cultivars confers a comparative yield advantage of about 2 t/ha
(Table 2).

Table 2. Yield Advantage Due to Soil Stress Tolerance in Modern
Rices as Shown by Tests in Farmers®" Fields in the
Philippines (1977-1981).

Total Number Mean Yield (t/ha)

Stress Tests Sites Rices Min. Max . Adv.
Salinity 23 14 63 1.5 3.6 21
Alkalinity 3 2 47 0.9 3.6 2.7
Iron toxicity 12 4 55 2.2 4.8 2.6
Peatiness 13 5 39 1.4 341 1.7
Al/Mn toxicity 3 1 32 2.0 3.8 1.8
P deficiency 13 2 110 1.9 4.4 2.5
Zn deficiency 25 10 91 0.8 2.9 2.1
Fe deficiency 8 3 65 0.9 2.8 1.9

Source: Ponnamperuma 1982a.

ALKALINITY

Alkali or sodic soils cover over 538 million ha. About 7 million ha are in
the Indo-Gangetic plain where population pressure is high and irrigation water is
available. Sodic soils contain sufficient exchangeable sodium to depress plant
growth. The sodium adsorption ratio of the saturation extract exceeds 15; pH is
above 8.5; and sodium carbonate or bicarbonate, calcium carbonate, and high
concentrations of water-soluble silicon are present. The clay and organic matter
are dispersed. The soils are sticky when wet and hard when dry. Internal
drainage is very poor. Sodic soils are reclaimed for crop production by treating
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themw th gypsum and | eachi ng out the sodiumdisplaced by the reaction
Na+-clay + Ca?* --> Ca?*- clay+ Na* (1)

Ri ce can be grown during reclamation if deficiencies of nitrogen, phosphorus, and
zinc are corrected. The gypsum and water requirements for reclamation can be
reduced by using alkali- tolerantcultivars. Such cultivars have a yield advant age
of over 2 t/ha over conparable sensitive varieties (Table 2).

STRONG ACIDI TY

Strongly acid soils, which include Utisols, Oxisols, and Spodosols, cover
over 2 billion ha, mostly in humid regions (Dudal, 1976). The pH val ues are <5.5,
the cation exchange capacity and base status are low, and the degree of alum num
saturation and capacity to fix phosphate are high (Sanchez and Cochrane, 1980).
Odhi anbo and Sanchez (1983) discuss the problenms and potential of strongly acid
dryland soils for crop production in the tropics.

Know edge of the chenmistry of subnerged soils and the nutrition of the rice
plant have clarified the causes of poor growmh of wetland rice on strongly acid

soils. Wwen a dry soil is flooded, its redox potential decreases and Fe(lll) is
reduced to Fe(ll). Because Fe(ll) conpounds are nuch nore soluble in water than
their Fe(lll) counterparts, |arge anpunts of Fez enter the solution phase. The

activities of Fe2* in the solution phase are governed by pE and pH according to
the foll ow ng equati ons (Ponnanperuma, 1972):

) pE = 17.87 + pFe2* - 3 pH (2)
an
pH = 1/2 pFe?* = 5.4 (3)

According to equation (3), a unit change in pH of a reduced ferrugi nous soil may
cause a 100- fold change in the activity of water- soluble Fe2. Nutritional
studi es show that >300 ng/L in the soil solution is toxic to rice. Concentrations
as high as 5000 ng/L are present in extrenely acid soils, such as acid sulfate
soils (Ponnanperuma and others, 1973). Iron toxicity can be alleviated by |iming
and the use of tolerant rices. Tolerance confers a yield advantage of over 2 t/ha
on unanended iron- toxicsoils (Table 2).

ACI D SULFATE SO L CONDI TI ONS

Acid sulfate soils and potential acid sulfate soils cover about 15 million ha
of flat lands in the tropics suited to rice cultivation. O the 5 mllion ha in
Sout heast Asia less than 1 million ha are cultivated (van Breenen and Pons, 1978).

Acid sulfate soils are derived from marine sedinents high in sulfidic
materials such as pyrites. Wen subnmerged and anaerobic, they are nearly neutral
in reaction and support hal ophytes. When drained, the soil material becones
aerobic and the sulfides are oxidized to sulfuric acid rendering the soil
extrenely acid. Acid sulfate soils are clays with a pH <4.0 and a high sulfate
content. They usually have a jarosite horizon in the profile.

The growth- limtingfactors in aerobic acid sulfate soils are strong acidity
per se, aluminum toxicity, high electrolyte content and deficiencies of nitrogen
and phosphorus. When subnerged, the pH may increase to values as high as 7, and
al um numtoxicity disappears according to the equation



| MPROVI NG THE PRODUCTI VI TY OF PROBLEM Rl CE LANDS 51
PAL = 2 pH - 4.41 (4)

But because of soil reduction, the concentration of water-soluble iron increases.
Thus wetland rice suffers fromiron toxicity on acid sulfate soils (Mi-thi-M-
Nhung and Ponnanperunm, 1966; Ponnanperuma and others, 1973; Ponnanperuna and
Sol i vas, 1981).

Acid sulfate soils can be inproved for wetland rice by linmng, adding
manganese di oxi de, and by prol onged subnergence. Prol onged submergence el im nates
alum numtoxicity and mninmizes iron toxicity. Varieties tolerant of excess iron
reduce the requirenents of |ime and manganese di oxi de (Ponnanperuma, 1982c). Such
varieties have a yield advantage of nmore than 2 t/ha over nontolerant rices on
unanended acid sulfate soils (Table 2). On noderately acid sulfate soils with
water control, yields exceeding 8 t/ha per year have been obtained by using
tolerant rices and applying 50 kg N and 25 kg P per ha.

EXCESS ORGANI C VATTER ( PEATI NESS)

Peat soils occupy over 20 nmillion ha of lands in South and Southeast Asia
(Driessen, 1978). Because of popul ation pressure these |ands are being cleared
and settlenments established. Peat soils have a surface horizon at least 50 cm
deep whi ch contains 12-18% organi ¢ carbon. Unless drained, they are subnerged or
saturated with water for the greater part of the year. Deep or strongly acid
peats are infertile and difficult to nanage. Recl ai mi ng peat Iland involves
felling the swanp forest, draining the soil, and burning the undergrow h.
Dr ai ni ng and burni ng cause subsi dence of the peat due to oxidation and conpacti on.
Subsi dence can be decreased by keeping the soil anaerobic. Under anaerobic soil
conditions rice is the only major food crop that can be grown.

Gowh-limting factors on peat soils have recently been identified as
deficiencies of nitrogen, phosphorus, potassium zinc, nolybdenum and copper
(IRRI, 1976; 1977). Figure 1 shows a marked response of rice to the conbined
nutrients whereas Figure 2 illustrates the role of zinc.

Grain (1/ha)
5

CuMoZn
No

Grain yield {1/ha)

A
IR20 IR30 IR

A
IR40 IR42 IRSI73 IRSHB3- IRGIIS
-1 13-) [

0

Kalayoon Morong Pangil Fig. 2. Effect of Znontheyield
Fig. 1. Responseof IRR6 to N P, Kand of some rice varieties on a
Cu, Mo, Zn on Histosols at three peat soil at Fany, Laguna,
| ocations in Laguna, Philippines, Phi | i ppi nes.

1977 dry season.
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Rice varieties differ in their tolerance for peat soil conditions. Such
varieties have a conparative yield advantage of about 2 t/ha (Table 2). MIlions
of ha of shallow peat soils in the South and Southeast Asia can be brought under
rice if tolerant varieties are grown wth nitrogen, phosphorus, potassium and
zinc fertilizers. Two kg zinc oxide per ha costing $2.00 may spell the difference
between no yield and 3 t/ha.

BORON TOXICI TY

Al though boron toxicity has for decades been considered a hazard on arid
irrigated soils, it was only 4 years ago that the first field case of boron
toxicity of rice was reported (IRRI, 1980). Boron toxicity is nowrecognized as a
growth-limting factor on soils irrigated with geothermal water or inundated by
bracki sh water (IRRI, 1980). Critical soil and plant linmts have recently been
proposed for rice and a sinple test for boron toxicity developed (IRRI, 1981).
Because there is no sinple soil amendnent, varietal tolerance is the only solution
at present. Rice cultivars with tolerance for excess boron have been identified
(IRRI, 1981).

NUTRI ENT DEFI Cl ENCI ES

Ni trogen

Up to 70% of the nitrogen absorbed by even a fertilized rice crop cones from
the soil. Because over 75% of the rice soils of South and Southeast Asia contain
<0.2% total nitrogen (the critical limt) nitrogen deficiency is the nost
important factor limting rice yields. Nitrogen deficiency is corrected by
appl ying chenmical fertilizers. But one serious problemis that up to 70% of the
nitrogen applied to rice fields may be lost by volatilization an ammpnia or by
denitrification. Deep placenment of sulfur-coated urea granules in the nud has
increased the efficiency of nitrogen fertilizer in wetland rice soils (De Datta
and Craswel |, 1982).

Initial attenpts to tailor nitrogen needs of wetland rice to the nitrogen
suppl yi ng power of the soil and yield target were successful (IRR, 1981). | f
these results apply over a wide range of soil and climatic conditions, anmonia
rel eased by anaerobic incubation of the soil nay be used as a guide to deternine
the nitrogen need of a rice crop. That will help farners to add the right anount
of nitrogen fertilizer where it is needed and avoid it where it is unnecessary or
del eterious.

Phosphor us Defi ci ency

Phosphorus deficiency limts crop growh on Utisols, Oxisols, Andepts,

Vertisols, and Sul faquents. Deficiency nay be due to a low total phosphorus
content or low availability due to strong fixation by soil mnerals. Phosphor us
deficiency can be corrected by applying phosphorus fertilizers. But strong

adsorotion bv such soil nminerals as kaolinite, halloysite, and hydrous oxides
reducks the efficiency of phosphorus fertilizers to <10% Band pl acement and the
use of phosphorus-efficient species and cultivars are used to inprove Yyields.
Phosphorus-efficient rice cultivars have a conparative yield advantage of over 2
t/ha over conparable varieties that lack the trait (Table 2).
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Sul fur Defi ci ency

Al though sulfur is an essential element that is absorbed by crop plants in
amounts conparable to that of phosphorus, it was only recently that its deficiency
has been recogni zed as a wi despread growh-liniting factor of wetland rice (Islam
and Ponnanperuna, 1982). Wetland rice is nore susceptible to sulfur deficiency
than dryl and crops because water-soluble sulfates are converted to insoluble iron,
manganese, and zinc sulfides. Striking responses to sulfur applications have been
reported (Wang. 1976; Blair and others, 1980). Soil and plant tests have been
devel oped to detect sulfur-deficient soils (Islamand Ponnanperuma, 1982). Sul fur
deficiency is easily corrected by applying flowers of sulfur, sulfate fertilizers,
or gypsum

Zi nc Deficiency

Zinc deficiency is the nost wi despread micronutritional disorder of crops the
worl d over (Lopes, 1980). In dryland crops it occurs on cal careous, alkali, and
sandy soils. But in wetland rice it occurs, regardl ess of pH and texture, on peat
soils, poorly drained soils, high-silicon soils, and soils high in chromum (IRRl,
1980) . After nitrogen deficiency, it is perhaps the npst inportant factor
limting wetland rice vyields. Wetland rice is susceptible to zinc deficiency
apparently because zinc is renmoved from the solution phase as insoluble zinc
sul fide, zinc silicate, or zinc ammoni umphosphate (IRRl, 1971).

Recent studies have established that the critical soil and plant limts for
zinc deficiency and have shown that it can be recogni zed by synptons, response to
zinc application, and by sinple chemical tests. Zinc deficiency is very likely if
a soil has one or nore of the following characteristics: a pH >6.8; an organic
carbon content >3.0% a hydrochl oric-aci d-extractable zinc content of <1 ng/kg, or
an available silicon content exceeding 100 ng/L (IRRI, 1979; 1981). On a soil
that conbined these unfavorable features, in a varietal trial only 2 out of 698
rices survived (IRRI, 1979). Zinc deficiency is easily corrected by applying zinc
conpounds to the plant or soil. Varietal tolerance is a valuable adjunct.
Varietal tolerance confers a yield advantage of about 2 t/ha (Table 2).

I ron Deficiency

Iron deficiency is a wi despread micronutrient problemin cal careous and sodic

dryland soils, and it is the nobst inportant nutritional factor limting rice
growth on dryland soils, regardless of pH (Ponnanperuma, 1975). Iron deficiency
in aerobic soils is due to the extremely low solubility of the ferric compounds
present in oxidized soils. Fl ooding reduces ferric conpounds to their nore

sol ubl e counter-parts. So iron deficiency inwetland rice is rare.

The renedies for iron deficiency are acidifying the soil, and applying iron
salts or chelates to the soil or crop. But these nethods are unecononic,
ineffective, and disturb nutrient balance or cause pollution. Breeding for
tolerance for iron deficiency appears to be the best solution (Brown and others,
1972). Iron-efficient rice cultivars have been identified. They have a yield
advant age of about 2 t/ha over varieties that are inefficient users of iron (Table
2).
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ABSTRACT

This report describes some basic aspects of soil-water managenment in relation
to crop production. No-tillage system with chemical weed control, the food
crop/shrub inter-planted alley cropping system and the system of cover crop in
situ nulch are promising cultural practices that inprove soil noisture and
nutrient availability and water use efficiency. For the easily conpactable

Alfisols and Inceptisols in the semi-arid tropics, however, nechanical tillage for
rough seed bed preparation to increase surface retention and weed-free fallow
reduce evaporation, inprove root growth and hence, enable better utilization by
crops of stored water in the subsoil horizons. For crop production in the fine-
textured, strongly acidic Oxisols and Utisols in the subhum d regions, sub-soil
limng and phosphate application inprove crop water wuse efficiency through
i ncreased root grow h. For nuch of the tropical regions where soils with | ow CEC
and | ow water holding capacity are predom nant, inadequate nutrient supply is a
key factor limting water use efficiency by crops.

KEWORDS: Soi | -wat er management, no-tillage system chemical weed control, alley
cropping, soil noisture, limng, nutrients, water use efficiency, water balance
run-of f, soil-water storage, cover crops.

I NTRODUCTI ON

Soils with low activity clays predominate in the low altitude tropics. These
soils are characterized by low effective CEC, low plant nutrient reserve, and
above all, low available water holding capacity. The kaolinitic Afisols,
Utisols and Oxisols are predom nant soils in the humid and sub-hunid regions of
West and Central Africa; whereas in tropical Anerica, the oxidic Utisols and
Oxi sols are w de spread. Properties and fertility limtations of soils with |ow
activity clays have been recently described by Kang and Juo (1981).

Drought stress is one of the inportant constraints to crop production even
during the rainy season for soils in the humd and subhum d tropics (Lal, 1979;
Lawson et al., 1979; Hsiao et al., 1980; Geenland and Bhuiyan, 1982). I'n
addition to erratic rainfall distribution, high incidence of drought stress is
partly due to high evapotranspiration and direct evaporation from the soil
surface. The nain constraint, however, lies in the amount of available water that
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can be stored in the root zone and its effective utilization. Wth the exception
of some Andisols and organic soils in Central America (CGavande, 1968; Perez -

Escolar et al., 1974), the available water holding capacity of the root zone of
kaolinitic and oxidic soils is rather |ow (Charreau, 1974; de Melo, 1974; de Silva
et al., 1975; Wahab et al., 1976a,b; Lal, 1979). In order to utilise the rain

water to its maxinum it is necessary therefore, to (a) increase soil-water
storage, (b) decrease evaporation |osses, and (c) inprove water use efficiency
through soil and crop managenent.

This report describes basic aspects of soil - water managenent in relation to
crop production. Specific exanples from sone typical bench mark soils and high-
lights of prominent cultural practices that have proven effective under specific
soil and environmental conditions are given. Research needs for inproving the
applicability of those techniques are enphasi zed.

BASI C ASPECTS OF WATER BALANCE | N RELATI ON TO WATER MANAGEMENT

Devel opnent of suitable cultural practices for the maximum utilization of
rain water pre- supposes the wunderstanding of different conponents of the
hydrol ogi c cycle, their magnitude and alterations under different systens of soil
and crop managenent, and of the consequences of these alterations in terms of
their influence on other inputs such as fertilizer use. The basic water bal ance
equation may be represented as fol |l ows:

P =S + AD + AM + U + fEdt

where P =rainfall received whose use is being optimsed, S = surface runoff, AD =

increase in surface detention, r M= increase in soil water storage as a net result
of water flux in different directions, and U = increase in the ground water
storage for layers below that for which r M was cal cul ated. In regions wth

rolling | andscape this termmay al so be used to denote seepage or interflow, and t
=time so that fEdt is the total evaporation over the period of investigation.

If the water use efficiency is defined as the unit of econom c yield produced
per unit of rainfall (+ irrigation, if feasible) received, then the | osses out of
the root zone should be minimsed. Suppl ementary irrigation is not feasible for
grain crops in many regions. Nwa (1979) observed that it takes at |east 350 mm of
water to produce a satisfactory crop of 120- daymai ze in southwest N geria. Whab
et al. (1976), observed that the grain yield of sorghumon an Utisol and an
Oxisol in Puerto Rico was not inproved by supplenentary irrigation because the
soil water was not being utilized beyond 30 cmdepth in an Utisol because of the
hard and conpact subsoil horizon. I nprovenent in soil- water extraction from a
deeper horizon is a nore practical solution than supplenentary irrigation.

In order to inprove the efficiency of rain water received, AIM should be
increased, whereas the S, E and U conponents should be relatively decreased. The
increase in AtM and decrease in S are achi eved through soil nmanagenent. Effective
utilization of AMfor inproving the water use for efficiency, however, is attained
t hrough appropriate techni ques of crop managenent.

Runof f Control and Soil - Wat er St or age

The rate and amount of surface runoff are governed by the infiltration
capacity, antecedent soil moisture content, and the intensity and anount of
rainfall received. Land relief and slope steepness has little effect on the
quantity of runoff conpared with the water transnission characteristics and
structural stability of the surface soil horizon (Lal, 1976). In fact the soil's
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infiltration capacity or the equilibriuminfiltration rate is the key mechani sm
that enables the soil to absorb and transnmit water received during medi umand high
intensity rainstormevents. Infiltration capacity depends on structural stability
of the soil and its ability to maintain the continuity of macro - or transm ssion
pores. Coarse textured soils with low activity clays and low organic matter
content are generally unstable to raindrop inpact (Lal, 1981), slake on quick
wetting and disperse in a fluidised soil during heavy rains. Rapid dessication on
subsequent drying creates a crusted | ayer of |ow hydraulic conductance (Falayi and
Lal, 1979) that encourages runoff |osses of subsequent rains.

Conpari son of synthetic soil conditioners with organic residue nul ches have
indicated that crop residue applied at 4 to 6 t/ha is nore econonical and
effective in inproving infiltration capacity than synthetic soil conditioners (De
VI eeschauwer et al., 1978). The |largest nean wei ght di ameter of stable aggregates
was al so observed for the residue nulch treatnent. In addition to inproving the
bi ol ogi cal activity, nulch also protects the soil against raindrop inpact, and
i mproves the nutrient reserve.

The quantity of mulch required for naintenance of favorable infiltration
capacity and structural stability depends on soil properties, rai nfall
characteristics, slope paraneters (length and steepness), and on the rate of
resi due deconposition that depends on prevalent tenperature regine and general

ecol ogi cal paraneters. Field studies have indicated that both soil water
"sorptivity" and "transmissivity" parameters of Philip's (1957) infiltration
equation depend on the nulch rate (Table 1). The mean weight dianeter of the

aggregates, total porosity, and pore size distribution in favor of macropores al so
depend on the rate and frequency of the nulch applied. The optinmum rate of nul ch
may be 4 to 6 t/ha although inprovenent in soil physical properties are observed
up to a mulch rate of 12 t/ha.

Table 1: Effect of Mulch Rate on Physical Properties of an Alfisol
One Year After Cearing (Lal et al., 1980)

Mul ch Soil water Soil Water Sat ur at ed Soi | bul k Mean Wi ght Macr opor es

rate sorptivity transms- hydraul i c density di anet er ( %by
(t/ha) sivity conductivity (gcm 3) (mm) vol une)
(cmh-1)
0 5.56 0. 32 30 a* 1.32a 1.2 26.0 a
2 7.81 0.57 45 a 1.20b 1.4 28.0 a
4 7.50 0. 67 70 b 1.17 bc 2.1 27.5 a
6 10. 21 0. 84 132 ¢ 1.09 cd 2.0 29.5 a
12 15. 36 1.05 129 ¢ 1.04d 2.4 39.5b

* Duncan's nultiple range test

One of the principal factors responsible for these inprovenents in soil
physi cal properties is the enhanced activity of sone species of earthworns, e.g.,
Hyperiodrilus spp. and Eudrilus spp. The worm casts are extrenely stable and
their burrowi ng channels are extrenely effective in conducting water through the
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soil profile (De WVl eeschauwer and Lal, 1981). The activity of Hyperiodrilus spp.
is linearly related to the quantity and durability of nulch appli ed.

As a result of these inprovenents in soil physical properties the losses in
wat er runoff decline exponentially with increase in nulch rate (Fig. 1). Repres-
sion equations relating nulch rate with runoff loss indicate a rapid decline
between nulch rate of 4 to 6 t/ha (Table 2). For exanple, Lal (1976) reported
that the nean annual runoff |oss (average of 4 slopes of an Alfisol in southwest
Ni geriawas 393.1, 80.7, 30.1, and 12.9 mmfor nmulch rates of 0, 2, 4, and 6 t/ha,
respectively. The average annual saving in water runoff for rmulch rate of 6 t/ha
was about 380 nmor 32 percent of the rainfall received.
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Fig. 1: Reduction in Water Runoff and Soil Loss for Different
Mul ch Rates (Lal, 1976).

Table 2: Milching Effects on Water Runoff for Mulch Rates of Oto 6 t/ha
(Lal, 1976). (Y =Annual runoff loss (mmM, M=Milchrate (t/ha).)

Sl ope Regr essi on Correl ation
(% Equati on Coeffi cient
1 Y= 0.39M 0.78
5 Y= 1.16 M.-o' s 0. 80
10 Y= 5.53M . 0.86
15 Y= 5.26M 7 0.75

Senmi - Arid Envi ronnents

The effectiveness of rmulch in inproving the infiltration capacity depends on
the availability of the nulch material but also on the hydrol ogi cal properties of
the soil profile in terms of its ability to store water or transmt it to the
| ayers beneat h. In the sem - aridregion the soils of loess origin with high
proportion of fine sand and silt fractions are found to be easily conpactable
(N cou and Chopart, 1979), and therefore, have a linmted ability to transnmit water
through the soil profile. Under these conditions, in addition to inproving the
infiltration capacity, it has been observed that inprovements in surface detention
conponent (AD) can play an inportant role in decreasing |losses due to surface
runof f and allowing nore time for the detained water to infiltrate into the soil.
The surface detention conponent can be drastically inproved by rough and deep
plowing at an appropriate tinme relative to the end of the rainy season.
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Wat er managenent of vertisols, another inportant soil group of the sem-arid
region, requires a careful understanding of soil-water interaction. Di spersive
clays with high shrink/swell capacity, high dispersion ratio, and high surface
area are extrenely unstable to quick wetting and have low infiltration capacity
(Coll'is-CGeorge and Lal, 1973). Sl aking, disruption of aggregates on quick
wetting, is attributed to entrapped air (Quirk and Panabokke, 1962), to the heat
of wetting (Collis-George and Lal, 1971, 1973), to the drag and shearing effect of
water being transmitted through the profile or hydrodynam c dispersion. For
unstable slaking soils, heat of wetting controls the infiltration capacity,
because experinmentally it has been established that the drier the soil, and hence
the nmore negative DH, the nore the surface aggregates disintegrated and the | ower
the infiltration rate (Collis-CGeorge and Lal, 1970, 1971). In addition to the
quantity of heat released, the rate of its release and dissipation are also
important factors affecting slaking and, therefore, the infiltration capacity
(Fig. 2). |If a nechanismexists to dissipate the heat released or to mninise the
quantity of heat released, then the aggregates renmin stable and water is
transmitted through the intra- and inter-aggregate pores. The use of crop residue
mul ch may naintain the surface soil at a high soil noisture potential to mnimze
the degradative effect of the heat of wetting.
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Fig. 2: Soil Tenperature Profile During Infiltration into a C ayey Soil
(R Lal, unpublished).

Soi | - Wat er Evapor ati on

Hum d and Sub- hunmi d Regi ons: The | osses due to soil-water evaporation can be sub-
stantial in the tropics, and any inprovenent nade in this aspect can significantly

i nfl uence wat er econony and the water use efficiency. In open row crops, as nuch
as 50 percent of the water loss in the growing season may be through direct
evaporation from the soil surface. The principal source of energy for this

process is the direct insulation although convection of sensible heat to and from
soil may also play a minor role. The flow of vapours fromsoil air to atnosphere
can be decreased by increase in the resistance provided by the non-turbulent |ayer
of air in the vicinity of soil surface by creating artificial barriers such as
straw nulch or polythene nulches. Resi due nul ching has been shown to save
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moi sture during the first stage of evaporation (WIllis, 1976). The length of the
duration of the first rate evaporation stage when the soil wetness is in the
vicinity of field moisture capacity increase logarithmcally with the decrease in

the first stage evaporation. The evaporation is also less due to low soil
temperature and due to the insulating effects of the nulch layer (CGhuman and Lal,
1982). This inplies that a layer of residue nmulch reduces the rate of drying
imredi ately after the rain when soil is at field noisture capacity. Consequently,
the subsequent rain is nore effectively utilised because the soil is already
moi st.  The accumul ative effects of slowdrying during the first evaporation stage
can be substantial if the rains are frequently received. The noisture profile
with residue mulch is noist for a longer period during the dry season than in
unmul ched treatnent. Moi sture retention, in fact is nmore at high than at |ow

mul ch rates.

Sem - Ari d Regions: In the semi-arid regions where annual rainfall is inadequate
or poorly distributed, cropping in alternate years has proven to be nobre econo-
m cal than cropping every year. Storing the rainwater during the fallow year in
the soil profile, by decreasing its losses through runoff, evaporation, and
extraction by weeds are inportant considerations for soil nmpisture conservation
(Wi teman, 1975). Because of consi derabl e | osses, however, the storage efficiency
usual Iy ranges between 15 and 35 percent (Bolton, 1981). The popul ar belief that
the protective cover of the "soil mulch" reduces |osses due to evaporation is not
based on flux measurenments and can only be effective if the water table is present
within 50 cmof the soil surface. The sane or better npisture conservation can be
achi eved through adequate weed control with appropriate herbicides. In fact the
stubbl e nul ch of previous crop residue and dead weed growth nay prevent evapora-
tion |l osses nore than the dust mulch. The so-called "Bucki nghameffect™ generally
refers to the discontinuity caused in capillary flow by "rapid" initial drying to
exhaust the available water reserve of the upper 2 to 3 cmof soil |ayer. Thi s
theory, although substantiated by nmany field observations (Holnes et al., 1960)
may not work in coarse, cloddy soil surface. On the contrary, sone synthetic
conditioners, if at all econonical, may create hydrophobic conditions and provide
discontinuity in capillary conductivity. If there are nmeans to produce aggregate
size of 0.5 to 2 mmrange in the surface |ayer, evaporative |osses are generally
| ess.

SO L MANAGEMENT FOR MO STURE CONSERVATI ON

Hum d and Sub-huni d Tropics

In the humid and sub-humid tropics where the use of crop residue mulch has
been shown to be advantageous in water conservation through inproved infiltration
and runoff control and reducing evaporation, there are different techniques
avail abl e to achieve in situ mulch.

i) No-till Farming This is the process of seeding through an untilled soil and
crop residue nulch by opening a narrow slot or band to establish proper seed-soil
contact and w thout nmechanical primary or secondary tillage operations. The weeds
are controlled by herbicides, whereby previous crop residue and dead weeds are
left in the inter-row zone as mulch. The advantages for soil and water conserv-
ation are widely recognised for a wide range of conditions in the humid and sub-
hum d tropics. The beneficial effects in terms of noisture conservation due to
reduction in water runoff through inproved infiltration capacity are substantial.
The mean runoff loss under maize was 5 times nore in conventional system of

mechani cal tillage than in no-till nul ched system Less runoff in no-till than in
pl owed soil is partly due to high infiltration capacity caused by macro-channel s
created by enhanced earthworm activity (Lal, 1976b, De W eeschauwer and Lal,

1981).
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Evaporation loss of the stored water from the untilled nmulched soil is
generally less than from | oosened plowed bare soil surface. The fine granul ar
tilth of untilled soil surface covered with residue nulch has |ess evaporation
than fromnmediumto coarse textured freshly plowed surface (Holnmes et al., 1960).
Consequently the avail able noisture in the root zone of no-till soil is generally
nmore than in plowed soil (Lal et al., 1978). This extra water may be inportant if
the drought stress of short to nediumduration (10 to 15 days of rainless period)
occurred at a critical stage of crop growh. Under these conditions of soil
nmoi sture deficit, the crop is able to maintain a favourabl e pl ant-water status and
sustain growh better than plowed plots where the crop suffers from severe
nmoi sture deficit. Experinents reported by Lal et al. (1978) showed that synptons
of noisture deficit in nmaize were observed 3 to 4 days earlier in plowed than in
no-till treatnents. Al't hough |eaf water potential of cowpea was not affected,
that of nmai ze showed significant differences due to tillage treatnents (Fig. 3).

Ar_temperature Relative humidfty

RELATIVE HUMIDITY (%)
AR TEMPERATURE (°C)

LEAF WATER POTENTIAL (bar)

TIME (h) ON VARIOUS DATES

Fig. 3: Effects of Tillage Methods and Irrigation Frequency
on Diurnal Changes in Leaf Water Potential of Mize
(Lal, WIson and ki gbo, 1978).

Al though the leaf water potential decreased with increase in days after irriga-
tion, the rate of decrease was slower in no-tillage than with plow ng, inplying
that both degree and duration of soil npoisture stress were affected by tillage.
Consequently, the maxi mum water use efficiency was also obtained for the no-till
system of soil nmanagenent (Table 3). Al'though the water use efficiency was
simlar for the two tillage systens for sonme irrigation frequency the total grain
yield obtained in the no-tillage method was significantly nmore than in plowed
treatnents. Results simlar to these have been obtained in other regions such as
in Parana, Brazil (Kenper, 1981), Puerto Rico (Chandler et al., 1966) and others.
Simlar studies are now being extensively conducted in Africa.

To extend the application of the no-till system to diverse soils and agro-
ecol ogi cal regions of the tropics, a package of cultural practices so as to enable
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the no-till systemto be a conponent of the overall cropping/farmng system mnust
be devel oped. These cul tural practices need research and devel opnent, especially
for the no-till technique under diverse soils, crops, and agro-ecol ogical regions.
Successful applicability in the tropics will depend on devel opnent of appropriate
cultural practices of weed control, crop rotations and crop conbinations, residue

managenment, inmproved inplements for planting, balanced fertilizer input and
adequat e pest control.

No-till system works equally well for sone crops for highly |eached acidic
Utisols. Surface applied line has been observed to |leach readily to the subsoil

Table 3: Influence of Tillage Methods and Irrigation Frequency on
Water Use Efficiency of Mai ze and Cowpea (Lal et al., 1978).

Water Use Efficiency

Cowpea (kg/ ha/ cm Mai ze (kg/ ha/ nm)
Irrigation
frequency (days) No-till age Pl owed No-till age Pl owed
2 20.6 20.4 7.1 6.2
4 27.5 23.9 10.8 9.5
8 29.6 24.8 10.6 6.6
12 29.1 20.0 1.9 1.1
LSD (. 05)
Till age 0.4
Irrigation 6.9
hori zons. In fields that received 4 tons of |linme per hectare, 2.7 t/ha of applied
lime was | eached fromthe surface |layer after three years (IITA 1981), and had
little effect in anending the subsoil acidity. On the other hand, however,

because relatively lowrates of |lime sustained yields for three years or nore, for
these coarse-textured kaolinitic soils in the high rainfall tropics, an annual
dressing of 200 to 500 kg/ha of lime should be sufficient to maintain mize and
cowpea yields. At this rate lime could be regarded as a fertilizer rather than a
maj or soil anmendnent. Furthernore, sonme crops (such as cowpea) are tolerant to
hi gh soil exchangeable Al levels (Fig. 4) and abundance of cowpea rhizobia in acid
soils nmake this crop nore attractive to smallholder farmers than other food

| egunes. Cowpea is also relatively drought tolerant as conpared with maize and
soybean.

ii) Cover Crops: The effectiveness of no-till farming in water conservation and
in inproving water use efficiency can be substantially inproved if it is used in
association with grass or |egumnous fallow. Furthermore, no-till is Iless
applicabl e on eroded, degraded and conpacted soil with |ess residue nulch than in
soils of good physical properties with adequate quantity of mulch. It is

therefore, recomended that the physical, nutritional and biol ogical properties of
these soils be inproved by appropriate length of planted fallows with suitable
grass and |egume covers. Fallowing for one or two years with Micuna utilis,
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Pueraria phaseol oi des, Centrosema pubescens inproves soil structure and
infiltration capacity (Pereira et al., 1954; Kannegaieter, 1967, 1969; Bui Huu
Tri, 1968; Lal et al., 1978) (Fig. 5), conserves soil water (Pereira et al., 1958)
and inproves crop yield through better water use efficiency. Crop yield and water
use efficiency with no-tillage following a cover crop is also inproved due to

improved weed control, and inprovement in soil organic nmatter content and
nutritional properties. Even sonme of the obnoxious weeds such as |nperata

cylindrica and Talinum triangulare can be effectively controlled by aggressive
cover provided by these fallows.
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iii) Aley Cropping: Serious problenms of environmental degradation occur from
expansi on of intensive crop production with no or short natural bush fallow system
in various upland areas of the tropics, paticularly in the humd and subhunid
regions of tropical Africa. Research has concentrated on alternative crop
production systems that can mininmze the adverse effects of intensive continuous
crop production and at the sane time better enhance the productivity and conti nued
stability of the upland areas. One solution is achieved by integrating trees and
shrubs with annual food crop production in an agroforestry system (Vegara, 1982).

Thi s approach is already known and practiced by traditional farmers in many parts
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of the tropics, however, its inportance has only recently been realised by
scientists. The effectiveness and beneficial effects of trees in reducing erosion
and surface runoff, mnimzing soil tenperature and soil noisture |loss, and
increasing soil organic natter and nutrient recycling have been docunented (Mngi
and Huxley, 1979). The integrated food and tree/shrub fallow production system
can be made nore beneficial with the proper choice of the fallow species as shown
wth the devel opment of the alley cropping system In this system arable crops
are grown in the spaces between rows of planted woody shrub or tree fallows. The
growth of the fallow is controlled by periodic pruning during the cropping season

to prevent shading and provide in-situ green nanure (Kang et al., 1981).
Prom sing results have been obtained in alley cropping food crops with diricidia
and the giant type of Leucaena. This is illustrated with the results obtained

froma maize-leucaena alley cropping trial conducted at the Il TA site in I|badan,
Ni geria as shown in Table 4.
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Table 4: Gain Yield of Maize Alley Cropped with Leucaena Grown on a Sandy
I nceptisol at Ibadan (B.T. Kang, unpublished).

Grain Yields (kg/ha)

Treat ment s 1980 1981 1982
No N and no Leucaena pruni ngs 1036 477 610
No Nw th Leucaena prunings 1918 1207 2096
80 kg Nha with Leucaena prunings 3259 1886 2011
LSD .05 312 294 437

Large anpunts of nitrogen were harvested annually with the prunings, though
it isonly partially effective for the associated crops during the grow ng season,
it has the potential for reducing the dependency on chemical nitrogen fertilizers
for the system Because of the deep rooting system of the fallow trees and
shrubs, the trees and shrubs can better wutilize noisture from deeper soil
horizons, which make the alley cropping a nore efficient system in its water
harvest. This point is under investigation.

(b) Semi-Arid Tropics: In the senmi-arid sahel zone of west Africa with easily
conpactabl e soil, nechanical tillage operations seemto be advantageous for water

conservation through inproved surface detention capacity and weed control during
the prolonged dry season. |If soil inversion by nold-board plowi ng is done towards
the end of the rainy season, soil hardening during the prolonged dry season is
mnimzed (N cou, 1976). The inproved water reginme observed followi ng deep
plowing is due to (a) inmproved infiltration, (b) reduction of evaporation, and (c)
better use of stored water by crops. Charreau (1969) observed that plow ng
improved infiltration rate by 26%on bare soil, and 21% on cropped soil. Better
use of stored water by crops is through better root systemdevel opnent. Charreau
and N cou (1971) observed that water uptake by rice from plowed land was 15 to
36nm nore than from unpl owed soil. Similar differences in water extraction were
as nmuch as 28mm for sorghum This difference in water extraction was mainly in
the deep layers through better and deep root system devel opment by plowi ng. Wed
control during the long fallow through the use of chemicals can further decrease
water |osses from sub-soil horizons and inprove crop water uptake and its
ef fectiveness.

CROP_AND NUTRI ENT MANAGEMENT FOR EFFECTI VE WATER UTI LI ZATI ON

Effective utilization of stored soil water determines the actual crop yield

obt ai ned and the water use efficiency. In the sub-humid and semi-arid regions,
attenpts should be made to utilise the linmted water supply nmore efficiently.
Some of the inportant managerment factors are discussed in this section. O her
important factors include the tine of planting, optinmm plant population and
spaci ng, adapted varieties, etc. In this report enphasis is given to systenms and

techniques that involve the judicious use of chemicals including the use of
her bi ci des for weed control and nutrient nanagenent through bal anced and j udi ci ous
fertilizer use.
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Nutri ent Managenent and Cheni cal Anendnents

Water and Nitrogen: It is well known that a balanced nutrient supply enables the
crop to use avail able soil noisture nore efficiently (Bolton, 1981). As water is
directly involved in transporting soluble N fromsoil to the root surface by both
mass flow and by diffusion, when soil noisture conditions are unfavourable, both
processes are essentially stopped (Barber, 1962; O sen and Kenmper, 1968; Liao and
Bart hol omew, 1974). Soil managenment practices such as different tillage, mul ching
and fallow systens may require different levels of N in order to balance the

nmoi sture-nitrogen supply for maxi mum water use efficiency (Geb et al., 1967,
Koehl er and Guetinger, 1967; Oveson and Appleby, 1971; Strebel et al., 1980;
Bol ton, 1981). A no-tillage and crop residue mulch experiment conducted on a
kaolinitic A fisol at |badan (Juo, 1980) showed that higher yield of nmaize during
an unusually dry year in 1976 (rainfall 20 percent below normal - T.L. Lawson,
personal conmunication) in the no-till nulched plots was apparently due to better
soil noisture and soluble N supplies as conpared with the no-till treatnent where

crop residue was renoved after each harvest (Fig. 6).

For much of tropical regions, where the predom nant soils are characterized
by low nutrient and water holding capacities, future research on inproving soil
productivity should give high priority to maxim zing water use efficiency through
bal anced nutrient supply.

Root Growth and P Application: Ef fective utilization of sub-soil water can be
econom cally realised through stimulating root growh by suitable nethods of P
appl i cati on. For exanple, Kang and Yunusa (1977) reported that P application
increased the root density at various sanpling depths for an Alfisol in southwest
Nigeria (Fig. 7). Irrespective of the tillage methods, there was a nmarked
increase in root density up to 40 cm depth. P deficit soils of tropical Anerica
have been shown to respond trenmendously to rate and methods of P application
(Bandy and Musgrave, 1979; Conzal es-Erico et al., 1979). Lathwell (1979) reported
high yield of nmaize with banded conpared with broadcast application of P for a
fine-textured Oxisol in the savanna region of central Brazil.

Li mi ng versus Root Gowh and Water Use: Crops grown in the strongly acidic
Oxisols and Utisols (i.e. pHbelow 5 and exchangeable Al saturation greater than
50% in the sub-hum d regions experience frequent drought stress due to unreliable
rainfall distribution. Moreover, high exchangeable Al levels in the subsoil
horizons restrict root penetration. Cheni cal amendnments such as applications of
lime inprove soil water utilization by crops through increased root growh (Bandy
and Musgrave, 1979; Conzal es-Erico et al., 1979).

Crop managenent studi es conducted on the fine-textured Oxisols in the savanna
region of Central Brazil have shown that both subsoil |imng and banding pl acement
of P fertilizer increased root proliferation and root penetration. The change in
vol unmetric soil water content in plots receiving shallow (0 - 15 cn) and deep (O -
30 cm incorporation of lime for a period of 12 days without rain at tasselling
stage of nmize indicated nore water extraction and utilization fromdeeper |ayers;
for the deep lime incorporation treatnent (Conzales-Erico et al., 1979). There
was greater utilization of soil water in the deep lime plots after 7 days. Pl ants
on the shallowline plots were severely wilted by the 6th day, while plants on the
deep lime plots did not show any sign of wilting until the 9th day. The | eaf
wat er potential of deep incorporated lime treatnment was about 2 bars higher than
that of the shallow lined treatnent.

For crops grown on the strongly leached kaolinitic acid soils in the hunmd
tropics, however, the occurrence of severe drought stress during the grow ng
season is less frequent than in the sub-humid and seni-arid regions. Subsoi |
limng under such circunstance becones |ess useful. On the other hand, soil
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managenment research in the high rainfall regions gave enphasis on devel opi ng
systens that mnimze the disturbance of surface soil and naximze the return of
pl ant residue as nulch. Long-term field experiments conducted at |ITA s high
rainfall station at Onne in Nigeria have shown that no-tillage systemw th annual
application of relatively lowrate of line (i.e. 200 to 500 kg/ha) could nmaintain
favourabl e nutrient status in the surface soil, reduce |eaching | osses and sustain
yi el d of continuous cropping with nai ze-cowpea rotation (ITTA, 1981; Friessen, Juo

and MIler, 1982).

Pot assi umand Pl ant Water Use: The uptake of K, being a diffusion-controlled
process at the root/soil boundaries, is also inter-dependent with water
availability. Beringer and Trolldenier (1975) indicated that K- ions facilitate
wat er uptake by roots and at the same tinme reduce transpiration |oss. It is

beli eved that adequate supply of Kions in the soil solution stinulates water
upt ake via osnotic potential of root cells and xylemsap and by the invol verent of
Kin the regulation of stomatal novenment (Lauchli and Pfluger, 1978). Experi -
mental data reported by Skogley (1976) and Mengel and Braunschweig (1972) gave
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strong evidence that adequate K nutrition may iIncrease plant tolerance and
avoidance of drought. With adequate K supply, plants respond almost immediately
to water stress induced by hot wind by reducing their transpiration; whereas
plants with moderate or severe K deficiency are unable to close their stomata
effectively. This means that the same dry matter yield of maize can be obtained
in soils with favourable moisture condition and lower K supply as in dry soils
with high exchangeable K levels.

Crop Management

Weed Control: Competition by deep rooted weeds can drastically reduce the water
use efficiency. In the humid and sub-humid tropics with forest vegetation, weeds
are less of a problem during the first year following land clearing and develop-
ment from primary or secondary forest than in the subsequent years. Weed problem,
however, 1increases dramatically with continuous cropping. Furthermore, weeds
compete more effectively even with quick growing and tall canopy cover such as
maize when grown under low fertility conditions (Fig. 8). Experiments conducted
by Kang et al., (1977) indicated that with adequate fertilization, the effects of
weeds on maize yield is less. This was mainly due to the shading effect of the
maize crop on weeds. The incidence of moisture stress in unweeded maize was more
frequent than in weed-free maize. Five years of continuous cropping with maize
indicated that weeding at low fertility improved yield by about 2 t/ha and at high
fertility by 1.5 t/ha. Increase in yield by fertilizer application was 4 and 5
t/ha respectively, without and with weed control.

Stand Establishment and Plant Population: During periods of frequent drought
stress, residue mulches and the no-till system may have better crop stand than
bare ground surface that may have supra-optimal temperature and sub-optimal soil
moisture in the seed zone. Furthermore, bare exposed soil is likely to restrict
seedling emergence through crust development (Falayi and Lal, 1979). Effect of
weed competition on maize grain yield was more pronounced at low plant population
(26,000 plants/ha) as compared with high plant population (52,000 plants/ha).
Without weeding maize grain yield with low plant population was 74% of that with
high population. However, with weeding, grain yield of the low population
treatment was 84% of the high population treatment (Fig. 9).

GENERAL DISCUSSION AND CONCLUSIONS

Low water holding capacity of the soil, erratic rainfall distribution,
shallow effective rooting depth, and high losses by runoff and evaporation, lead
to widespread occurrence of drought stress in the humid and sub-humid tropics.
Although the management techniques may be different according to soils and
ecologies, the basic principles towards efficient use of water are the same and
include: (i) improving soil-water storage through reducing surface runoff and
evaporation losses by soil management and (ii) increasing effective water
utilization through appropriate crop and nutrient management.

The use of crop residue mulch, no-till farming in combination with cover
crops and agro-forestry techniques, balance fertilizer application and soil
amendments, and weed control through appropriate chemicals or biological means
seem to have broad application through a wide range of soils and ecological
environments. There are, however, basic differences that must also be considered.
For example, no-tillage system with residue mulch is applicable more for the humid
and sub-humid regions than for the easily compactable soils of prolonged dry
seasons in the semi-arid and arid regions. Similarly, the amount of P and lime
requirements for fine-textured Oxisols of tropical America for better root growth
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and water utilization from sub-soil horizons is far larger than for the coarse-
textured kaolinitic Utisols and Oxisols of central and west Africa. These
differences in soil characteristics not only influence the anount of nutrient and
other soil anendment required but also their nethod of application.

The survey of literature presented in this report indicates serious gaps in
our know edge of water-nutrient interaction that should form the basis towards
effective utilization of the scarce and non-renewabl e soil and water resources of
the hum d and sub-hunmid tropics. There are very few studi es conducted where water
and nutrient bal ance have been investigated sinultaneously. And yet, one realises
that the water and nutrient availability are interdependent. This is particularly
the case with N and K were the |eaching |osses occur through the processes of
wat er nmovenment on the one hand, and where their uptake is also a process that is
governed by the water status either through mass flow or diffusion processes.
Effective nutrient utilization cannot be achieved wthout adequate water
availability and effective cropwater utilization is inpossible without a bal anced
nutrient supply. There is an urgent need, therefore, to establish long-term
experiments where the plant-nutrient-water relationships can be effectively
assessed for different systems of nanagenent and for a w de range of soils and
agr o- ecol ogi cal environnents.
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ABSTRACT

Al t hough over 150 herbicides are already available, there is active research
wor | dwi de by industry to inprove upon them Recent maj or advances include chiral
wi | d oat herbicides, post-enmergence herbicides for grass weeds, the translocated
broad spectrum herbicide glyphosate, herbicide safeners, the very active
chlorsul furon, and the natural product herbicide, bialaphos. Resi stance to
herbicides is unlikely to become a significant problem Her bi ci des technically
suitable for use in devel oping countries exist, and suitable application machinery
i savail able.

The new herbicides sought by industry nust be ained at the devel oped
countries to allow recovery of the enornmous costs incurred in discovery and dev-
el opment. Technically difficult problems for new products include tough perennial
weeds, water weeds, parasitic weeds, and volunteer crops. The ideal herbicide of
the future will have a broad weed spectrum favourable crop selectivity, be non-
toxic to aninmals, and of short environnental persistence. It is likely to be
appl i ed post-energence and to be very active per unit weight.

No technical reasons exist to prevent the discovery of better herbicides, but
industry nust not be unnecessarily constrained. In particular, registration
procedures shoul d be harnoni sed worl dwi de, and patent |ife extended to conpensate
for the | ong devel opnent period without sales.

KEYWORDS:  Herbicide, weed, developnment, industry, resistance, registration,
patents, devel oping countries, technical challenge.

I NTRODUCTI ON

This paper outlines the present range of herbicides available, and indicates
the possible course of future progress in providing and using these chenical
tool s. The 1981 gl obal expenditure on herbicides at the end-user level is $5.1
billion, and is estimated to rise to $7.5 billion by 1990 (Wod, Mackenzie and
Co., 1982a). Since the world population is approximately 4.5 billion, the average
expenditure on herbicides is nowa little over $l/a per person.
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PRESENT STATE OF THE ART

Hi story of Herbicides

Current world expenditures on herbicides are best explained in terns of the
history of herbicides, culmnating in the present position where there is a
herbi ci de available for nbst weed control situations, there being 157 herbicides
listed in "The Pesticide Manual" (Wrthing, 1979). (Information for this
historical section was drawn from Brian (1976), Wod, Mackenzie and Co. (1982a)
and Wrt hing (1979)).

Al though salt and industrial waste chem cals had been used for hundreds of
years, chemical weed killing did not start properly until it was observed in 1896
that the vine fungicide, Bordeaux m xture, would kill vyellow charl ock. Over the
next thirty years many other inorganic herbicides were discovered and used. The
next key step was the introduction of the first organic herbicide, 2-nethyl-4,
6-di ni trophenol (DNOC), in 1932. Al though this compound, and closely related
ones, are still used as herbicides, the greatest advance so far in the devel oprment
of herbicides nust be the discovery of the selective hormone weedkillers early in
the Second World War. Two inportant exanples are 2,4-D and MCPA, which are both
still wdely used for the selective post-enmergence control of broad |eaved weeds
incereals. The first urea herbicide, nonuron, was introduced in 1952. It acted
via the soil and was used to control weeds totally in non-crop situations. Mor e
recent nenbers of the famly can be applied both pre- and post-energence, and wl|
control weeds in cereals, cotton, soybeans, etc.

The first thiocarbamates were introduced in 1954, and are unusual anongst
herbicides in being volatile liquids, so that they nust be incorporated into the

soil. They are used to kill weeds in a range of crops, including corn and rice.
The triazines were introduced in 1956, the nobst inportant product being atrazine,
which is a soil active compound that is well tolerated by corn. The triazines

have simlar properties to the ureas, which they overshadowed. Recent nenbers of
the triazine family can be used to control weeds in soybeans, sugar-beet and
cereal s. In terms of sales value the triazines are the npbst inportant group of
her bi ci des.

Paraquat, one of two bipyridylium conpounds used as herbicides, was first

reported in 1958. It became a nmmjor product since it not only kills nost plant
species by direct contact activity, but is rapidly inactivated by contact wth
soil . It can therefore be regarded as a chemical hoe, and has been used to
devel op the concept of direct drilling, or no-till cultivation, where crops are

sown directly into paraquat treated areas, avoiding the need for nechanical
pl oughi ng. Trifluralin was introduced in 1960 and is the nost inportant of the

dinitroaniline famly of herbicides. It is used pre-plant incorporated for the
control of annual grasses and broad |eaved weeds in cotton, soybeans and other
crops. The chl oroacetanmide herbicides were first exenplified by propachlor,

introduced in 1965 and used for the preenergence control of grass and sone
broad-| eaved weeds in corn.

Recent Key Techni cal Devel opnents in Herbicide Discovery

The am nopropionate class of herbicides was introduced in 1971, the first
conpound bei ng benzoyl prop-ethyl. Oher nenbers of the class followed, including
fl amprop-isopropyl, which is chiral, and can exist as a m xture of stereo-isoners.
Such isonmerismis comon, and it is often the case that only one of the isoners
shows biol ogical activity, because the other has the wong shape to fit to the
receptor in the susceptible organism The (R)-(-) conponent of flanprop-isopropyl
has been introduced as a commercial herbicide having at least twice the activity
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of the mixture (Scott et al ., 1976). This development was noteworthy since it is
normally very difficult to produce a chiral isomer economically.

Diclofop-methyl, a phenoxy-phenoxy-propionic acid, was introduced for the
control of wild oats and a wide range of grasses in cereals, sugar-beet and other
crops in 1975 (Nestler and others, 1979), while alloxydim-sodium is used to
control grasses in sugar-beet, soybeans and other broad leaved crops (lwataki and
Hirono, 1979). A recent promising introduction is fluazifop-butyl, which is
chemically related to diclofop-methyl (Plowman and others, 1980).

N-phosphonomethylglycine (glyphosate) was introduced in 1971. It has a very
broad spectrum of activity when used post-emergence, but is rapidly inactivated by
most soils, and is essentially non-toxic to mammals, insects and bacteria (Franz,
1979). These characteristics mean that it will compete with paraguat in some
markets, but it is to some extent complementary since it is readily translocated
to all vital organs such as roots, rhizomes and meristems, and therefore
effectively Kkills many deep-rooted perennial grasses, sedges and broad leaved
weeds, which are not so well controlled by paraquat. The important technical
characteristics of glyphosate are (i) its ease of translocation in the plant, (ii)
the limited metabolism that it undergoes in the plant, and (iii) Iits site of
action, the enzyme 5-(carboxyethenyl)-3-phosphoshikimate synthase (Amrhein et al.,
1981). This enzyme is not found in animals, thus contributing to the excellent
toxicity profile of the compound.

Herbicide safeners, or antidotes, are chemicals that increase the safety of a
herbicide to the crop, but do not significantly alter its ability to kill weeds.
The concept was introduced by Hoffmann in 1962 (Hoffmann, 1978). Safeners offer a
chemical method of conferring selectivity. In 1972 naphthalic anhydride was
introduced as a seed treatment which would protect corn against thiocarbamate and
dithiocarbamate herbicides, and could also be used iIn some other crop and
herbicide combinations. In 1973, N,N-diallyl-2, 2-dichloroacetamide was
introduced as an antidote to thiocarbamate herbicides used on maize, and gave
similar results to naphthalic anhydride, but had the advantage that it could be
added to the herbicide formulation rather than applied to the seed. The next
safener was introduced in 1980 when cyoxymetrinil was used to protect sorghum seed
from injury by metolachlor. However, the chemically related CGA 92194 has better
safety to the crop and is being developed for the same use (Rufener et al., 1982).
Another safener under development for sorghum is MON-4606, a seed treatment to
protect against the herbicides alachlor and acetochlor (Brinker et al ., 1982).

Chlorsulfuron (DPX-4189) is a sulphonylurea herbicide with a very high level
of activity. Most herbicides are used at rates of about 1 kg/ha, but
chlorsulfuron will control many broad leaved weeds at 10-25 g/ha, and it shows
selectivity towards cereals. Very active herbicides have been discovered before,
but probably not with the same potency and selectivity shown by chlorsulfuron.
Chlorsulfuron has a half-life in the soil of only 1-2 months, but, even so, lower
application rates have to be used on the cereal crop if it is to be followed by a
sensitive crop species than if a tolerant following crop is planned (Palm and
others, 1980).

Bialaphos 1is a metabolite produced by some species of the fungus

Streptomyces. It was discovered during an extensive screening programme to find
herbicidal metabolites for agricultural use (Sekizawa and Takematsu, 1982). If

bialaphos proceeds successfully to commercialisation it will be the first natural
product herbicide to be sold.

There are two reasons why further highly active herbicides are likely to be
sought in the future. Firstly, on environmental grounds it must be preferable to
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apply the mninum anount of any chem cal. Secondly, if only a snmall anount of
chemical is required it follows that nore conplex, and therefore nore costly,
nmol ecul es can be synthesized as potential herbicides.

Resi st ance to Her bi ci des

Resi st ance occurs when a previously susceptible species is no |onger properly
controlled by the herbicide. It is due to the selection by the chenical of
pre-existing mutant individuals in the population that are capable of avoiding or
wi thstandi ng the effects of the chemcal, and is an exanpl e of nman-nmade evol ution.
Resistance to fungicides and insecticides is a nmmjor problem and products,
particularly insecticides, have either been limted in their use or wthdrawn
because they are no | onger effective (Corbett, 1979a). This has not been the case
with herbicides where resistance is of limted comercial significance, the only
products affected on any scale being the triazines (LeBaron and Gessel, 1982).
The following factors are likely to make herbicide resistance |less inportant than
that to insecticides and fungicides: the long life cycle of weeds; their |ack of
mobility; the maternal inheritance of triazine resistance, so that it is not
distributed by pollen: the wi de range of herbicides of different npdes of action
that is available; crop rotations that favour the use of different herbicides;
cultivation that kills resistant weeds; the diluting effect of the weed seeds in
the soil seed bank; and the less conpetitive nature of resistant weeds conpared
with susceptible biotypes of the same species (Lekron and G essel, 1982).

It is reasonable to conclude that resistance is nost likely to be a problem
with persistent herbicides that create a high selection pressure. Such situations
are rare, so that resistance is unlikely to become a significant problem with
herbicides in general, and even if it did, there are nornally alternative
conpounds avai | abl e.

TECHNI CAL OPPORTUNI TI ES

Expl oi tati on of Existing Herbicides

Exam ning the exploitation of the existing arnoury of chenmi cal weed control
agents helps to define technical reasons why these products are not used nore to

control weeds and therefore increase food production. |In an inportant analysis of
the effect of weed control problems on the world' s food supply, Parker and Fryer
(1975) concluded that there was an overall |oss of 11.5%due to weeds, though they

suspected that this estimate was on the |ow side. They divided the agricultural
area of the world into three cropping systens: highly devel oped, intermedi ate and
| east devel oped, and concluded that the latter |oses the highest proportion (25%
to weeds. Attention should be focussed on the internediate and |east devel oped
classes in order to achieve the greatest increase in world food supply.

West and East Europe, North America and Japan contain the mjority of the
nost hi ghly devel oped food production areas, and some of those in the internediate
class, and they used 92% of the herbicides by value in 1981 (Wod, Mckenzie and
Co., 1982b). There is relatively little use of herbicides in devel opi ng countries
on small farns (Ebner, 1980), though insecticides and fungicides are used to a
greater extent by peasant farners (Hamerton, 1974).

Due to the cost of discovering and devel oping a new herbicide, agrochem cal
conpani es nust target their new products to a large nmarket that can afford the
cost. Such markets are only found in the nost highly devel oped systens of food
producti on. The high level of conpetition between the thirty or so innovative
conpanies in the agrochem cal business worldwi de ensures that the needs of the
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farmers in the advanced areas are net as fully as the avail able technol ogy al |l ows.
Most of this paper nust perforce deal wth possible devel opments in herbicide
technol ogy ained at this advanced narket, and it is likely that new herbicides
will only becone available for the | esser devel oped parts of the world if they are

devel oped first for use by the advanced countries. However, it 1is worth
di scussing the problens of the small farnmer in the devel oping countries before
reverting to the high technology systenms of the advanced countries, if only

because it is here that food shortages are already occurring and the extra
production could be utilized inmmediately without the need for expensive transport
and di stribution arrangenents.

In many places in the world, the size of a nman's holding is governed not by
the anount of |and he can buy, but by how nuch he and his famly can plant before
they nust start weeding (Holm 1976; Conpton, 1982). This suggests that
herbici des should find a ready use. Al though the problens of introducing
herbicides to the small-scale farmer in the tropics are largely econonic and
educational (Parker, 1976), we must ask whether there are any technical problens
that woul d explain why herbicides are so little used in these regions. Al t hough
the herbicides available were largely developed for use in North Anerica and
Europe, it seens that, by chance, there is no species of weed in the devel oping
countries which conpletely defies all conpounds (Parker, 1977). Nei t her does
there seem to be a technical problem with application equi prent (Ebner, 1980;
Terry, 1981). One general technical difficulty, however, is the necessity of
integrating herbicide use into the agricultural system enployed in the particular
locality (Parker, 1976; Ebner, 1980; Conpton, 1982). It is clear that the factors
limting productivity in each situation must be understood before herbicides are
introduced, or the result will be disappointing.

Smal | scale farming in the devel oping countries is likely to adopt a blend of
old and nobdern practices to increase productivity (Harrison, 1982). Practices
which are likely to either require, or to nake particularly difficult demands upon
herbicides include (i) minimumtillage, (ii) nulching, (iii) intensive cropping,
and (iv) mxed cropping. O her nmore specific difficulties confronting the small
farmer in developing countries and requiring particular attention were discussed
by Parker (1976). They included the devel opment of herbicides for (i) mnor
tropical crops (e.g. mllets, cowpea, chickpea, pigeonpea, kenaf, jute, cassava,
yanms and taro), (ii) application after dry planting so that the first flush of
weeds occurring with the rains is controlled and (iii) the control of parasitic
weeds (Striga on cereals, Oobanche on tobacco, rape and veget abl es).

Probably less than one per cent of applied herbicide reaches its site of

action (GahamBryce, 1981). I nprovenent is desirable both on cost/efficacy
grounds and to avoid unnecessary environnmental contami nation. However, it seens
unlikely that there will be major breakthroughs in fornulation technology in the
next decade or so, but rather that there wll be a steady inprovenment in
presentati on of herbicide active ingredients to the user. Efforts will continue
to identify adjuvants which will inmprove efficacy, either by increasing contact

with the plant or inproving penetration. Delayed release systens are likely to be
investigated nore than before, and granules nmay be used more than in the past.

Consi derations of cost and, in sone cases, of toxicological factors will lead to
the replacement of solvent based fornul ations by water-based flowable (suspension
concentrate) products where technically possible. Conmpositions for very |ow
vol ume application are also likely to be sought. Since it israre to find in one
conpound all the weed killing properties required, the trend towards the
fornul ati on of mixtures of two or nore herbicides will continue.

Wth regard to application technol ogy, nost herbicides are currently applied
through boom nounted hydraulic pressure nozzles carried by a tractor or an
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aeropl ane. Ground spraying equipnment is becomng easier to use and nore precise
in operation due to such devel opments as: automatic regulation of volunme; renote
control of boons fromthe driver's cab; and swath narking systems to avoid overlap
and underl ap probl ens. There is also a trend towards the devel opnent of vehicles
transmitting a low pressure to the ground so that spraying on very wet soils is
possi bl e, thus inproving the timng of herbicide application.

Aside from these nachinery inprovenents, there are developnments in three
areas that suggest that the dominance of the conventional hydraulic nozzle nay,
al beit slomy, lessen in the future. Firstly, because hydraulic nozzles cannot
thensel ves be inproved to give droplets in a nore closely defined size range,
attention has been paid to the use of rotary atomisers in which a spinning disc
produces the spray droplets. This helps avoid drift and inprove interception by
elimnating very small and very large droplets. Secondly, a variety of selective
application techniques is under devel opment or in commercial use. The principle
is to apply selectively a non-selective herbicide only to the plants whose

destruction is desired. Most of the work has concentrated upon the weed wi ping
technique in which glyphosate is transferred to the plant by sone sort of a w ck
that is kept permanently mpist wth herbicide solution. Thirdly, and nost

dramatic, is the developrment of a commercially realistic electrostatic spraying
device, marketed under the trade name 'Electrodyn' which contains no noving parts
and produces a charged spray that is attracted to plant surfaces, including the
underparts of |eaves (Coffee, 1979). Al though this attraction to (crop) plants
could be a disadvantage for herbicide application, field experience is necessary
to see whether the 'Electrodyn' wll be as useful in applying herbicides as it
promises to be for fungicides and insecticides. The nmachine can only be used to
apply special oil based formulations of pesticides, and cannot use those based on
wat er .

Techni cal Chall enges to New Herbi ci des

Al t hough the herbici des discovered and devel oped by the agrochenical industry
have revol utionised agricultural production in the devel oped world, there renmain
sone problens that are nore or |ess conpletely unsolved. Chenical control of
perenni al weeds, expecially selectively in crops, is either inadequate or |acking,
so that species of the genera Cyperus, Cynodon, Agropyron and Sorghum cause
consi derabl e losses of agricultural production. No suitable chemical control
met hod exists for aquatic weeds (e.g. Salvinia), but here the difficulty is not so
much to achieve control of the weed but to ensure that the treated water is safe
for subsequent drinking and irrigation. As already mentioned, there is no
suitabl e chem cal for the control of parasitic weeds. Finally, nost crops can act
as volunteer weeds in subsequent crops (Cussans, 1978). Such volunteers do not
pose a problemvery different fromthat already commonly sol ved by herbici des and
provided effort is applied to the problem solutions should be found. However ,
this may not be the case where weeds are very closely related to the crop. WId
rice (conprising several species of the Oyza genus) sheds its seed before rice,
and is a serious weed throughout much of the world (Parker and Dean, 1976). Wed
beet (Beta vulgaris) is an annual that flowers (bolts) in the first year, and
therefore produces no useful root, and it has becone a significant and intractable
weed of sugar-beet in Europe. It will prove very difficult to control such
i nsidious weeds chenically. (An interesting and probably basically correct
generalisation, is that, as herbicides are used nore and nore, the significant
weeds are either perennials or they resenble the crop: wild rice and wild beet are
extreme exanples of the latter.)

Less than 20 of the 200,000 or so species of flowering plants have becone

maj or food crops, and none of the six crops (potato, clover, turnip, swede,
oi | seed rape and sugar-beet) introduced into Northern European agriculture during
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the last three centuries was conpletely new, all having been in cultivation |ong
before their introduction into post-feudal agricultural systens (WIIlianms, 1978).
It is thus extremely difficult to introduce a new food crop, and Ebling (1982)
concludes that the nmain approach to the world's food problemw |l continue to be
through the inprovenment and extension of existing crops. Mbdern breeding and
genetic engineering techniques wll be wused to inprove crop strains. o
particul ar advantage for herbicide use is the possibility of devel opi ng herbicide
resistant crop strains (Gressel, 1979). Herbicides are therefore unlikely to have
to cope with totally new crops, but they will be required to control weeds
infesting the inproved strains of crops that will be devel oped. These strains nay
be grown in new areas of the world, possibly at the limts of the crop's
geogr aphi cal range. This may nean altered sensitivity to herbicides and the
presence of new weeds. These challenges should not be difficult to neet with new
or existing herbicides.

In contrast to the crop situation, there is no doubt whatsoever that nore
pl ant species will become weeds in the future. To deny this would be to ignore
the natural plasticity of plants and the facts of evolution. Weed probl ems may
arise by sudden genetic change, by distribution, by chemical selection, or by
cultural selection, and Parker (1977) has reviewed the origin of existing weeds in
an attenpt to predict the future.

The ideal herbicide nmust be effective over a reasonable weed spectrum
possess excellent selectivity in favour of at |east one major crop, be essentially
non-toxic to animals (not just manmmals) and have only a short period of

persistence in the soil. It will probably be applied post-energence, avoiding the
prophyl actic nature of pre-energence herbicides, and their lack of effect in dry
peri ods. Also, the ideal herbicide is likely to be highly active, thus causing

m ni mal envi ronnental contam nati on.

Cal cul ati ons based on reasonabl e assunptions about herbicide uptake, plant
vol ume and the nunmber of biochenmical sites that have to be inhibited per plant to
cause death, suggest that it should be possible to discover herbicides that could
act at an application rate of ng/ha, i.e. at least 1000 times |ess than the nost
active commercial herbicides known today. Even if this admittedly theoretical
cal cul ation proves incorrect, it suggests that g/ha should becone the application
rate of the future, rather than the current kg/ha. Such active herbicides my
wel | possess a conplex nolecular structure, and may possibly be chiral. The
devel opment of fernentation techni ques using genetic engineering may allow either
the production of chiral internmediates for herbicide manufacture, or direct pro-
duction of herbicides by fernentation, which, although comopn w th pharmaceuti-
cals, is essentially unknown for herbicides, though bial aphos, mentioned above,
could be the first.

ACTI ONS REQUI RED

Virtually all of the herbicides currently available have been discovered
and/ or devel oped by private industrial concerns, not by state run agencies. Since
the technical achievenment involved is remarkable, it would seem wise to ensure
that the environment remains favourable for conpanies commtted to discovering new
her bi ci des and devel oping them for use globally. The herbicide market is already
wel |l supplied with products, and there are few gaps left on a purely technical
basis. Consequently, industry is primarily intent on displacing existing products

by new herbicides that are technically superior. The pesticide nmarket as a whol e
is mture (Corbett. 1979b), and in this situation there is intense conpetition for
the global narket between the thirty or so chemical conpanies, all located in

Western Europe, the U S. or, increasingly, Japan.
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It is difficult to provide an accurate estimate of the cost of discovering
and devel oping a new herbicide since the industry does not publish such inforna-
tion. However, it is possible to estimate roughly the costs for pesticides in
general, and there is no reason to suppose that herbicides will cost significantly
nmore or |l ess to discover and devel op than fungicides and insecticides. Braunholtz
(1979) estinmated that the period from discovery to significant sales in mgjor
markets takes 7 to 8 years and costs around £10 mllion in research and devel op-
ment . H's estimate excluded the costs of failed conmpounds and the necessary
investment in manufacturing plant. Wod, Mckenzie and Co. (1982a) estinated that
$5,385 mllion had been spent on innovative research and devel opnent of pesticides
between 1972 and 1981, which period had given rise to 80 comercially justifiable
products, giving a figure of $67 mllion per successful compound. Taking $2 = £1,
the difference of $47 mllion between this estimate and that given by Braunholtz
could be the cost of the work on failed conmpounds, which nust, of course, be
funded by the successful conpounds, but could also reflect the inclusion by Wod,
Mackenzie and Co. of recent (high) R and D costs that have not yet vyielded
successful conpounds. A current figure for all Rand Dcosts, including failures,
m ght reasonably be £20 nillion per conpound.

Despite the maturity and conpetitive nature of the market, there is currently
no doubt of the overall commitment of the agrochemical industry to finding new
her bi ci des. However, there are some unnecessary constraints inmposed by
governments that will inevitably reduce the anount of research and devel opnent
that the industry carries out. Firstly, registration procedures that have no
technical reason to be wunique to a particular locality, should be totally
har noni sed. Local trials to establish efficacy and possibly soil persistence,
etc., as well as to deal with special local environmental factors, are clearly
necessary, but there is no justification for requiring tests on | aboratory ani mals
to be repeated inside a particular country. Secondly, since it nornally takes at
least six, and often up to ten years to put a new discovery on the market, the
patent life should be extended by this period. Alternatively, the patent life
should start fromthe time that product registration is granted.

CONCLUSI ON

Good chemical tools for the control of npbst of the world' s weeds are already
avai |l abl e. Better conpounds will be produced by the agrochem cal industry
provided that no unreasonable constraints are put upon it by government. Al though
herbicides are not the sole answer to weed problens, they are a mgjor input in
nmost control systems, and it is essential, given the plasticity of weeds, that new
conpounds continue to be devel oped. There are no technical reasons to prevent the
di scovery and devel opnent of significantly better herbicides than many of those
now i n use.
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ABSTRACT

In the production and protection of food, plant protection neasures play an
essential and growing role. The application of pesticides | eads to an unavoi dabl e
contam nation of soil and water, but pollution can be nminimzed by devel opment of
crop protection agents with high biological activity and selectivity, environ-
mentally safe fornulations and novel nethods of application. Met hods now exi st
for investigating the environnental fate and the environmental effects of crop
protection agents; these produce reliable data for an assessment of environnental
risk.

Modern anal ytical methods pernit detection and determ nation of extrenmely |ow
concentrations of active ingredients and their conversion products in nunerous
substrates. There is, however, a lack of sinple but efficient analytical nethods
and instrunments for performing nonitoring analyses in less well equipped
| aboratori es. A conpilation of easy, tested analytical nethods is recomended,
together with a coordinated training program for their wuse in developing
countries.

KEYWORDS: Pesticides; Analytical Techniques; Sinplified Analytical Methods;
Contami nation and Pollution of Soil and Water; Environnental Fate and Environ-
mental Effects of Pesticides; Risk Assessnent; Reduction of Environnmental Stress.

| NTROCDUCTI ON

Hunger in a world which has the required know edge, the appropriate techno-
logies and, so far, sufficient resources to nourish mankind is w thout doubt the
greatest frustration of our tine. Feeding a hungry world, nowand in the future,
is clearly the challenge confronting us. This means both a greater production of
foodstuffs and their protection from spoilage, their distribution to those needing
them and the ensuring of the power to purchase them (FAQ, 198la; FAO 1982).
Equally, to feed a hungry world neans conservation of the resources necessary for
food production by reduci ng environnental stress and inproving resource nanagenent
(Barney, 1981; Ceissbuehler, 1982).

Ever since the pioneering work of J. von Liebig on plant nutrition in the
middle of the last century, the large-scale technical production of mineral

89



90 N. J. Drescher

fertilizers by the Haber-Bosch process in the first decade of this century, and
the begi nning of nodern, chemical crop protection about 40 years ago, chemistry
has been an integral part of crop and food production. Even though critical
voi ces are often the |oudest, particularly in the media, the role of chemistry in
both the qualitative and the quantitative inprovenent of our foods cannot
seriously be denied (Gunn, 1976). Mich of the criticismis about pollution and
this termneeds definition.

Chemi cal nmeasures in crop protection and in crop treatment have as primary

goal s: control of pests, control of plant diseases, control of local plant
conpetitors, and nodification of crop perfornmance. Accordingly, the application
of crop protection agents is done in the crop itself. A nunber of products such
as herbicides, soil fungicides, soil insecticides, and soil funmgants are also
used directly on the soil, on or in surface water, for exanple on riverbanks, on
wat er surfaces, or in paddy fields. The presence of the active ingredient in soil
or in water is thus intentional. Sone of the applied active ingredient, and in
many cases, even nost of it, reaches soil and water indirectly, for exanple by
run-off from plants during treatment, wash-off by rain, drift, |eaching, run-off
fromsoil into water and precipitation of evaporated chenical by rainfall.

In contrast to the direct application, the indirect mgration of crop pro-
tectants into the soil and water as a rule is an unintentional but evidently
technically unavoidable effect. Thus, it is not justified to designate as
pollution the mere presence of pesticides in various conpartments of the
envi ronnent . I would like plainly to differentiate between "contam nation" and
"pollution”. | therefore use "contamination" (for lack of a better tern) to mean
the nere presence - intentionally or unintentionally - of chenicals. We shoul d
speak of "pollution" only when the presence of active ingredients or their
residues involves a risk, a danger to the user or the environment, due to the
i nherent properties of the respective chenical.

In considering pollution, we all know that such a thing as " zero risk" does

not exi st. This is true for all spheres of our Iives. Therefore, it nust be
stated that the use of pesticides may lead to a pollution of soil and water under
certain circunstances. I ntensive cheni cal and biol ogi cal research, however, wth

devel opnents in fornmul ati on and application technol ogy, especially during the past
two decades, have nade advances in the neans, nethods and techni ques that serve to
reduce contami nation of soil and water resources by pesticides, and to predict and
to recogni ze risks that may occur as a result of contamination, and thus keep them
within acceptable limts.

Contam nation of soil and water (Geissbuehler et al., 1982), can be reduced
by (i) products with higher biological activity, requiring | ower application rates
per unit area, (ii) products with |less persistence in soil and water, and (iii)
avoi ding "usel ess chem stry" on farmland, e.g., by using only the biologically
active isomer of the active ingredient, (iv) use of environmentally safer fornu-
lations, such as controlled-release formulations, preparations with |ess organic
solvents or adjuvants, (v) inproved application nmethods, such as ULV controlled
dropl et or electrostatic application, and (vi) ingenious inclusion of chemstry in
an integrated pest management system There is no doubt that all these factors,
singly or in conbination, lead to a decrease in environmental stress, and
significant success in this direction has been achieved. Thi s was nade evident,
for exanple, by a nunber of papers presented at the 5th International Congress of
Pesticide Chemistry, Kyoto (I UPAC, 1982).

Turning to the possibilities of keeping environnental risks within acceptable
limts, we first nust ask how does an instance of contam nation becone one of
pollution? This can happen in soil: if persistent active ingredients or their
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conversion products accumulate; if residues appear in subsequent crops; if
rotational crops are danmaged; if residues are washed into ground water; or if the
function of beneficial soil organisms is injured. It can happen in water: if
residues reach the drinking water; if fish or fish food organi sns are danaged or
if residues accumulate in the aquatic food chain. It is not the phenonena
mentioned per se, that increases contam nation toward the level of pollution.
Rather, it is a question of the toxicological significance of residues and their
rel evance to environmental effects.

It is the state-of-the-art, that industry carefully and responsibly inves-
tigates these questions during the developnent of synthetic pesticides for the
market. Moreover, pesticides are subjected to increasingly stringent requirenents
regarding the quality and quantity of data for official registration. The
respective testing prograns include investigations on the physical and chem cal
characteristics, the environnental fate and the environnmental effects of the
pesti ci des.

The data obtained from such physico-chem cal investigations as determnination
of melting and boiling points, vapor pressure, solubilities in water and other
solvents, and partition coefficients in the system octanol/water, permt initial
conclusions to be drawn concerning the behavior of the active ingredient in the
envi ronnent . For exanple, know edge of the solubility in water and of the vapor
pressure enabl es calculation of its rate of evaporation fromwater. The partition
coefficient octanol/water permts a prediction of the probability of active ingre-
dient accurmulation in living organisns. Beyond this, a variety of other data is
determ ned, but these are mainly needed to ensure safe handling of the product
during production, formulation, storage, transport and use, and as such, are not
directly relevant to our present topic.

The conpl ex of questions on environnental fate may be subdivided into inves-
tigations on translocation of the product, during which the active ingredient is
not altered, and on those processes in which the active ingredient is degraded.
Transl ocati on may be by adsorption/desorption, vaporization, |eaching or uptake by
living organisns. Degradation may be abiotic, by hydrolysis, photolysis or
chemi cal reactions, or it my be Dbiotic, by hydrolysis, netabolism or
m neral i zation.

The investigative efforts in these areas typically require a processing tine
of a mninum of two years. Two exanples suffice to illustrate this: Tests on
| eachi ng behavi or generally nmust be done with at least three different soil types.
First, nodel trials are conducted in the |aboratory with the formul ated product
under extrene "weather conditions" (Figure 1). I f under such conditions, i.e.,
rainfall of 200-500 mm in a time span of a few days, residues are found in the
| eachate, these tests are followed by studies under conditions nore simlar to
those found in practice, i.e., in a lysineter (Figure 2), or under actual field
condi ti ons. Mor eover, the |eaching behavior of an active conpound may change
after it has been in the soil a certain ampunt of time, adsorbed on soil
particles, or altered by processes already nentioned. Leaching experiments with
such "aged residues” naturally rmust include analysis of conversion products of the
active ingredient. This again necessitates a know edge of their chenical nature
and the existence of appropriate anal ytical nethods.

The second exanple concerns metabolism in which studies can be perfornmed

rationally only with |abelled conpounds. Here, the active ingredient must be
labelled in such a way that its conversions can be traced as |long as possible,
e.g., through radioactive tracers. Frequently, metabolism under aerobic and
anaerobic conditions or at different pHlevels is of interest. Identification of

the netabolites, which often are present only in microgram ambunts, denmand the
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Fi gure 1: Fi gure 2:
entire talent and often the immgination of the analyst. Unequi vocal proof of
their chemical identity in many cases is possible only by conparison wth

aut henti c reference conpounds.

These two exanples indicate the ambunt of work involved. The resulting data
provide a well-rounded picture of the persistence, the distribution behavior, and
the conversions of an active ingredient in soil and water. For an appraisal of
possible risks, they nust be supplenmented by investigations on environnental
effects.

Studies on environnental effects are mainly concerned with two topics: t he
influence of the product on soil function, and toxicological studies on organi snms

living in soil and water. Influence on soil functions may be through soil
respiration N,-fixation or nitrification. Toxicity may be to fish, fish food
organi sms, or to beneficial soil organisns. Such studies, especially those on

fish, are both expensive and time-consum ng.

So far, we have dealt only with the investigation of isolated phenonena. I'n
reality, an interaction of numerous factors is always involved, and they often
overlap in conplicated ways. There has been no lack of attenpts, starting with
those of Metcalf (1971), to sinmulate environnental conditions on a snmall scale
using aquatic or conbined aquatic/terrestrial nodel ecosystens. Such nodel s
provide valuable information but only a partial view of the potential risk to the
environment. To be useful, the system would have to be set up on a |arge enough

scale to maintain its own equilibrium over a prol onged period. Then it mght be
possi bl e to determ ne whether any shifts are detectable within this system ari sing
fromthe influence of crop protection agents.

The majority of investigations on the environnental fate and on the environ-
mental effects of pesticides are possible only wth assistance of highly
devel oped, sophisticated analytical technology. During the past two or three
decades, analytical techniques for the micro and ultramcro range have gone
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through a developnent that is truly amazing. In particular, it has been gas
chromat ography with highly sensitive and elenent-specific detectors, high-
performance liquid chronatography, radio-gas chromatography and, nore recently,
conbi nation methods like GO M coupling, that have introduced significant new
dinensions to the analysis of traces. The detection of quantities of chem cal
conpounds anounting to just a few nanograns, or concentrations in the range of a
few pg/ kg (ppb), has already becone routine in nany cases. Even ventures into
concentrations of ng/kg (ppt) have been successful occasionally (Norstrom 1982).
Measurenent techniques wth radioactive or stable isotopes have also been
devel oped considerably and are being used increasingly for studies of the inter-
actions in soil and aquatic ecosystems (|AEA, 1980, 1981). Mor eover, autonmati -
zation and el ectronic data processi ng have been introduced to the field of residue
analysis and permt the analysis of larger sanple series within an acceptable
armount of tine.

The trend to ever-increasing sensitivities will wundoubtedly continue and
perhaps we shall be able to identify and determ ne residues in substrates present
in aratio of 1:101s . This, however, is only interesting fromthe purely scien-
tific point of view For the practical purposes of nmonitoring analysis, nethods
of this sort will rarely be needed. Thus, we now have an arsenal of analytical
met hods at our disposal that allow the sensitive and specific determnation of
active ingredients and their conversion products in all relevant substrates.

Such nethods often demand extrenely costly analytical instruments and can be

performed only by highly qualified, experience scientists. These conditions can
usually be net only in specially equipped |aboratories. It may well be that in
our enthusiasm over the potential of npdern analytics, we have neglected the
devel opment of sinple but efficient nethods for wuse in less well equipped
| aboratories, for exanple those in devel oping countries. This serious gap was
recently studied by the | UPAC Conmi ssion on Pesticide Chemistry and an eval uation
of sinmplified approaches to residue analysis was initiated (Batora et al., 1981;
Thier, 1982). The term "sinplified" nust not be m sinterpreted. It refers to
less instrunentation at the cost of a higher limt of determination, but by no
means to a reduced performance (Thier, 1982). Sinmplified nethods should fulfil

the following criteria: be sufficiently sensitive and specific; be appropriate
for routine work; be simultaneously applicable to a broad range of pesticides;
require inexpensive and unsophi sticated equi pnent; work wi thout conpressed gases;
work w thout exotic reagents; and work w thout |arge anopunts of highly purified
sol vents.

Wiile the present total of such methods is not large, there are indeed
several that neet these criteria nore or less well, nanely, paper chronatography;
thin layer chromatography with chemcal, biological, or enzymatic detection;
photonetry with visible or UV detection; bioassay wth Drosophila, Daphnia,
nmosqui toes, al gae or plants. O these listed nethods, thin l|ayer chromatography
(TLC) especially deserves attention because it satisfies the above criteria al nost
perfectly. For exanple, enzynes inhibition techniques can be used to detect
(Mendoza and Shields, 1970), and senmi-quantitatively determ ne insecticidal p-
esters and carbamates in the range of a few nanograns or |ess. For TLC deter-
m nation of photosynthesis-inhibiting herbicides like ureas, acyl-aniline, tri-
azi nes and benzo-thi adi azi nones with chloroplasts and a redox indicator, limts of
detection of a few ppb's have been achi eved (Kovac and Hensel ova, 1977; Law ence,
1980). O her nethods, such as photonetry or biotests, frequently are not sensi-
tive enough or are inadequately specific. Through suitable conbination of
extraction, concentration, and separation techniques, clean-up processes, etc.,
with the actual method of determination, it is certainly possible that these can

be i nproved.
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VWi le there are sinple, appropriate nmethods on hand for nonitoring anal yses,

what is still missing is a collection of sinple, tested analysis instructions. |
woul d like to recommend that such a manual be made, perhaps in anal ogy to existing
ones (DFG USDHEW, and regularly revised and expanded. This project could

perhaps be put under the charge of the "™ CCPRAd Hoc Working Group on Problens in
Devel opi ng Countries Related to Pesticide Residues"™, or another international body
li ke FAO, OECD, |UPAC or ACAC. A collection of nmethods alone, however, wll not
be enough. A coordinated training programw |l also be needed, especialy designed
to neet the needs of developing countries, in which not only the use of such
methods is taught, but also |aboratory equipnent, sanpling techniques, sanple
preparation and the planning of nonitoring prograns. Perhaps the producers of
| aboratory equipnment could be encouraged to develop sinple but efficient
anal ytical instrunents. It should be possible, e.g., by avoiding an excess of
sensitivity and operating extras, to market appropriate equi pnment at a reasonable
price.

The assessenent of environmental risk admittedly is a difficult task, as the
possibilities of exact science are limted. For this reason, no generally
applicable rules can be set up for risk assessnent. An assessment of risk
certainly does not just involve collecting a maxi mum array of data sinply because
the respective test nmethods are avail abl e. There is, for instance, no point in
studyi ng anaerobic degradation in soil, if it is already known that that active
ingredient remains in the aerobic soil zone. Studies on rotational crops wth
pesticides having a half-life of a few days or weeks would be just as pointless.
Requi renents on the extent of investigations therefore should be flexible and
follow a |ogical, coherent sequence. Conversely, this can also nean that addi-
tional studies may be necessary, such as life-cycle studies on fish, investiga-
tions on the effects of crop protectants on certain enzyme systens of mcro-
organi sms, run-off studies, and others (G eaves et al., 1980; OECD, 1981).

Ri sk assessment cannot involve sinple linear extrapolations of isolated
findings to the conditions found in practice, but nust take into account results
from studies on warm bl ooded aninal toxicology, use pattern, and regional and
econom ¢ consi derations. Certain effects of a chemical may be considered un-
acceptable in one country and be reason enough to restrict or avoid the use of the
particular product, while another <country with a different socio-econonc
structure with a very serious problemmght well be willing to tolerate, at |east
temporarily, the sane effects (FAO  1981b). Ri sk assessment nust, of course, be
based on the benefits of the pesticide. Finally, risk assessment is not a process
that can be conpleted and forgotten. It has to be revised whenever new scientific
know edge indicates this to be necessary.

CONCLUSI ONS

Contami nation of resources like soil and water by crop protection neasures
cannot be avoided in principle. We have the know edge, experience, nethods and
t echnol ogi es, however, to reduce this contam nation and to predict with confidence
what the inpact to exposed resources wll be. This enables us, at the present
I evel of scientific know edge, to make a well founded risk assessnent and to take
the appropriate measures to keep pollution of soil and water w thin acceptable
limts. However, we nmust in addition purposefully continue along the path we have

started. The devel opment of products with higher biological activity, selecti-
vity, and less persistence of made-to-neasure formulations, and environmentally
safe application nethods should continue unabated. Anal ytical nmethods and

equi prent for the requirenents of devel opi ng countries should be devel oped further
and enhanced by a coordinated training program \Ways to study environmental fate
and effects of pesticides should be further inproved, with one of the primry
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obj ectives being a reduction in the enornous financial burden invol ved.

If we face this task responsibly and with determ nation, jointly with the
authorities and public organizations involved, the Universities and industry,

chemstry wll be able to nmeet this challenge, "The conservation of the
environment for the feeding of a hungry world".
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ABSTRACT

The background to increasing food production by proper control of pests is
out | i ned. Factors affecting the developnment of workable integrated pest
managenent strategies, mainly with reference to tropical cereals and in particul ar
to subsistence crops in devel oping countries, are detailed. The current strengths
and problenms of adoption of an integrated pest nmmnagement approach are outlined.
Observations are made on the practicality of the use of pesticides on subsistence
food farns. The paper gives exanples of the use of integrated managerment of food
crops and concludes with a plea for nore base data and research to be carried out
on integrated managenment on subsistence farners' fields.

KEYWORDS: Production of staple foods, Pests and |osses of food, Subsistence
farnmers, Pest managenent.

| NTRODUCTI ON

The topic is extrenely broad and could involve a semantic discussion of the
four main conmponents of the title. However it is discussed here mainly from an
ent onol ogi cal point of view and principally from the viewoint of cereal crops
grown in developing countries as subsistence foods, to highlight both the ngjor
strengths and problenms of integrated pest management on food crops and the
important role the strategy nust play in future agricultural policies in
devel opi ng countri es. Reference to definitions of integrated past nmanagenment, is
made in reports of the FAO UNEP Expert Panel on Integrated Control (FAO Meeting
Reports 1978, 1979, 1980) and Smith and Reynol ds (1966).

BACKGROUND TO THE PROBLEMS OF FOOD - AND FOOD PRODUCTI ON I N DEVELCPI NG COUNTRI ES

The dire predictions of human food shortages by 2000 AD, for Africa, S E
Asia and parts of Latin America have been docunented by FAO UNDP, WORLD BANK and
I DRC and al so by the connodity based International Research Centres. Attention is
drawn to the burgeoni ng popul ati ons of the Third Wrld and the poor performance of
the agricultural sectors in the countries concerned. Recently (Beets 1981) notes
that the current consunptim of rice in Indonesia is 19 nillion tonnes, 2.3
mllion of which is inported, and that there is an annual growh rate of 4% in
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consunption. By 2000 AD, 29 million tons will be required to feed the popul ati on
and external sources of supply are declining. Already 85% of the presently
cultivated land in Indonesia is devoted to rice. The World Bank (1977) has
estimated that the rate of growmh in demand for coarse grains, which in many
countries of the Third Wrld are the staples, will be 3.6%and thus very close to
the prediction by Assiz (1976).

Unfortunately such statistics are seldom exanmined in depth in the Iight of

political and technol ogical realities. They engender a feeling of helpl essness
(Marnham 1980) in a situation where there is an ability to do something
significant. There is a requirement for informed and concerned coment, on both

the realities of the existing state of know edge on production and benefits of
pest control in the younger nation states, and a very clear recognition of the
fact that many technol ogi es devel oped in the tenperate |atitudes are inappropriate

to the tropics or need considerable adaptation. The economic, social and
political factors involved in helping subsistence farmers to maximze food
production now are only partly acknow edged. Such farmers produce the vast

preponder ance of the food on snall-holdings of 0.5 ha or less. To ensure surplus
food in sufficient quantities to feed adequately increasing populations calls for
properly targeted and adequately funded research in crop science, socioeconomncs
and infrastructural (politico-economc) support within the countries concerned.
Such support has to be sustained and planned for a realistic tine frame. Quantum
leaps in food production, such as are visualised in many projections of research
benefits resulting from aid schemes, have not occurred quickly even in devel oped

countries such as USA and UK, or developing countries, e.g. India, where very
significant gains have been made in food production (Mrgan 1980). Such gains
have been based on broad advances and an holistic approach, which include research
into fundanmental principles and, particularly, educational advances. Commi t ment

on the part of planners to stable production, with all that this entails, and
investment in progressive approaches such as integrated pest managenment is a vital
prerequisite for stability of production of food crops in devel oping countries.
The real issues are very conplex (OECD 1977, Haskell et al. 1981).

THE FOODS

The maj or storable and commercial foods of the world are the cereals, and the
food | egunes. Statistics on production exist and with sone of the crops they are
reasonably accurate (See Table 1). otaining reliable data for production from
subsi stence farmers will always be difficult, yet it is these farmers who produce
the bul k of the coarse grains and the other mmjor staples, e.g. bananas/pl antains,
yams, cassava and the various legunmes, for the populations of devel oping
countries. The crucial role of food crops such as the pul ses, chickpea and pi geon
pea in the Asian subcontinent in the farm level econony and diet is little

appr eci at ed. Such staple foods in the Third Wrld have received only a mnor
research effort for a whole host of historical reasons, despite their pitiful
yi el ds. Mbst of these foods are susceptible to pests — in the broader sense —

rodents, birds, insects, nenmatodes, weeds and pl ant pathogens.

Conpari son of these production and yield data from devel oped and devel opi ng
countries confirm the very considerable hectarage of food crops grown in
devel oping countries and the great inportance in their econom es of subsistence

food crops other than cereals. They highlight the relatively |ow conparative
yields/ha of npst food crops in the developing countries and the generally
extremely low yields of |egumes and groundnuts in them They conceal the

i mportance of energy inputs —both direct, by way of fertilisers and pesticides
and indirect, by way of agricultural research, in achieving and maintaining these
yields in devel oped countries. As was pointed out by Gdum (1971), "Industrial man
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no | onger eats potatoes nade from sol ar energy: he now eats potatoes partly nmade
from oil". It mght also be added that he eats potatoes bred by research
adequately funded and staffed in a sustained fashi on over nany decades.

Table 1: Production Statistics of sone Maj or Food Crops in 1980 (Source: FAO

CROP AREA HARVESTED | N PRODUCTI ON Yl ELD kg/ ha
1000/ ha I N M TONNES

CEREALS 313, 731 (429, 795) 795,827 (774, 841) 2,537 (1,803)
ROOTS AND TUBERS 13,569 ( 36, 309) 182, 763 (304, 350) 13,470 (8,382)
POTATOES 13,387 ( 4,642) 179. 944 ( 45,774) 13, 441 (9, 860)
CASSAVA ( 13.926) (122, 134) (8, 770)
PULSES ( DRY) 9,184 ( 62, 840) 10, 968 ( 36, 440) 1,194 ( 580)
BEANS ( DRY) 2,505 ( 23, 781) 2,251 (12,413) 898 ( 522)
GROUNDNUTS (I N SHELL) 933 ( 18, 842) 1,540 ( 17, 361) 1,650 ( 921)
BANANAS ( 38, 453)

PLANTAI NS ( 21, 265)

() Devel opi ng countri es.

This has considerable inplications within the context of our discussions
here, given the price of fossil fuels and the concept of 'one world and finite
resources. These factors were enphasised by Pinmental et al. (1975), who noted
that only in cereals was it technol ogically possible to utilise existing resources
and information to give the 75% increase in production required by the year 2000
AD to feed the world' s population at existing |evels. By the year 2100 AD they
estimate that the current world production of cereals has to be increased by 330%
and that of |egunes by 173%to feed the enhanced population with a diet sinmlar to
that of 1975. If current projections are realistic, with the resources of |and,
energy and water, these increases appear too large to achieve.

Wien the statistics for cereals are exam ned several factors of relevance to
the di scussion of integrated pest managenent emerge. Rice far outstrips all other
cereal s in devel oping countries in terms of hectarage grown and production, but in
fact average yields per hectare fromthese countries are about half those obtained
from devel oped countries (2674 kg/ ha vs. 4936 kg/ha). This possibly reflects the
fact that nost rice in the former is produced on small peasant holdings in the
tropics with |low inputs. This is on a crop where it is possible to control the
growi ng environment to a very considerable extent from the point of view of
availability of water and, given the priority status of the crop to nost farners
growing it, soil preparation, fertilisation and plant population. A major 'wld
card' seasonally affecting production in this and other food crops is undoubtedly
pest attack. Accurate data on such |losses exist for rice, but very little data
whi ch take into account the various aspects of pest |loss of the type provided by
Harris and Harris (1968) for sorghum is readily available for other food crops in
the tropics.

Yield differentials between developed and developing countries are nuch
greater when ot her typical food subsistence crops are considered (Table 2).
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Table 2: Yields of Some Major Food Crops in Devel oped and Devel opi ng Countries
(Source: FAO

Crop Mean Yi el d (kg/ ha)
1969- 1971 1978 1979 1980

SORGHUM 3109 ( 849) 3207 (1082) 3658 (1058) 2710 (1025)
MAI ZE 4041 (1595) 5124 (1735) 5595 (1815) 4768 (1826)
CH CKPEA 938 ( 575) 906 ( 560) 848 (561) 1127 ( 614)

() Devel opi ng Country yi el ds.

The average yields of both sorghumand maize are about 200 kg/ha greater over
the past 3 years conpared to the 1969-71 period in devel oping countries, possibly
reflecting increased research effort, particularly in Asia and Latin Anmerica, on
these crops, making use of information and genetic material from devel oped
countries and International Centres. The increase, wunfortunately, probably
reflects an increase in production of the cereals as a feed not a food. It also
reflects big production increases in S. Anerica and not in Africa where the crop
is a staple food.

Where a crop is a subsistence food the amount of information on any aspect of
it (agronom c practice, pests or any other iten) in a subsistence grower situation
is small. Data on pests of these food crops, and increasingly on the insect
popul ati on dynanmics in them grown as nonocrop, or on research stations do exist,
but availability of such data is negligible in the tropical farmer's field
situation. This has profound inplications for the devel opment of integrated pest
managenent in these crops. It is inpossible to transpose findings on integrated
pest managenment derived from higher Ilatitude developed countries, often from
mechani sed nmonocul tures on |arge acreages, to the traditional nulticrop situations

of the tropics. This sinple fact nust be rmuch nore w dely recognised by both
donors and project managers concerned at the food situation in devel oping
countries, before real progress can be made. In general, major tropical food
crops, e.g., mize and sorghum which have noved into higher latitudes are

currently producing far higher yields than in their original environnents giving
great encouragenent, since clearly the potential is there within the countries of
origin. Useful steps have been taken by IBPGR and the LARC s to assenble the
avai |l abl e gernpl asm of many subsi stence crops and this is vitally inportant in the
context of integrated pest managenent.

Data given above indicate that a plateau for the yield is being reached in
devel oped countries and wll occur wunless some striking new innovation is
forthcom ng. The recent study (Mrgan 1980), however graphically shows that the
base levels of production in |ess devel oped countries have not kept pace wth
those in devel oped countries in the 1970's and there is no indication that the gap
is closing inthe 1980's.
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THE PESTS

The biology and bionomics of pest species on food crops is usually far better
understood in developed than in developing country situations, except where the
pests are common to both or where related species occur. In the latter countries
research emphasis was often placed on cash as opposed to food crops and the
increase in available research manpower and resources, and concern for increased
food production in them coincided with the age of rapid development of pesticides.
These were relatively efficient in controlling insects, even in the absence of
much detailed work on their biology which received limited attention owing to
administrative and financial pressures. The consequent problems sowed the seeds
of the "‘rediscovery' of the integrated control aspect, which had received some

attention under various guises such as “cultural®™ control earlier. This
resurgence of interest has also highlighted the dearth of information,
particularly on natural control elements in food crops. Review of existing

information, such as by Lawani (1982) on various agronomic practices on cereal
stem borers control, is needed for tropical pests of food crops to facilitate
development of IPM strategies.

There is no doubt that the misuse of broad spectrun insecticides, often in
increasingly large quantities has caused severe environmental problems, while in
no way alleviating pest problems (Smith 1970, Conway 1971, Falcon and Smith 1973).
Associated problems of insect resistance to pesticides are well documented, e.g.
to DDT by Heliothis armigera on the Ord River in Australia, where a 90 fold
increase in resistance has been documented, and also a five fold increase to
DDT/toxaphene and endosulfan found (Wilson 1974). It must however be acknowledged
that most of these problems have arisen not on food crops, but on cash crops,
particularly cotton, and mainly in developed country situations. Joyce (1982), in
a critical review of the use of pesticides for Heliothis management, comments that
one must conclude that the strategy has been essentially one of chemotherapy which
maintains the environment in a lethal state for pest species. Little note is
taken of received doses or distribution of the insectide within the crop. He was
essentially talking about cotton — where far more information exists than on food
crops. Far too little attention has been paid to maximisation of kill of pests at
an early stage before damage has begun and almost none of the effects of
pesticides on early populations of pests on food crops and the parasites and
predators associated with them. Nevertheless as stated by Haskell (1977) ""However
involved the argment of integrated control versus pesticide control becomes, the
facts of the matter are that integrated control cannot be relegated to the status
of a long term option given the existing finite resources of the world to feed its
population®. Unfortunately the emotive nature of the environmental/ecological
discussions tends to obfuscate and in places completely obscure, the true pest
issues.

An iImportant issue in the consideration of management of pests is the rapidly
increasing knowledge occurring in the field of plant breeding and the developnent
of pest resistant cultivars. The literature on the subject is already extensive.
Screening techniques, for ensuring maximum exposure of new plant genotypes to pest
species in plant breeding programs, are being constantly improved and more readily
used. Developent of pest resistance in food crops have far reaching and
important influence on pest managanent strategies. Not all of these influences
are positive, as far as overall production of some food crops from large areas are
concerned at the initial stages of introduction. A careful assessment of
management strategies in relation to resistance breeding is required and regular
reappraisal required of the pests and the damage caused to food crops.
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TOMRDS AN | NTEGRATED PEST MANAGEMENT APPROACH FOR FOOD CROPS

The term 'integrated control', coined by Stern et al. (1959), at that tine
inmplied selective use of pesticides. Pest nanagenent utilises any or all suitable
techniques and nethods, in as conpact a manner as possible, to nmaintain pest
popul ati ons below those causing economc injury. This could be a single
conponent, e.g. spraying in an appropriate situation, or several techniques
appl i ed sinultaneously or over tine. Integrated pest control, (this term can be

used interchangeably with integrated pest nanagenent (FAO 1980), by definition
uses a multi-conponent approach and presupposes a know edge of the ecosystem crop
and pest. Therein lies both the hope and the problem for the approach. A sunmary
of the approach to the technique is given by Flint and van den Bosch (1977) who
present the underlying prem ses for integrated pest managenent. However those
sinple premi ses are not well understood even by research scientists in agriculture
and a continui ng educati ve process is inportant.

The broad social conplexities of application of the |IPM approach has been
detailed by Stockdale (1980), who correctly points out that pest control is but
one aspect of a package of agricultural technology (and of course integrated pest
control is itself a package). He also stresses that the conponents in the
agricultural technology are thenselves subject to rapid change. Al nost
everywhere, at present, donor agencies and world bodies are laying stress on
changing of traditional systems through encouraging increased fertiliser use,
conmi ssioning irrigation projects, i mproving nechanisation or sinmply the
introduction of new crops or cultivars. In these situations pest control
strategi es nust be dynami c and perspectives realistic. The effect of the dynanic
nature of the systens, pests and crops, on food production increases both the
difficulty of inpact assessment and the necessity for it. | npact assessnent over
a relatively short termis increasingly demanded by agencies, yet the long term
i mpact of a managenment program on both environment and production of crops is
probably nore crucial. A whole range of factors outside nmere pest control have to
be considered, and these demand expertise beyond those just in the pest control
ar ea. Changes in pest incidence in traditional systenms are not always directly
created by nman as exenplified by the surge in the inmportance of earhead
caterpillars in pearl mllet in the Sahel after the droughts of the early 1970's
(Vercanbre 1978). Constant vigilance is required in fornulating integrated
managenent strategies.

FACTCORS | N FAVOUR CF AN | NTEGRATED APPROACH

A factor which has tended to be overlooked in the discussion on integrated
pest managenment is that the world s small farmers have Ilittle access to
pesticides. The infrastructure for their acquisition and delivery does not exist
or exists only in rudinmentary form The problems of ensuring that the chemicals
and sprayers are avail able and maintained are fornmidable in the often renote areas
where they are to be used. Further, the costs to farmers, governnment or both are
large and few farners are prepared to utilise pesticides on food crops. Reasons
vary fromthe |ack of economic incentive to sociocultural considerations which may
inhibit use of even "safe" insecticides on food crops, as inadequate information
delivery systens fail to educate farners on matters of safety, non-hazard to human

reproduction, or efficacy. Many existing traditional agricultural systens,
neverthel ess, do take cognisance of pest attacks and use of plant-derived
insecticidal ash and plant extracts or oil is not unknown. Ot her agricul tural

practices which discourage pest attack are known to farners, e.g. early sow ng,
distribution of crop residues etc. However, many of them while known to farnmers,
are not applied and reasons for this should be sought. Mechanisnms for encouragi ng
their use involve proper application of integrated approaches which involve
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mundane, rather than spectacular pest management research.

Information on the basic biology of many pest species, and particularly the
relationship between pests and their parasites/predators in tropical food crops,
is scant. Such information is crucial in mounting widespread integrated control
schemes, as 1is information on pest buildup under various agronomic situations.
Such information need not be immediately available to mount a scheme as long as
the general approaches are applied and a data bank built up to enable the broad
strategy to be progressively refined and improved.

Much as been written on the environmental aspects that favour an integrated
approach through the sensitisation of society to the short and long term “costs”
of pesticides by such writers as Carson (1962). IT the purpose of such writing
was to reverse the tide of pesticide use it has failed (Zwerdling 1977). However,
a balanced approach to the pros and cons of insecticide usage provided by the
framework of integrated control has much to recomnend it, and the knowledge to use
insecticides wisely often exists, but other factors impinge on utilisation of this
knowledge.

FACTORS MILITATING AGAINST AN INTEGRATED APPROACH

The implementation of integrated control strategies is complex. It involves
questions of economic thresholds, which may have to be determined more than once
with the same pest or a series of pests during the growth period of food crops,
which may be well over 100 days longer. In the instance of plague migrant pests,
calculation of such thresholds is a rather academic exercise, and thoughts of
interated control rather irrelevant as calculations of economic loss, particularly
in the instance of small farmers really revolve round the question of no crop = no
food = starvation for the family. In "normal™ pest seasons a considerable amount
of loss iIs acceptable and the question raised in these situations is developnent
of reliable forecasting systems, as part of a management strategy. Considerable
progress has been made with some pests of food crops, e.g. locusts and armyworm.
However Taylor et al. (1980) comment that, in respect of migrant pests in the UK,
conventional population dynamics work has been of little value as it has been
concerned with temporal and not spatial change. In the tropics almost no work has
been done on food crops, and much of the current work on migration unfortunately
deals with movement of pests out of outbreak areas. Far more research needs to be
done on movement into areas and on factors favouring the developnent and increase
of small initial populations in a habitat. The role of forecasting in economic
strategies has been discussed by Tait (1977) and Norton (1977) among others.

In situations other than those applicable to migrant pests or severe pest
attack, the problems of calculation of thresholds should not be used as a means of
questioning the concept of pest management and integrated control. Some loss is
acceptable, and quantifiable data, especially in the tropics, are unlikely to be
readily forthcoming as the resources are not available. It is doubtful, for
instance, whether the problem of compensation by food crops to losses by pests (or
indeed other stress factors) has ever been adequately researched in most tropical
food crops, and this is very important in consideration of economic thresholds. A
major question is posed as to how much more financial and staff resources should
be devoted to such an exercise. In the context of integrated pest control a
knowledge of the particular agroecosystem involved may be crucial to success or
failure and also in assessment of the economic parameters of the strategy (Mc Carl
1981).

Integrated pest control strategies are often location and crop specific
(Tarlock 1980). This can present administrators and bureaucrats with problems
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bot h of conprehension and inplenmentation. The pest situation in an early sown,
irrigated sorghumfield with a uniformhigh yielding hybrid is very different from
that pertaining in an intercropped peasant farner crop of sorghum utilising at
least two landrace cultivars. Farmers, for preference, or social reasons, my
habitually growtwo or three cultivars. Oten such cultivars are chosen so as to
maxi m se chance of avoiding total crop failure in situations of unreliable
rainfall. Intercropping often leads to particular difficulties in a managenent
strategy with food crops when insecticides are applied, particularly near harvest
time, when it may not be advisable to utilise a persistent pesticide. In short,
integrated pest control is not a uniform technol ogy which can be recomrended (or
imposed) fairly on a large nunber of people. Flexibility is called for. As an
exanpl e: should a group of farmers, who, in a large scherme, sowed their crops
early and carried out suitable agronom c practices ensuring mniml pest build- up,
be forced to spray to reduce the possible attack on |ate- sown crops of their
nei ghbours? How does one "legislate" for early sow ng? Clearly to be really

efficient integrated control nust be followed by nost, if not all farners in a
particul ar agroecosysteni geographical area if possibility of success is not to be
i mpai r ed. These problens have been alluded to in some publications, but seldom

t hor oughl y di scussed.

ldeally successful integrated control depends on the generation,
assimlation, analysis and dissemination of a large anobunt of theoretical and
seasonal applied information. Progress is being nade in utilising |IPM techniques
based on these nethodol ogies in devel oped countries generally with cash and high
val ue crops and even with food crops (Teetes 1980b) —but in devel oping countries
progress is limted (Jotwani, 1979, Kiritani, 1981) though theoretically it isin
these that nost is to be gained (Davies 1980).

EXAMPLES OF | NTEGRATED CONTROL I N FOOD CROPS AND PROBLEMS OF ACCEPTANCE

Al though integrated control is obviously well suited to food crops, given
their low traditional econonmic value, exanples of the utilisation on any great
scale are few FAQ' UNEP, through sessions of its Panel of Experts, sought to
encourage its use and stimul ated production of guidelines on integrated control in
maj or cereal crops including rice, maize and sorghum These guidelines draw
attention to the known difficulties of quantification of results and to the
di verse issues which have to be taken into account in integrated pest control

strategies, for instance, problens over pest residues in devel oping countries. In
India use of stalks is an extrenely valuabl e conponent of the total sorghum crop
to small farners. Stalks are crucially inmportant as a sunmer season fodder for
cattle and for milk production in urban areas and they are of high cash value at
certain times of the year. Stalks are therefore held until well after sow ng of
the new season's crop. In Africa sorghum and nmillet stalks are inportant as
bui | di ng nmateri al s. It is therefore not always feasible to recomrend destruction
of crop residues, although these are knwon to carry aestivating |arvae. Efforts
are being nade to carry out research into reduction of 'carry over' in sone

countries (Adesiyun and Ajayi 1980), but much nore work is needed in determ ning
both the inportance of and nethods for conbatting such basic entonological

problenms in inplenmenting pest managenent strategies. Farmers will readily accept
recommendations only when they are relatively sinple to use and their value is
proven. It is taking tine to convince farmers in devel oped countries of benefits

from I PM and considerable efforts in education of farners to such benefits will
be essential in devel oping countries. Further, the best nethods of approach wll
differ fromcomunity to community even within a single country.

Such issues have been highlighted in a series of papers on integrated control
in rice, e.g. Chang (1980) noted that in Malaysia the relative inportance of rice
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pests changes with tine, cropping pattern and agronony, and that weather could
affect the situation markedly. Currently pesticides are not widely used in
Mal aysi a, and spot treatments are used. Revealingly in the context of our
subject, he notes that only about 46% of farners ever apply insecticides and he
expresses a need for continued vigilance and work to refine the timng of
insecticide applications based on insect counts, dosage, selective toxicity and
met hod of application. Several papers by Kiritani (1979, 1981) provide strategies
and tactics for good integrated pest nmanagement in rice, but in the latter paper
he points out that despite repeated enphasis on the necessity of integrated
control its inplenentation by Japanese farnmers is |imted. There are nany
obstacl es - both technol ogi cal and soci oecononi c.

An inmportant consideration is the energy bal ance invol ved. Udagawa (1976)
observed that the energy input balance on rice in the period 1950 to 1974
increased for fertilizer, machinery, fuel and pesticides by 4, 12, 23 and 33 fold
respectively, but the yield inceased only 1.5 fold in Japan. dearly a reduction
in energy input is required without a reduction in yield (Kiritani (1981)). The
sane author coments that of all the possible options for insect control in Japan
insecticides will remain the commpnest nethod, and of the alternatives, only
varietal resistance is really practicable. A precise forecasting systemis needed
to enable insectidies to be applied at the time of planting for brown planthopper
control in view of the increased use of nachine planters. Citing the 100 fold
increase in resistance to sone carbamates and the 600 fold increase to malathion in
Nephotettix cincticeps, an appeal is nade for an orientation of control toward
optim sed pest nanagenent. These issues are equally inportant on other crops and
in other countries and particularly so in the developing countries. Wth other
food crops, such as sorghum sonme progress has been nade, as stated earlier, but
much nmore effort and detailed adaptive research is required, necessitating
al l ocation of financial and staff resources.

CONCLUSI ON

This brief examination of the subject shows that it would be erroneous to
suggest that integrated pest control is a panacea. The nethod is |ogical but
calls for concerted effort if it is to be widely applicable on food crops, and the
i mpl enent ati on demands considerable flexibility. The plea at this time nust be
for nore base data to be gathered on food crops in devel oping countries, and for
nmore targeted and sustained research actually in the snall farmer situation. (0]
particular inportance is intensification of work on plant resistance to insects
both in devel oping countries and devel oped countries. The latter could greatly
assist in carrying out sone of the nore sophisticated analyses on bases of
resistance. Little is known currently of the effects of resistance and resistance
chemi cal s on devel opnment of pest populations or their parasites and predators.
The host insect parasite/predator relationships in sprayed and unsprayed
situations need to be nore extensively studied in peasant farner's fields.
Results may indicate that augmentation of parasite/predator populations is
possible, or as a mninum enable indications to be obtained of methods of
encouraging rapid build up of existing parasite/predator popul ations. To do this
sone of the nodelling techniques developed at higher latitudes to study pest
popul ations and migration need to be examined, in the light of the much higher
pest popul ations which occur and the rapidity with which nunbers increase on
tropical food crops. Wrk is required on timng of spray applications, and on
suitabl e techni ques for application and insecticide formulations for tropical food
crops. Actual information on received doses by insects in tropical food crops is
al nost non-exi stent.

To ensure the nore rapid acceptance of Integrated Pest Managenment strategies,
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it is vital that the invol vemrent of many disciplines - plant breeding, agronony,
pesticide chem stry, socio-econcnics, econcnmics etc., s encouraged. This is
crucial in the interests of formulating strategies which are in the long term
socially, environmentally, politically and economically best for the bulk of the
farmers who produce the bulk of the world' s food for |ocal consunption - the nmall
farmers of limted means operating in marginal conditions, where inputs are few
and ri sks hi gh.

ACKNOW.EDGEMENTS

The hel pful coments of ny colleagues at the Centre for Overseas Pest
Research are grateful ly acknow edged.

REFERENCES

Adesi yun, A A and Ajayi (1980). Control of Sorghum Stem Borer Busseol a fusca, by
Partial Burning of the Stal ks. Tropical Pest Managenent, 26(2), 113-117.
Aziz, S. (1976). |lhe Wrld Food Situation Today and in the Year 2000. Wrld Food

Conf erence, 1976, |owa.
Beets, WC. (1981). Agriculture in Indonesia in AD2000. Span (UK) Shell, 24(1),

24-27.
Carson, R (1962). "Silent Spring". Hami sh, Ham|ton.
Change, Poon Mn (1981). I nsect Pests of Paddy in Ml aysia. Proc. Synp. on

I nsect Pest Managerent in Devel opi ng Countries. Trop. Agric. Res. Series No.
14, | baraki, Japan.

Conway, G R (1971). In: The Careless Technology - Ecology and International
Devel opnent. Farvan M J. and J. P. MIton (ed.) Nat. Hist. Pres. NY.
Davies, J.C.  (1979). Exanmples of Integrated Control Prograns Africa. I n:

El ements of Integrated Control of Sorghum Pests, Plant Protection Paper 19,
FAORone, 155-159.

Falcon, L.A and RF. Smith (1973). CGuidelines for Integrated Control of Cotton
Pests. Report AGPP M se. 8. FAO Rone.

FAO - Reports of various sessions FAO Panel of Experts on Inegrated Pest Control.
1976-1981. FAO, Rone.

FAO (1971). Agricultural Commodity Projections 1979-1980. Vol. 1, 1971 FAO Rone.

FAO - Production Year Book, Vol. 34, FAO Rome 1981.

Flint, AL and R van den Bosch (1977). "A Source Book on Integrated Pest
Managenent . " International Center for Integrated Pest Managenent and
Bi ol ogi cal Control. University of California.

Harris, K M and Elizabeth Harris (1968). Losses of African Gain Sorghums to
Pests and Di seases. PANS 14, 48-54.

Haskel |, P.T. (1975). Britain's Role in International Pest Control. Proc. 8th
Br. Insectic. Fungi Conf., 1059-1067.

Haskel I, P.T. (1977). Integrated Control and Small Farner Crop Protection in
Devel opi ng Countries. Qutlook on Agric. 9(3), 121-126.

Haskell, P.T., T. Beacock and P.J. Wrtley (1981). Wor | dwi de Soci oeconomi ¢
Constraints to Crop Protection. In Kommendal. T. (Ed.) Proc. of Symposia |IX

I nternational Congress of Plant Protection, Washington, 1979; vol. 1. 39-41.
Joyce, R V. A Critical Review of the Use of Pesticides in Heliothis Managenent.
In Proceedings of Synposium on Heliothis Mnagenent (1CRISAT), 1981,
Hyder abad, | ndi a.
Jotwani, MG (1979). Exanmpl es of Integrated Control Prograns - |India. I n:
El ements of Integrated Control of Sorghum Pests, Plant Protection paper 19,
FAO, Rone, 150-154.



I NTEGRATED APPROACHES TO PEST MANAGEMENT 107

Kanwar, J.S. and J.G Ryan (1976). Recent Trends in Wrld Sorghum and M1 et
Production and Sonme Possible Future Devel opnents. Proceedi ngs Synposi um on
Sor ghumPr oducti on (CFTRI'), 1976, Msore, India.

Kiritani, K (1979). Pest Managenent for Rice. Ann. Rev. Entom 24, 279-312.

Kiritani, K. (1981). Integrated Pest Managenent for Rice. Proc. Synposium on
I nsect Pest Managenent in Devel oping Countries. Trop. Agric. Res. Series No.
14, | bafaki, Japan.

Lawani, S.M (1982). A Review of the Effects of Various Agrononmic Practices on
Cereal StemBorer Popul aticns. Tropical Pest Managenent. 28(3), 266-276.
Marnham P. (1980). "Fantastic |Invasion", Jonathan Cape.

M Carl, B.A (1981). Economics of Integrated Pest Management —An Interpretive
Revi ew of the Literature. Special Report Oregon State Univ. 636.

Morgan, WB. (1980). "Agriculture in the Third Wrld —A Spatial Analysis." Bell
and Hynan, London.

Norton, G A (1980). The Role of Forecasting in Crop Production Decision Maki ng —
An Econom ¢ Viewpoint. EPPOBull. 10(2). 269-274.

Odun (1971). "Environment Power and Society." WIey Interscience, New York.
OCECD (1977). Report of the Steering G oup on Pest Control under Conditions of
Smal | Farmer Food Crop Production in Devel oping Countries. Devel opnent

Center CECD, Paris.
Pimental, D., O Dritschil, T. Krumel and J. Kutsman (1975). Energy and Land
Constraints in Food Protein Production. Science 190, 754-761.

Ruesi nk, WG (1980). Economics of Integrated Pest Managenent: Di scussion on
Ent ool ogi sts Viewof | PMResearch Needs. Am J. Agr. Ec. 62, 1014-1015.
Stern, V.M, RF. Snith, R van den Bosch and K. S. Hagen (1959). The Integrated

Control Concept. Hilgardia 29, 81-101.

Smith, RF. and C B. Huffaker (1973). Integrated Count Strategy in VS and its,
Practical Inplications, LPPOBull. 3, 31.

Smth, RF. and HT. Reynolds (1966). Principles, Definition and Scope of
Integrated Pest Control. I n: Proceedi ngs FAO Synposi umon |ntegrated Pest

Control, FAO Rone.
Smith, RF. (1970). Pesticides, Their Use and Limtations in Pest Mnagenent.

I n: Rabb and Guthrie, "Concepts of Pest Mnagenent", Carolina State
Uni versity, Raleigh, NC, pp. 103-118.

St ockdale, Jerry D. (1980). Pest Managenent and the Social Environnent,
Conceptual Considerations. In Pest Control: Cul tural and Environnental

Aspects, Ed. Pinentel and Perkins. AAAS Sel ected Synposi um43.

Tait, E. J. (1978). The Use of Forecasting as a Method of Rationalising Pesticide
Applications. Proc. 1977 British Crop Protection Conf.

Tarlock, A. Dan (1980). Legal Aspects of Integrated Pest Managenent. I n: Pest
Control: Cultural and Environnental Aspects, Ed. Pinental and Perkins. AAAS
Sel ect ed Synposi um43.

Taylor, L.R, RA French, |I.P. Wowod, MJ. Dupuch and J. N cklen (1980).
Synoptic Mnitoring for Mgrant Pests in Great Britain. Rothanstead Exp. St.
Report 1980, Part 2, p. 41-104.

Teetes, G L. (1980). An Overview of Pest Managenent and Host Plant Resistance in

US Sorghum In Biology and Breeding for Resistance to Arthropods and
Pat hogens in Agricultural Plants, BEd. MK Harris. Texas A&M Al D.
Teetes, GL. (1980b). Exanpl es of Integrated Control Prograns — Texas. I n:

El ements of Integrated Control of Sorghum Pests, Plant Production and
Protection Paper 19, FAO Rone, 133-149.

Udagawa, T. (1976). Estimation of Input Energy for Rice Cultivation. Kaukyo
Kagaku 5, 73-79 (Abstract).

Vercanbre, 3. (1978). Raghuva ssp et masalia sp. Chenilles des Chandells du ml
en Zone Sahelienne. |'Agro Trop. 33, 62-69.

Wlson, A GL. (1974). Resi stance of Heliothis armgera to Insecticides in the
Od Irrigation Area, North Western Australia. Jour. Econ. Ent. 67, 256-258.

Zwerdling, D. (1977). The Pesticide Treadmill. Environ J., Sept: 5.







PRINCIPAL DISEASES OF FOOD CROPS
G. Rangaswami

Commonwealth Technical Adviser (Agriculture)
#1, Road 23 Gulshan, Dacca-12, Bangladesh

ABSTRACT

Many di seases of food crops are prevalent in different parts of the world
causi ng recurrent heavy | osses. About 10-15% of total food production is |ost due
to diseases bhefore the crops are harvested. Control measures against diseases
over the past century have however yielded rich benefits. Most devastati ng
di seases of mmjor cereal food crops are now controllable through cultivation of
di sease-resistant varieties or a conbination of chem cal, physical, biological and

cul tural means. There is anple scope for inproving the quantum and quality of
plant protection technology presently available to farners in devel oping
countries, which wll help further reduce the |oss. The host - pat hogen

interactions are such that there is bound to be continuing struggle between the
t wo. Continued and nore concerted research efforts are required to inprove the
qualities in the host plants to withstand the onslaught of pathogens. Mor e
studi es are needed on the nmethods to accurately assess the | osses due to di seases,
on the techniques for disease forecasting and to nore effectively nanage di seases
at the tine of outbreaks.

KEYWORDS:  Di seases; Pl ant  Pat hogens; Food Crop Losses; Chenmical Control;
Resi st ance- Br eedi ng.

I NTRODUCTI ON

The inportance of the world's many food crops varies with the region. Though
over a thousand species of plants are known to be of direct econonmic value, a
majority of the world' s population derives its calorie needs primarily from about
15 plant species. The principal, primary or staple food crops are nostly cereals,
but in sone countries tuber crops, coconut and banana form staple foods. The
secondary food crops are pulse grains, oilseeds, vegetables, fruits, nuts and
sugar cane, sugarbeet and other sugar-yielding crops. The npst inportant anong the
food crops are the five cereals, viz., rice, wheat, naize, sorghum and barley
(Mangel sdorf, 1966). The world production of the nmajor food crops is given in
Table 1. About half the world popul ati on depends on rice for its staple food, and
nearly 30% of human energy is derived fromthis one plant species. The production
figures for cereals in 1980 in different parts of the world are given in Table 2.
The average yields/ha of land cultivated to cereals in the devel oped countries are
in the range of 2.0 to 3.75 t, excepting in Australia where it is about 1 t and in
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the USSR where it is 1.5 t. The conparable figures for nost of the devel opi ng
countries are less than 2 t/ha, barring China where the average yield of rice is
reported to be 3.6 t/ha (Anonynous, 1981). In general, there is high correlation
between the yield levels and the technology input, but this does not necessarily
mean that diseases are less inportant in the developed countries than in the
devel opi ng countries. On the other hand, with nore intensive cultivation there is
nore di sease incidence unless care is taken to control them

Table 1: Wrld Food Production (1980)

M Ilion tonnes M1 1lion tonnes
(M) (M)
Total Cereals 1,570.673 Total Vegetabl es 347. 859
Wheat 444,543 Total Fruits 287. 505
Rice 399.779 Sugar cane 730. 723
Mai ze ( Corn) 392. 249 Sugar beet 268. 722
Bar | ey 162. 402 Total Ol seeds (oil 51. 075
Total Root Crops 487. 113 equi val ent)
Pot at o 225.718 Total Meat 142. 166
Total Pul ses 47. 408 M Ik 470. 399
(grainonly) Total Fish catch 69. 700
Qut | ook for 1982: MI1lion tonnes (M)
Cereal Food Grains 1,470 to 1, 650
Wheat 450 to 500
Ri ce 450 to 486
Coarse Grains 755 to 820
World carry-over stock 268

(From FAO Year books and For ecasts)

Table 2: Wdrld Cereal Production (1980)

Area Yield Pr oduct i on
(' 000 ha) (Kg/ ha) (M11iontonnes)

Wor | d 743, 526 2,112 1,570. 673
Africa 75, 222 942 70. 838
Canada 19, 775 2,062 40. 786
USA 71,516 3,775 269. 979
Argentina 9, 926 1,878 18. 643
Br azi | 21, 060 1,573 33. 126
Asi a 325, 270 2,038 642. 488
Chi na 102, 624 2,760 283. 277
I ndi a 104, 509 1, 386 134. 879
Eur ope 71,084 3, 642 258. 912
Australia 16, 043 1,028 16. 497
USSR 123, 975 1,475 182. 811

( Fr om FAO Year book)
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PAST ACHI EVEMENTS

Di seases of crops are known from pre-historic days but their microbial nature
cane to be recognized only during the 18th century. Since then, over 30,000
pat hogens have been recorded on about 3,000 plant species. Over 25,000 of the
pat hogens are fungi, about 600 are nematodes, nore than 200 are bacteria, and at
least 300 are viruses, nycoplasma and other related pathogenic entities
(Rangaswami , 1979). Plant di seases are generally referred to pre-harvest ailnments
and hence our present consideration will be limted to |losses due to diseases
occurring in crop fields. However, there are close |inks between pre-harvest crop
di seases and post-harvest | osses.

Dealing with di seases of food crops, one has to take into consideration three
important aspects: (1) The essential need to minimse losses so as to feed
humanity —if even half of the |oss of about 300 M of food grains due to di seases
could be saved it would feed at least 750 million of the underfed and mal nouri shed
people of the world. (2) Any danmge to crop plants is an economic loss to
humanity as a whole and this should be mninised at any cost. (3) In order to
make agriculture an increasingly econom c undertaking, the productivity of arable
land shoul d be increased continuously and such an increase is possible only if the
pat hogens are effectively checked.

Crop Loss Due to Pat hogens

On a global scale the damage caused to the econonic plant species by crop
pests including insects, weeds and pathogens is variously estimated at 25 to 40%
of total crop production. On an average, about 10 to 15% danmge to crop plants
could be attributed to the diseases. As against this pre-harvest |oss, the post-
harvest damage to the produce takes place in transit, storage, market places and
until the food is cooked or otherw se prepared and eaten. The overall |oss at
post - harvest stages may be anything from5 to 25% Wil e the pre-harvest damage
todifferent crops in the field vary with the varieties, virulence of the pathogen
and various factors affecting the host-pathogen interactions, the post-harvest
danage varies with the produce, its noisture content and the conditions under
which it is stored. The nore succulent and perishable comodities of fruits and
veget abl es often succunb to heavy danmage by pathogens resulting in losses up to
50% or nore. The total pre-harvest |oss of cereal food grains at the 1980 |evel
of gl obal production of 1,570 M, calculated at 15% due to plant diseases, is
about 277 M. This would anpbunt to about US$ 40 billion. The value of loss to
other plant parts of cereals and also to all other agricultural comobdities would
be another US$ 40 billion. To this we nay add the post-harvest |oss of about US$
20 billion. By reducing this avoidable |oss of US$ 100 billion, we could achieve
the three objectives of feeding the unfed, inproving the nutritional quality of
human di et and substantially bettering the agricultural econonmy of the world.

Overall Assessnment of the Di seases

It is known that each of the economically inportant crop species is affected

by one or nore pathogens, often scores of themon a single crop species. There
are nore than 100 pat hogens on rice, another 100 on wheat, about 60 on maize, over
50 on sorghum and a sinmilar nunber on barley (Rangaswam, 1979). Not all of them

are considered major pathogens though sonme mnor ones may occasionally becone
maj or in some |ocations during certain favourabl e seasons. The maj or di seases of
the five inportant cereals are listed in Tables 3 to 7 and of the minor staple
food crops in Table 8. Mst of these di seases have been under study over the past
several decades. The nature, etiology, factors affecting their onset and spread,
and ways and neans of preventing, controlling, conbatting and managi ng the nore
i mportant ones have been investigated by several thousand specialists anmong the
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Di sease

*Bl ast

*Br own Spot
Bakane/ Foot Rot
Sheat h Bl i ght

Leaf Scal d

St em Rot

Sheat h Rot

St ackburn

Bunt

Leaf spot
*Tungr o

*Bacterial Leaf Blight

Grassy Stunt
Ragged St unt

G Rangaswam

Table 3: Mjor Diseases O Rice

Pat hogen
Pyricul aria oryzae

Hel mi nt hospori um oryzae (Cochli obol us m yabi anus)

G bberella fujikuroi (Fusariumnoniliforne)

Thanat ephorus cucuneris (Rhi zoctoni a oryzae-sativae),

( Corticium sasakii)

Rhynchospori umoryzae (Mnographella al bescens)

Lept ospheria salvinii (Sclerotiumoryzae)

Rhi zoct oni a sol ani (Acrocylindriumoryzae)

Tri choconi s padw cki i

Neovossi a horrida

Cer cospora oryzae

Virus: Vectors: Nephotettix virscens, N.nigropictus,
Recilia dorsalis

Xant hononas canpestris pv. oryzae

Vi rus: Vect or: Brown hopper N | aparvata |ugens
Virus (RRSV)

Di sease
*Bl ack or Stem Rust

Leaf, Brown or Orange Rust
Yel l ow or Stripe Rust

Loose Smut

Fl ag Smut

Bunt

Foot Rot

Powdery M | dew
*Leaf Blight
*Leaf Blotch

Leaf spot

Yel | ow Ear Rot

Take-al |

Bl ack Chaf f

Seedl i ng Bli ght

Table 4: Mjor Diseases O Weat

Pat hogen
Puccinia gramnis tritici
Puccinia recondita
Puccinia striiforms
Ustil ago nuda
Urocystis tritici
Tilletia caries, T.foetida, Neovassia indica
Pyt hi um gr am ni col um
Erysi phe gramnis var. tritici
Alternariatriticina
Septoria tritici (Leptosphaeriatritici)
Hel m nt hospori umsativum ( Cochl i obol us sati vus)
Anguina tritici & Corynebacteriumtritici
Ophi obol us gramini s
Xant honmonas transl ucens var. undul osum
Rhi zoct oni a sol ani & Fusari um spp.

Di sease
Comon Smut
Head Snut

*Leaf Blight

Stal k and Ear Rot
Char coal Rot

Top Rot

Seedl i ng Rot

Rust

Br own Spot

Zonat e Spot

Downy M | dew
*Bacterial Stal k Rot

*Mosai ¢

Table 5: Major Diseases O Mize

Pat hogen
Usti |l ago maydi s
Sphacel ot heca reiliana
Hel i mi nt hosporiumturcicum (Setospheria turcica),
H. car bonum ( Cochl i obol us car bonum),
H. maydi s ( Cochl i obol us het er ospor us)
Di pl odi a zeae
Macr ophoni na phaseol i
G bberella zeae
Fusari um cul norum
Pucci ni a sorghi
PhYsoder na maydi s
d oeocer cospora sor ghi
Scl erospora philippinensis
Erwi ni a carotovora f.sp. zeae, E. dissolvens,
Pseudonpnas | apsa
Mai ze Mbsaic Virus, Sugarcane Msaic Virus,
Mai ze Dwarf Mosaic Virus




PRI NCI PAL DI SEASES OF FOOD CROPS 113

Tabl e 6: Major Diseases O Sorghum

Di sease Pat hogen
Seed Rot and Seedling Blight Pythiumaphani dermatum P. debaryanum P. gram ni col um
Root and St em Rot Rhi zoctoni a bataticola
Char coal Rot Macr ophoni na phaseol i
St al k Rot Fusariumnoniliforne (G bberella fujikuroi)
*Grai n Snut Sphacel ot heca sor ghi
Loose Snut Sphacel ot heca cruenta
Long Smut Tol ypospori umehrenberqgii
Head Smut Sphacel ot heca reiliana
*Rust Pucci ni a purpurea
*Downy M | dew Scl er ospora sor ghi
Leaf spot Cer cospor a sor ghi
Ant hr acnose Col l etotrichumgrani ni col um
*Leaf Blight Hel mi nt hosporiumturcicum H sativum H hal odes,
d oeocer cospora sor ghi
Sooty Stri pe Ranul ari a sor ghi
Rough Leaf spot Ascochyt a sor ghi
Er got Sphacel i a sor ghi

Table 7: Major Diseases O Barley

Di sease Pat hogen
*Stem or Bl ack Rust Puccinia graminis tritici
Leaf Rust Puccinia striiforms
Cover ed Snut Usti | ago hor dei
*Loose Snut Ustilago nuda
Neck Bl otch Hel m nt hosporiumteres
*Powdery M | dew Erysi phe gramnis
Root and Foot Rot Hel mi nt hospori umsativum
Scl erotial Rot Pelliculariarolfsii
Leaf Stripe Hel mi nt hospori um gram neum

pl ant pathol ogi sts of the world. As a result, volum nous information and val uabl e
dat a have becone avail abl e.

Some cereal diseases are nore readily controlled than others. Bl ast and
bacterial |eaf blight of rice, and stemrust, leaf blotch and blight of wheat are
controlled through resistant varieties of the respective crops. O hers like

tungro virus on rice and stalk rot of maize are difficult to check. Sone of the
di seases of sorghum barley, oats, Pennisetum Eleusine coracana, Setaria italica
and a fewother millets are not readily controllable through chem cal means. Work
on devel opi ng di sease-resistant varieties is in progress.

Pot at 0o, sweet potato and col ocasi as are propagated vegetatively and carry the
susceptibility or resistant traits in their propagules, so it is inportant to use
heal thy planting material. Much progress has been nade in elimnating virus
pat hogens from potato tubers, before using themas seed naterial. Secondary field
infections of these crops are generally controlled with chenmicals. Mre damage is
caused to the rhizomes and tubers by soft-rot bacteria and fungi and there are no
ef fective renedi al measures, except the prophylactic ones (Rangaswanm , 1979).
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Table 8: Mre Inportant D seases O M nor Food Crops
Crop Di sease Pat hogen
Pot at o: Late Bl i ght Phyt opht hor a i nf est ans
Early Blight Al ternaria sol ani
Br own Rot Pseudonpbnas sol anacearum
Ri ng Rot Corynebact eri um sepedoni cum
Soft Rot Erwi ni a carotovora, E. anylovora, E. atroseptica
Scab Strept onyces scabi es
Vi rus Potato viruses X and Y, Potato Leaf Roll,
Mbsai ¢ and Streak
Sweet Pot at o: Charcoal Rot Macr ophomi na phaseol i
Tuber Rot Sclerotiumrolfsii, Rhizoctonia solani
Ceratocystis finbriata
Wi t e Rust Al bugo i ponpeae- pandur anae
Cassava Mbsai c Virus: Vector: Beni siatabaci
Leaf spot Cer cospora henni ngsi i
Yans: Leaf spot Cer cospora col ocasi ae
Rhi zome Rots Pyt hi um aphani der nat um Phyt opht hora
col ocasiae, Pellicularia rolfsii
Coconut: Bud Rot Phyt opht hor a pal m vora
St em Bl eedi ng Cer at ocysti s paradoxa
Wt Ganoderma | uci dum
Root Wt/ Kadang Kadang Virus/unknown causes
Banana: Panama Wt Fusari um oxysporum f. cubense
Bacterial (Mko) WIt Pseudononas sol anacearum
Bunchy Top Virus: Vector: Pental oni a ni gronervosa
Bl ack Tip Hel mi nt hosporiumtorul osum
Ant hr acnose G oeospori um nusarum
Leaf spot s Cer cospora nusae, Cordona nusae
Several fungi, viruses, bacteria and nematodes affect pulse crops, grown for

grain or fol iage.

unecononical to carry out direct chemcal methods of control. Di sease-resi st ant
varieties appear to be the main answer. However, it is difficult to evolve
varieties resistant to all nmost of the mmjor diseases and insect pests of
pul ses, combining in such varieties the other desired agronomic qualities to
i mprove econoni ¢ returns.

Intensive cultivation of vegetables in localized areas, and their repeat

cultivation with short
the pathogens to rmultiply rapidly.

Since these crops bring poor

rotations in the sane field,
Conbi ned chemi cal

econom ¢ returns,

with resistant varieties are necessary to check them

Most  of

chemi cal s,
repl acement
acconpl i sh.

the diseases of
since they stand
wi th disease-resistant varieties,
In the fruit gardens,

conditions are essential.

control
Since there
control

ti me- consum ng,

is ready

di sease endeni c areas.

per enni al
in the field for

fruit

I ntegrated chem cal,
must be practiced nost vigorously to inprove the econony of fruit farm ng.
| i nkage between pre-
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The diseases of sugarcane, sugarbeet and other high-value food crops are
effectively nmanaged by the farmers, who are financially in a better position to
undert ake control measures. Also, relatively nore attention is paid to evolving
effective control neasures through financial support for the needed research.
This position will continue as long as the high values of the comodities
conti nue.

Cereal Diseases of Prine |nportance

The maj or di seases of the five cereals with the nost devastating results are
marked * in Tables 3 to 7. Ni ne of those diseases cause the npst danage. Bl ast
and bacterial leaf blight on rice, stemrust and |eaf blotch on wheat, |eaf blight
and bacterial stalk rot on maize, grain smut on sorghum and stem rust on barley
toget her account for nore than half of the total l[oss of cereal food grains in the
world. These di seases should be carefully watched all over the world and adequate
measures taken to prevent, check and otherw se nanage them Each one is capable
of causing such severe losses in countries fully dependent on the respective crop
pl ants that fami ne and starvati on would occur.

Di sease Control

Ever since nman recognized the |osses caused by plant diseases he has
attempted to prevent, check and avoid the danmage, and has achi eved considerable
success. As a result, the technology for control of plant diseases has becone an
important input in nodern agriculture. The general principles of plant protection
are: exclusion, eradication, protection and i nmunization. These approaches to
pl ant di sease control bring to bear: (1) direct action against the pathogen, (2)
genetic nodification of the host to resist the disease, and (3) alteration of the
environment to make it unfavourable for the disease. Direct action includes
physical, chenical and biological neans of protecting the plants against the
pat hogen and/or elimnating or suppressing the activity of the pathogen.

Though there have been several nan-made restrictions on novenent of plant
material fromone country to another and fromone region to another, the pathogens
have found ways of junping the barriers, often with the help of man himself. As a
result, devastating diseases |like bacterial |eaf blight and tungro virus of rice
have spread to many parts of the world. In the early stages of the onset of a
di sease the pathogen m ght be eradi cated. However, this becones al nost inpossible
with maj or di seases of staple food crops, which are grown extensively. Therefore,
direct action to protect the plants against the pathogens beconmes the nost
i mport ant met hod.

Tne ideal nmethod of conbatting disease is to grow resistant crop varieties.
Since 1900 resistance-breeding has assumed grow ng inportance. The substanti al
increase in world food production has not only been possible because of
improvenents in the yield potential of the crop varieties but al so because these
varieties have genetic qualities to resist pathogens. While the crop selection
practices adopted by man woul d pl ace continuing pressure on the pathogens, because
of the availability of wide genetic variability anobng the hosts and al so several
efficient techniques for resistance-breeding, there is anple scope for continued
success in our selection process (Day, 1978; Nelson, 1979). In the com ng years
we may have to bal ance between high levels of genetic uniformty with conconitant
risk of breakdown of resistance and uneconomi c genetic diversity with built-in
hori zontal resistance. In nost cases, the relative degree of resistance results
from an interplay of host-pathogen, both of which possess considerable genetic
variability. Under the circunstances, no one crop variety can renmain continuously
resistant to a pathogen. For exanple, over the years about 400 physiol ogic races
of Puccinia graminis tritici and over one hundred races of Pyricularia oryzae have
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been identified based on their differential virulence on the cultivars of the
respective plant species. Breeding for resistance, therefore, has to be a
conti nui ng process.

Chemi cal Control

Cheni cal means of protecting the crop plants against pathogens have gained
i mportance since M|l ardet discovered the fungicidal effect of a m xture of copper
sul phate and line in water exactly one hundred years ago, i.e., even prior to
adoption of plant breeding techniques as a nmeans of inproving crop yields. Today
chemical protection is the prime neans of controlling plant diseases. It will
continue to be used in future as there is no other effective answer to many of the
di seases of crop plants. Even where disease-resistant crop varieties have been
devel oped, chenical control has to be a stand-by nethod since the resistance may
break down anytime and it would take several years to provide a new resistant
variety.

Several chemical formulations have come into the nmarket for application
agai nst pl ant pathogens. Some of them are for protection against fungi, wiile a
few are nore specific against certain groups of fungi, bacteria and nematodes, or
system ¢ agai nst viruses and ot her pathogens. Soil-borne plant pathogens are nost
difficult to control. Past efforts have nostly pointed towards cul tural methods
of control, which are difficult to practice. Several root and seedling infections
of cereals and also system c diseases such as downy nmildews of mmize, sorghum
Penni setum etc. are soil-borne and have so far defied effective solution. Recent
reports on the effectiveness of CGA 49104 and Oryzernate as soil fungicides to
check some major pathogens of rice are very encouraging (Anonynous, 1981a).
Insecticides are also in use to check the vectors which transmt certain
pat hogens. Sone chemicals are also particularly effective for pre-treating seeds
to elimnate the externally and internally borne pathogens. System ¢ chenical s
such as tricyclazole, benonyl and thiophanate-nethyl are becom ng increasingly
usef ul agai nst such devastating di seases as blast on rice (Anonynous, 1981la).

In the advanced countries, pesticides are in extensive use to protect
econom ¢ plant species against various pests. To neet the denand, |arge scale
industrial production is going on. The val ue of pesticides manufactured in 1980
was approximately US$ 10 billion, shared by the US at 35.5% West Gernany 23.3%
Switzerland 11.1% UK 9.2% France 8.3% Japan 3.9% and other countries 8.8%
There are over 100 pesticides marketed in different parts of the world, for use
agai nst various pests, including plant pathogens. However, distribution and use
of these pesticides in different countries on various crops vary very widely.

The | evel of consunption of pesticides in 1979-83 in Japan was 3,000 g/ha, in
USA 1,500 g/ha and in India 330 g/ha. Oten these figures, when taken as an
average for the nation or region, give a msleading picture of the actual quantity
used. For example, in India, of the gross cropped area of 165 Mia, only 75 Ma
get plant protection coverage. O the 75 Mia, about 55 Mia is under high-yielding
varieties with rice, wheat, sorghum nmize and Pennisetum and the rest under
cotton, sugarcane, oilseeds, vegetables, etc. O the cereals, rice gets nore
pl ant protection coverage than the rest. On average rice receives one to two
sprays nostly for controlling insect pests and to a limted extent for fungal or
bacterial pathogens. |n conparison, cotton gets an average of 7 to 12 sprays and
grapevine 10 to 15 sprays in one fruiting season. O the total of 392 districts
in the country, 55 districts are considered agriculturally nore progressive than
the rest, and they use nore than 50% of the fertilizers and pesticides marketed in
the country. The overall picture would therefore be that only 25% of the total
| andspread gets any chemi cal spray. O the total chemicals applied, about 50% by
volurme is spread over 5% of the |and area (Rangaswam, 1981a).
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Wiile the use of chemicals provides an effective and profitable method of
increasing crop production, there is increasing concern about the environmental
pollution that may result from excessive and continuous use. Wile the advanced

countries have every reason to be alarned over the ill-effects of chenical
pollution on humanity and on the biosphere, in nmpbst of the devel oping countries
such a level of pollution has not been reached. It also has to be reckoned that

t he devel opi ng countries have cone a | ong way over the past half a century to nmake
farmers aware of the damage caused by pests and the benefits of chemical control.
It would not be proper at this stage to intervene to prevent use of chenmicals for
controlling plant diseases in the devel oping countries. In India a recent survey
had shown that only about 40% of the farmers are aware of the benefits of plant
protection neasures, and only about 10% adopt them O these not even hal f adopt
the measures scientifically to derive the nmaxi mum benefit. Therefore, there is
need for educating the farmers on proper and judicious use of plant protection
chemicals, learning fromthe experience of the devel oped countries on the danmages
caused by continued use of higher doses of such chem cal s.

EXI STI NG OPPCORTUNI TI ES

Wil e several plant disease control nethods do not reach beyond experinmental
fields, there are many which are not adopted by the farmers because the farners
cannot econonmically afford investment of funds on such neasures. This 1is
especially true in the devel oping countries where the farm hol dings are small and
the farners are poor. Since the relative loss of crops under such conditions is
hi gher, the cost-benefit ratio and sociol ogi cal benefits fromsuch an effort would
be relatively nore. Therefore, steps should be taken to subsidise plant
protection measures in such selected areas to make them popul ar.

Pre-treatment of seeds with plant protection chemcals, which is a technique
relatively easier to adopt, is one which could be advocated for wuniversal
application in food crops. Popul ari sati on of disease-resistant varieties in such
areas where the relevant diseases are endemic is another inportant item which
deserves immediate attention. In nost of the devel oping countries only a snall
percentage of the total cropped area under cereal food crops is sown to the high-
yielding varieties. Since nost of the high-yielding varieties of rice, wheat,
mai ze, sorghum and Penni setum are known to be resistant to the nore inportant
di seases of the respective hosts, by increasing the area under such varieties crop
yields can be substantially increased and di sease | osses reduced. Appl i cation of
chemi cal sprays and dusts should be done in tinme and nore scientifically to bring
better results. More effective and efficient neasures to transfer plant
protection technology from research centres to farmers' fields should be taken.
By adoption of such agronom c neasures, as proper crop rotation and soil-health-
care the pathogens' population could be brought bel ow the threshold |evel causing
econom c loss to the crop, and this would bring benefits lasting for nore than one
croppi ng season. For perishable food items such as vegetables and fruits, there
should be integrated pre-harvest and post-harvest plant protection nmeasures to
mni m se the overall |oss.

FUTURE LI NE OF WORK

We have cone a long way in understanding plant diseases and their causal
agents, their biology and host-pathogen interactions. We have | earned nany ways
of dealing with them- chenical, physical, biological and cultural controls, but
we have not fully won the battle. Therefore, there is need for nore intensive
measures in the areas of resistance-breeding, developing nore effective and |ess
expensi ve chemnical agents against the pathogens, and working out an integrated
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means of managi ng the di seases to mninise the heavy | osses now incurred.

Wth increased intensity of crop cultivation, there will also be nore of the
known di seases, and al so several new ones will probably appear. There is bound to
be a breakdown of resistance in nmany of the present-day resistant varieties. W
shoul d have a second line of ready-to-release crop varieties which are equally, if
not nore resistant than the present ones.

Since we need to use chemicals for plant disease control, we have to find
ones less harnful to the environnent, knowi ng nore about the factors favouring
their breakdown in nature. More needs to be done to obtain effective chenicals
with selective action on soil-borne plant pathogens affecting food crops.

Basic information on host-pathogen-environment interactions has to be
collected to understand the weaker links so as to evolve nore effective control
measures. This is especially essential in respect of such pathogens which breed
or otherwi se genetically enhance their virulence capabilities to knock down even

the npost resistant host varieties. More needs to be done on the inter-
rel ati onships between different pathogens and between different categories of
pests including insects, nenatodes and other microbes on the sanme host. Host -

pat hogen interactions under physiological and environnental stresses need to be
better under st ood.

There have been attenpts, with very limted success, to forecast disease
incidence so as to take advance action to mninmse damage. However, disease
forecasting which depends on agricultural nmeteorology nore than on any other
single factor, wll becone increasingly inportant in the com ng years. Renot e
sensi ng techniques and aerial photography through satellite services should help
in better understanding of the onset and spread of plant diseases. This woul d
lead to nore accurate forecasting of disease outbreak, and |ocation-specific plant
protection neasures.

Before taking steps to control a disease, one has to be certain that the
disease is worth controlling. Lack of accurate methods to assess crop |osses
continues to hanper efforts to control many diseases. The data on crop |osses
presently avail able are not always reliable, |eading to hesitancy on the part both
of the beneficiary and the admnistration to invest funds to control disease.
More needs to be done to evolve accurate methods of assessing crop di sease | osses
(Chi arappa, 1971; Horsfall and Cowing, 1978). Economics of plant protection
measures, bringing out clearly the cost-benefit ratios under different sets of
agronom c conditions would also help in taking adequate measures to control
di seases.

In many instances the diseases are not controlled for want of human efforts
in proper planning and execution. Oten we resort to control nmeasures after the
pat hogen had fully established itself. In many instances, even though effective
met hods of control are known, the administrative set up is inadequate to neet the
field requirenents. Due to lack of managerial skills in the production system
either the plant protection chenmical is not procured and nade available in the
required quality and quantity and in time, or men and equi pment are not avail able
in adequate nunbers to carry out the field operations. Since managerial skills to
conbat plant pathogens is badly lacking in nost agricultural areas of the world,
by inmproving such skills we could substantially reduce crop yield |osses.
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ABSTRACT

Man’s crops are ravaged by pests, diseases and weeds. There are frequently
interactions among them, varying widely in degrees of complexity and in the extent
of influence by other factors in the agroecosystem. Only rarely can these
interactions be managed within biological or integrated control systems so that
they result consistently in increased agricultural productivity. More frequently
the iInteractions are disadvantageous to productivity; here, a detailed
understanding of the biology and ecology of the damaging organisms and their
inter-relationships is essential for the design of effective control programmes.
This paper gives examples of the many types of interaction including: biological
control of one species by another, synergy or antagonism between species,
alterations in competitiveness, transmission of diseases by pests, and the effect
of weeds and volunteer crop plants on the survival of pests and diseases.

KEYWORDS: Agro-ecosystem; biological control; diseases; integrated control;
interactions; pests; weeds.

INTRODUCTION

Pests, diseases and weeds are estimated (Anon, 1982) to reduce crop yields by
about 25% in the developed world and 40% in the developing world; their effective
control represents one of the most important and demanding tasks facing mankind.
Although it 1is possible in some cases when designing control programmes to
consider each individual pest, disease or weed as a problem to be tackled
separately, it is always desirable and often essential, because the various
components interact, to regard them as a complex requiring an integrated control
approach.

This paper is concerned with the nature of these interactions among pests,
diseases and weeds and attempts to highlight those aspects which are important in
the context of increasing world food production. Because of the broad scope that
is possible interactions involving insects, fungi, bacteria, viruses etc. which
are not themselves damaging pests of crop plants have been excluded. These,
however, are often essential components of biological or integrated control
systems (e.g- the cultured bacterium Bacillus thuringiensis for the control of
Lepidoptera, naturally occurring or introduced predatory mites for the control of
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red spider mtes etc).

Interacti ons anong pests, diseases and weeds are not rare events; they are
frequent, particularly if the indirect effects of one damagi ng organi smon anot her
are taken into account. Indeed, it is possible to find exanples of nearly all the
18 possible interaction conbinations, positive and negative, between the 3
conponent s. Rat her than review ng this broad subject conprehensively, this paper
chooses to exenmplify how a know edge of interactions can assist in control
programmes which lead to inproved crop productivity. More detail on many aspects
is reported in the proceedings of a recent synposium (Thresh, 1981).

TYPES CF | NTERACTI ON AMONG PESTS, DI SEASES AND WEEDS

The nature of the interactions between pest organisns are extrenely diverse
and no formal classification system has been devel oped; the interactions may be
direct or indirect, single-step or multiple-step, natural or induced by a change
incultural or agrochem cal practices.

Direct Interactions

The sinplest types of interaction are those where one pest organismdirectly

af fects the incidence of another. A clear exanmple of this type is where a pest
acts as a vector for a disease. Many species of nematode, and Hemiptera
(especially aphids and hoppers) transmt virus diseases to a wide range of crop
pl ants. Frequently they are the only nmethod of transmi ssion and the control of

the virus disease is achieved via the control of the vector as, for exanple, in
the control of sugar beet yellows via the control of the aphid Myzus persicae.

In many interactions, pest, pathogen or weed species conpete directly with
one another in the agro-ecosystem This is visually obvious and well understood
bet ween weed species but |ess so between pests or diseases. An exanple of direct
conpetition between di seases on barley is provided by Sauer and Schonbeck (1976)
who showed that when powdery nildew (Erisyphe gramnis) was controlled by the
specific, systemc fungicide ethirinol, it resulted in an increase in the fungal
pat hogen Cochliobolus sativus due to decreased conpetition on the barley | eaf
sur face. Direct conpetition also exists between insect pests as illustrated by
LeCato (1975). In experiments on stored mmize grain involving four species of
stored-product pests in a nulti-factorial experiment he showed that, anpbngst many
other interactions, the flour beetle (Tribolium castaneun) was the donmi nant
speci es and reduced the nunbers of all the others.

Direct conpetition between pest organisnms is common and it is inportant that
it is taken into account in control programes to avoid 'suppressed organisns
energi ng as serious probl ens when conpetitive organisns are controlled. Sometines
pest organisms are directly antagonistic or synergistic to one another. Pol | et
(1978) describes a case of real synergy (as defined by WIlcoscon's test) between
the |epidopteran pest Maliarpha separatella and the fungus causing rice blast,
Pyricularia oryzae, on the rice crop in the lvory Coast. The fungus infects
preferentially the rice already danaged by the insect, often leading to the total
destruction of the rice plant.

Ant agoni sm as distinct from conpetition, is comon anong fungi but there
does not seem to be a well docunented case between specific fungal plant
pat hogens. An exanpl e of antagonism involving a plant pathogen, however, is
provided by Minnecke et al (1981) who describes the antagonistic effect O
Trichoderma spp on the boot-lace fungus Armillarea nellea, which causes serious
crop losses to a wide range of bush and tree crops. A Trichoderma spp is also
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important in reducing the survival of the rice sheath blight pathogen
Thanat ephorus cucuneris through deconmposition of rice straw (Anon, 1981). The
antagoni sm Trichoderma is due, at least in part, to the production of a
diffusable antibiotic according to Kraft and Roquebert (1981) who studied the
interaction between T.viride and Botrytis cinerea. Many soil-borne fungal
pathogens, in contrast to nost obligate aerial pathogens, are non-specific to
hosts; they have broad host ranges or saprophytic stages and it is highly probable
that many ant agoni sms exi st.

I ndirect |Interactions

Indirect interactions between damagi ng organi sns are very diverse in nature
and occur frequently. Many are obvious, others nmore crytic and difficult to
identify. An exanple of the npst obvious type is where the activities of one
organi sm provide mcro-environnents in which other organisnms thrive: aphids
excrete honeydew which serves as the growth medium for O adosporium spp and ot her
moul ds which reduce the quality of many crops, including tenperate cereals:
Pseudocercosporella herpotrichoides causes eye-spot of cereal stem bases which
i nduces | odgi ng which encourages | ate-season weed growth which hinders harvesting
resulting in reduced grain yield and quality: stem borers create nicro-
environments favorable for the devel opnment of many di seases, including bark canker
of cocoa (Smith, 1981) and wood rot of tea (Sivapalan and Delucci, 1972): wood
scab of apple (Venturia inaequalis) provides entry sites for wood canker (Nectria
galligens). There are innunerabl e other exanples.

The relationship nmay be nuch less clear and involve nultiple steps. A good
exanple is provided by Stapley (1973) fromwork on coconuts in the Pacific Region.
Premature nutfall in this area is prinmarily caused by the Coreid bug, Anblypelta
cocophaga which is naturally controlled by the large yellow tree-nesting ant
Cecophylla smaragdina but not by the snall but very numerous ant Pheidole
nmegacephal a. Pheidole, which inhabits the base of the palns and the adventitious
roots under ground vegetation cover, opposes Cecophylla and prevents it occupying
the palms. The bal ance between the ants can be substantially changed by reducing
the weed cover at the palm bases by chemical or mechani cal neans, or by grazing,
whi ch reduces Pheidole popul ations and encourages Qecophylla. A change in the
nature of the weed flora has also been shown to be an inportant factor governing
the incidence of the green peach aphid (M/zus persicae) on peach trees (Tameki,
1981). Broad- | eaved weeds, but not grass weeds, act as alternate hosts for the
pest (and al so as hosts for many virus diseases).

The inportance of weeds as sources of virus inoculum for crop plants is
general ly greatly under-estimated. There are very many exanpl es: Localetti (1978)
reports that three very common weeds in USA  Portulaca oleracea Sol anum
sarachoi des and Amaranthus retrofl exus are carriers of tobacco rattle virus (TRVY)
and the latter two are also carriers of potato virus X Nerat odes in particul ar
do not retain viruses over long periods of tine and often become viruliferous
again only by feeding on infected weed species. Fungal di seases also are often
perpetuated by weeds. Vol unteer 'weed' crop plants are very inportant carriers
particularly where continuous nonoculture is practised e.g. powdery nmildew in
temperate cereals (Hughes, 1975): sheath blight of rice is carried by many conmon
weed species (Anon 1981), as are many soil-borne pathogens such as Pythium
Fusari umand Rhi zoct oni a.

I nduced | nteractions

When a change in a cultural or agrochemnical practice is introduced to control
one dammging organism it can induce the escal ation of another problem A very
good exanple is described by Hollis (1977); the successful nematicidal control of
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the ring nematode Criconenpides resulted unexpectedly in reduced rice yields in
plots infested with Cyperus escultentus. The control of the nematode, which
infected both plant species, stinulated weed growth nore than rice growh and the
i ncreased weed conpetition resulted in reduced rice yields. Hol lis believes such
interactions may be widespread in paddy rice and describes other weed species
whi ch may also be involved (Hollis, 1972). Anot her exanple, from Southern US,
illustrates one of the potential problens of using broad-spectrum agrochemn cals.
The fungicide benonyl has been used successfully to control several diseases
involved in the soybean disease conplex but in some areas its use unexpectedly
resulted in significant increases in popul ations of Lepidoptera larvae. This was
traced to effects on the entonopathogen Nonuraea rileyi (Johnson et al, 1976)
whi ch was naturally controlling the Lepi dopteran popul ati on.

In integrated insect control programres, one of the nmjor objectives is to
avoi d, wherever possible, effects on beneficial arthropod popul ations. Sivapal an
and Delucchi (1972) illustrate how difficult this objective can be to achieve.
Insecticidal treatnents applied to control the stem borer Xyl eborus fornicatus
resulted in outbreaks of the hitherto relatively uninportant |epidopteran Honpna
coffearia; treatments applied to control it in turn favoured outbreaks of mtes.
Such cascade effects are experienced quite frequently yet they still renain
difficult to anticipate.

Some agrochem cals have unexpected side effects in practical use. For
exanple, the herbicides EPTC and dinoseb, which are used to control weeds in
| egumi nous crops, alter the suceptibility of navy beans to the pathogenic fungus
Fusarium solani by increasing the exudation of electrolytes, amno acids and
sugars fromroot and hypocotyl tissue (Wse et al, 1976).

I NFLUENCE OF ENVI RONMENTAL AND MANAGEMENT FACTORS

It falls outside the scope of this paper to review the effect of external
factors on pest, disease and weed interactions but it is critically inportant to
appreciate their significance. Factors such as the degree of cultivation,
irrigation, fertilizer use, crop variety, rotational practice and, of course,
agrochem cal use have huge effects on crop plants and their conpl exes of damaging
and beneficial organisns. Their inportance cannot be over-stressed.

I NTERACTI ONS DI SADVANTAGEQUS TO CROP PRODUCTI VI TY

Most of the interactions between pests, diseases and weed necessitate added
conplexity in control programmes and from this viewpoint are disadvantageous.
Exanpl es are the role of weeds as alternate hosts for viral and fungal pathogens,
the generation of inproved m cro-environments by one danagi ng organi sm for another
and the long distance transm ssion of viruses by insect vectors. Nevertheless, a
detail ed understanding of their biology and ecology using a long-term field-
orientated, multi-disciplinary approach is an essential prerequisite for the
design of effective integrated control programmes.

I NTERACTI ONS BENEFI Cl AL TO CROP PRODUCTI VI TY

There is a very heavy bias in the available information on interactions
towards those that are unfavourable to crop productivity; the information is
relatively sparse on interactions which unequivocally benefit crop productivity

and these interactions alnmost invariably involve weeds as a conponent of the
interaction.
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Exanpl es above have illustrated how weeds frequently act as alternative food
sources or provide favourable environnents for beneficial, predatory or parasitic
insects and nmites. These exanples referred to perennial crops which, of course,
are nore stable agro-ecosystens than arable cropping systens which are always in
an early establishment stage. Nevertheless, sone weeds in arable crops have been
shown to have inportant effects in reducing pest incidence. Altieri (1977)
describes how the presence of the grass weeds Eleusine indica and Leptochloa
fatiformus reduced the incidence of whitefly (Enpoasca kraeneri) on beans
(Phaseolus vulgaris) even when the weeds were only present as a border around
pl ots. The effects were due to confused gustatory or olfactory function in the
whitefly. In the UK, Vickerman (1976) showed that there were fewer non-specific
predators of cereal aphids in weed-free fields and generated sone evidence that
the cereal aphids thenselves were fewer in nunber. Very simlar trends have been
shown by Altieri (1980) for the incidence of Spodoptera frugi perda and its insect
predators in naize.

Weeds al so have a significant effect upon the visual attractiveness of a crop
to pests. Flying pests are usually attracted to the yellowgreen colours of
spaced-out plants silhouetted against bare soil; weeds act as canouflage and
|l esson the contrast as illustrated by Smith (1976) for aphids in brassicae. I'n
devel oped agriculture, it appears that the increasing trends towards drilling
crops to a stand, to extensive nonocultures and to weed-free crops are increasing
the attractiveness of crop plants to pests. This contrasts with nixed cropping
systenms in developing agricultural systens where the aim is to maintain a
conti nuous and varied crop canopy.

The benefits of sone weeds in reducing pest attack in specific circunstances
are, therefore, established; there is no doubt that it is an area warranting
further study. The benefits nust be set against the costs, however, of permtting
weed grow h in or around crops; alternative crop plants shoul d al so be consi dered.
Weeds reduce crop yield by direct conpetition, they can harbour pests and disease,
they can have all el opathic effects (Putnamand Duke, 1978), and they can seriously
i npede harvesti ng. Mich more work is required and progress is likely to be slow
because of its long-term nature and the likely variability in results depending
upon environmental conditions. From an ecol ogical viewpoint, mixed cropping
systens appear favorable but these are often inconpatible with the use of npdern
sel ective herbicides in particul ar.

Crop production is an industry and farmers enploy the nost cost-effective
available solutions to problens provided that they are judged to be acceptably

safe in the environnent. Farmers tend to prefer broad-spectrum agrochenicals
because they will often be cheaper than several nore specific products, even
though the latter will often have |ess effect on non-target organisns. However ,

if it is essential econonmically to control a w de range of pests, disease or weed
organi sms, which is very frequently the case in practice, the environnental inpact
of a large nunber of specific products nay well be no less than that of fewer
br oad- spect rumpr oduct s.

Another general trend in agricultural systenms is towards increasing
mechani sation and, associated with it, the renoval of field boundaries to
facilitate operations. Again, econonmics is the driving force and argunments about
the loss of breeding grounds for beneficial insects, for exanple, have to be
assessed against that background (as well as the opposing technical view that
hedger ows harbour weed species which can re-infest fields and/or act as alternate
hosts for pests and pat hogens).

The future, undoubtedly, will see continuous progression towards integrated
pest managenent . Mani pul ati ng the pest bal ance, to encourage those interactions
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whi ch stabilise and reduce the incidence of danmgi ng organisns is a key objective.
Progress will be based on long-term nulti-disciplinary progranmes and is likely
to be slow Most inportantly the biological conmponents of the progranmes wll
have to be consistent in effect and econonmic in use if they are to be adopted
wi dely; their inportance nust be assessed not in isolation but as conponents of
the systenms of which they are a part.
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ABSTRACT

Resi stant varieties of cultivated crops are grown throughout the world either

as a primary nethod or as an adjunct to other insect control neasures. I n nost
cases, the host plant resistance (HPR) is of biochem cal nature. However, only
a few in-depth investigations on this subject have been undertaken. Lack of

appropriate analytical and bioassay nethods have been often the limting factors
to these studies. The phytochemicals involved in HPRnostly bel ong to groups |ike
acet ogeni ns, al kal oids, flavonoids, glycosides, isoprenoids, lignins, etc. They
act as feeding deterrents, growh inhibitors, toxicants, ovipositional deterrents
and repellents. Such chenmicals could be of great practical significance as
commercial pesticides because of their selective and non-polluting characters.
Informati on about these chemicals also will aid the evaluation of breeding |ines
so as to further increase (in cultivated crops) the levels of resistance to insect
pests.

KEYWORDS: Bi ochenmical basis, Plant resistance, Nonpreference (Antixenosis),
Anti biosis, Stimulant, Deterrent, Toxicant, Nutrient.

I NTRODUCTI ON

Studi es on host plant resistance (HPR) to insect pests have gained nonmentum
during the last two decades as its potential as a practical and virtually an ideal
met hod for pest control has come to be recognized. Consequently, nuch of the
research on such specialized aspects as the biochem cal base of HPR is of quite
recent origin. Few of these studies have been of systematic or exhaustive nature
and nost have touched only fragments of the probl em because of the conplexity of
factors contributing to resistance and often due to lack of close collaboration
bet ween ent onol ogi sts and organi c chem sts. Al so, the urgency of the know edge of
the chemical basis of HPR was not felt as it was not essential for breeding
resistant varieties. For studies relating to the chemical basis of resistance, a
detailed analysis of the various aspects of insect-host plant interaction is a
prerequisite. Furthernore, the situation is nmobre conplicated because HPR nay
of ten be governed by different chemcals in different varieties.

The inportant role in practical pest nanagenent played by host resistance has
been denponstrated for several crop plants in recent years. Resi stant varieties
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are proving to be a practical method of pest control over |large areas. For
exanple, varieties resistant to the brown planthopper, N laparvata lugens, are
presently occupying about 15 million ha and the level of resistance is such that
no pesticide application is needed to protect the crop from this noxious pest.
Furthernore, it has also been indicated that the chemicals responsible for
resistance to insects in certain rice varieties have the potential of becom ng
commerci al pesticides. The identification and characterization of these chenicals
al so can help in the breeding of varieties having higher concentration, and thus
greater resistance. Thus, many scientists are intensively investigating the
bi ochemi cal nature of host resistance.

Insect resistant plant varieties have the uni que advantage of exerting insect
control at all levels of pest infestations, and they do not involve any extra
expense to the cultivators or cause environnental pollution problens. Furt her -
nmore, generally, varietal resistance is conpatible with other nethods of pest
control. Thus, such resistant varieties are useful in integrated pest managemnent
programs which are receiving progressively greater attention by scientists and
farners.

Pai nter (1951) defined varietal resistance as "relative anount of heritable
qualities possessed by the plant which influences the ultinate degree of danmge

done by the insect. In practical agriculture, it represents the ability of a
certain variety to produce a larger crop of good quality than do ordinary
varieties at the same level of insect infestations". Varietal resistance is

subcl assified as foll ows:

(a) Nonpreference (Antixenosis) - when a plant possesses characteristics that
make it unattractive to insect pests for oviposition, feeding or shelter.

(b) Antibiosis - when the host plant adversely affects the biononmcs of the
insects feedingonit.

(c) Tolerance - when the damage to the host plant is only slight despite its
supporting an insect population of a size sufficient to danage susceptible hosts
severely.

The nonpreference, antibiosis and tol erance aspects of resistance result from
a series of interactions between insects and plants which influence the selection
of plants as hosts and the effects of plants on insect survival and multiplica-
tion. Establishnent of insects on plants involves orientation, feeding, metabolic
utilization of ingested food, growth, survival, egg-production, oviposition and
hat chi ng of eggs (Saxena, 1969: Saxena et al., 1974). The capacity of a plant to
cause the interruption of any of these may account for its resistance to insect
infestation. Such interruptions may be caused by the biochenical or biophysical
characteristics of a plant. However, often such responses are due to several
factors and only a few investigators have been able to identify the exact role of
these plant characters in the resistance of the host plant to a particul ar insect.

Some insect-resistant cultivars that have been used for breeding are given in
Table 1. The principles of insect resistance in crop plants and early work in
this aspect have been reviewed by Painter (1951, 1958). Recent devel opnents on
HPR are reviewed by Gallun et al. (1975), Pathak and Saxena (1976), and Maxwell
and Jennings (1980). This paper discusses the chemcals in plants influencing the
nonpr ef erence (anti xenosis) and antibiosis types of resistance. At present, there
is no evidence that the tolerance of the plants to insect attacks is influenced by
any chem cal .
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ANTI XENOTI C CHEM CALS

Differences in the concentrations of a wi de variety of chenicals
have been recorded to have profound effect
and ovi posi tional behavi our of the insect pests.

involved in resistance to

categorized as follows, based on their

Feedi ng Stimul ants

Most of the feeding stimulants are glycosides,

insects is given in Table 2.
influence on insect behaviour:

agl ycones, carbonyls, phospholipids or terpenoids.
pl ant substances' and are not known to possess primary functions for the plant or

the insects (Fraenkel, 1959).
the feeding activity of the insects,

However,

certain principal
such as sugars and amino acids for

in plants

on the host-plant selection, feeding
An abbreviated Iist of chemcals
These chem cals can be

organi ¢ acids,

(Cook, 1977), and asparagi ne for the brown pl ant hopper (Sogawa and Pat hak, 1970).

Tabl e 1:

Sonme I nsect-resistant Cultivars/lines
Used For Breedi ng Comerci al

Varieties

Crop I nsect

Varieties

Nat ur e of Resi stance

Al fal fa Peaaphid

Spotted al fal fa aphid

Bol | weevi |

Corn earworm

Corn rootworm

Eur opean corn borer
Ri ce Brown pl ant hopper
Ri ce gal | mi dge

Cotton
Mai ze

Ri ce whorl| naggot
Striped stemborer
Yel | ow st embor er

Apex, Washoe,
Dawson, Mesilla
Mesa- Sirsa, Zia,
Mbapa

Ak Djura, NC Margin
Zapal ot e Chi co

SDw, By, Gy, Be
Bs,

Mudgo, ASD7, |R26
Eswar akora, MrUl5,
HR42, HR63, Pthbl 8,
Pt b21, JBS446,
JBS673, Siam29

| R20, CR94-13, |R40
TKMB, Taitung 16,
Chi anan 2

Anti biosis

Anti bi osi s, nonpreference,
tol erance

Nonpr ef erence, anti bi osis
Anti bi osi s, nonpreference
Nonpr ef er ence

Anti bi osi s

Anti bi osi s, nonpreference
Anti bi osi s

Anti bi osi s
Anti bi osi s,
nonpr ef erence

131

fl avonoi d
They are generally 'secondary

nutrients also stinulate
| ocust s

Wi t e- backed pl ant hopper N22, ARC6003, Dharia Antibiosis, nonpreference
Sor ghum Chi nch bug "Atlas' sorgo Tol erance, anti biosis

Green bug 1 S809, KS30, SA7536-1 Antibiosis
Sor ghum i dge AF28 Nonpr ef er ence
VWheat Hessian fly W8, Pl 94587, Ribeiro Antibiosis, nonpreference

Most of the studies conducted so far have shown that a conplex mxture of
plant chenmicals rather than a single chemical factor influences the feeding
activity of the insects. A classical exanple is the silkworm that feeds as a
result of sequential production of stimuli by the mulberry |eaves (Hamanura,
1970). However, in a fewcases, single chemcals are involved in the resistance
of the variety to the insect pests. Peng et al. (1979) attributed the resistance
of rice varieties Nan You 6 and Vei You 6 to the brown planthopper to |ower
contents of aspartic acid, asparagine, valine, alanine and glutami c acid which act
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Table 2: List of Chenmicals Involved in Resistance to Insects in Crop Varieties
Host Pl ant Chemi cal (s) I nsect Pest Bi ol ogi cal Effect
Al falfa Counestrol Pea aphi d Feed det errent
Spotted al fal fa aphid
Saponi ns Wi t e grubs Growt h i nhibitor
Medi cageni ¢ aci d Pea aphi d Toxi cant
Pot at o | eaf hopper

Corn 6- MBOA Eur opean corn borer Feedi ng deterrent

DI MBQA G owt h i nhi bi tor
Cotton Gossypol, Quercetin Bol [ wor m Growt h i nhi bi tor

Rutin
Crucifers Allyl isothiocyanate | nported Cabbagewor m Attractant
Cucurbits Cucur bi taci ns Spotted cucurmber beetle Feeding stinul ant
Potat o Demi ssi ne, Tonmatin Col orado pot at oe beetle Feeding deterrent

Di hydr o- L-sol ani n

Sol acul in

Sol adul ci din
Ri ce Oryzanone Striped stemborer Attractant

Low aspar agi ne Br own pl ant hopper Feedi ng det errent

cont ant

Conmpound A St embor er Ovi posi tional deterrent
Soybean Saponi ns, Urease Bruchi d beetl e Ovi posi tional stinul ant

Sapogeni n Bruchid beetl e Ovi posi tional stimulant
Tonat o Tomatin Col orado potato beetle Repel | ent
W 1d Tomato 2-tridecanone Tobacco hor nworm Toxi cant

as phagosti mul ant s.

of 4-amno-butyric acid,
resi stant varieties.

br assi cae,

whi ch
Dual

det errent

There were 3 to 5 times differences
these anmino aci ds between resistant and susceptible varieties.
inhibited feeding by the
action of the same cheni cal
deterrent has been reported in the case of sinigrin (Nault and Styer,
has been shown to be a feeding stinulant
but a powerful

in the case of cabbage aphid,
to feeding by the pea aphid,

in the concentration of

The concentration
insects was higher in

as a phagostinmulant and a

1972). It

Br evi coryne
Acyrthosi phon

pi sum an insect that feeds on only plants belonging to the famly Legum nosae.

Feedi ng Deterrents

A feeding deterrent
insects directly but
conpr ehensi ve
Phl ori zi n,

i nsects.
det errent

for
(Mont gonmery and Arn,
concentration of oxalic acid

review of the

1974)

by brown pl ant hopper.

The

(1978).

cheni cal
gr asshopper
They showed that
cyanohydrin gl ucosi de.

constituents
feeding have been extensively

inhibits feeding by the insects.

they may die through starvation.
chemi cal s

that inhibit

Myzus persi cae,
Yoshi hara et al.

in sorghum

feeding of
a phenolic conmpound has been reported to act
the green peach aphid,
in apple.
in the resistant

responsi bl e
investigated by Wodhead and Bernays
resistance in young plants was mainly due to dhurin, a
Some phenolic acids on sorghum were found to occur as

It does not kill the
Chapman (1974) nade a
phyt ophagous
as a feeding

and Anor phophora agat oni ca
(1980)
rice variety Midgo to inhibit

recorded a hi gher
f eed

for resistance to
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insoluble esters of cell wall polysaccharides. Wiile the derivatives did not
affect the feeding activity, the free acids, as a mixture, had a pronounced
inhibitory effect. It was also shown that sorghum contained a few hydrol ases

whi ch could convert inactive phenolic esters into active forns at such high
concentrations as to reduce the feeding activity of grasshoppers (Wodhead and
Cooper - Driver, 1979).

Ammoniumnitrate was isolated by Akeson et al. (1969) from a resistant sweet
clover species, Melilotus infesta, and was inplicated as a feeding deterrent to
sweet clover weevil Sitona cylindricollis. Dreyer and Jones (1981) have tested a
number of naturally occurring flavonoids for their feeding deterrent activity
agai nst two aphid species, Schizaphis gram num and M persicae. Mbst fl avonoi ds
showed strong deterrence at concentrations well wthin the range often found in
plants. Three major greenbug feeding deterrents - p-hydroxy-benzal dehyde, dhurin

and procyanidin — were recently isolated from sorghum |eaves (Dreyer et al.,
1981). It is also speculated that the concentrations of deterrent principles my
vary in different parts of the plant. For exanple, jack pine sawflies,

Neodi prion swainei and N. rugifrons feed only on the ol der pine needles, probably
because the younger needl es contain a feeding deterrent (Al and Benjamn, 1975;
Il keda et al ., 1977).

Ovi positional Stimulants and Deterrents

It is often reported that ovipositional stinulants act as feeding stinulants
or attractants as well. Sonme plants in a cabbage field were found nore attractive
to oviposition by Pieris brassicae, because they contained higher than average
amounts of volatile allyl nitriles, which attracted the cabbage butterflies
(Mtchell, 1977). Stadl er and Buser (1982) have assayed various fractions of
carrot |leaf extracts against the carrot fly and found that nethyl-isoeugenol and
asarone —two phenyl propanoi ds —stinul ated ovi position.

Maxwel | et al. (1969) described the discovery and wutilization of an
ovi position suppression factor that effectively reduced egg laying by cotton
weevi |, Ant hononus grandis. This unidentified factor |located in Seaberry variety
of Sea Island cotton, Gossypiumbarbadense, has been transferred through breeding
into Upland varieties of comercial cotton, G hirsutum in which 25 to 40%
reduction in oviposition has been recorded. Simlarly, it was found that
sapogeni n in soybeans has ovi positional deterrent activity against bruchid beetle,
Cal | asobruchus chinensis (Applebaumet al ., 1965). Studies at the International
Ri ce Research Institute have shown that plants of certain rice varieties resistant
to the striped stemborer, Chilo suppressalis, contain an ovipositional deterrent
factor while the susceptible varieties contain some ovipositional attractant
factor. Spraying of the extracts fromthese plants on rice varieties dramatically
altered the ovipositional behaviour of the borer nmbths on them

Attractants and Repellents

Attractants nostly belong to terpenes, alcohols, esters, acids, sulphur-
cont ai ni ng substances and phenolics. A chenical, p-nmethyl-acetophenone, isolated
fromthe rice plant, was recorded to attract both the larvae and the adults of
striped stem borer (Kawano et al., 1968). However, difference in its
concentration in resistant and susceptible varieties was not investigated.
Cucurbitacins, tetracyclic triterpenoids, are feeding attractants to the spotted
cucunber beetle, Diabrotica undeci npunctata (DaCosta and Jones, 1971). A positive
correlation has been shown between the concentration of the cucurbitacins and the
nunmber of beetles attracted to various cucurbit fruits (Sharma and Hall, 1973). A
Il ow cucurbitacin content in cotylendonary |eaves of punpkin appeared to inpart
resistance to the plants against the red punpkin beetle, Aulacophora foveicollis
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(Pal et al, 1978).

Beck (1965) has defined repellents as substances that elicit an oriented
response away fromtheir source. The property of volatility is thus inferred for
the candidate chem cal. Hedin et al. (1977) have listed 12 conpounds as
repel l ents: 4 hydrocarbons, 3 acids, 2 phenols, 2 terpenes and 1 alcohol. The
paucity of studies on naturally occurring insect repellents is apparent.

ANTI BI OTlI C FACTORS

Toxic Chemicals in Host Plants

These include al kal oi ds, phenolic conpounds, flavonoids, terpenoids, etc. A
classic exanple of the presence of physiological inhibitors in resistant host
plants is the occurrence in corn inbreds of chemicals toxic to the first brood
| arvae of European corn borer, Ostrinia nubilalis. One of the potent toxicants
was identified as 6-MBOA (6-nethoxy-benzoxazolinone) (Smssman et al., 1957).
Later, Kl un (1965) found a strong correlation between the amount of 6-BOA in 11
mai ze inbreds at the whorl stage of developnent and the field rating for

resistance to the borer. H ghly resistant inbred lines yielded alnost 10 tinmes
nmore chemical than highly susceptible ones. He also suggested that a precursor of
6-MBOA may be biologically nore active. Klun et al. (1967) evaluated 2-4-
di hyroxy-7-2H 1, 4, benzoxazin-3-one (DI MBOA) which Virtanen (1961) and Wahlroos
and Virtanen (1959) had reported as the precursor of 6-NMCQA DI MBOA was
bi oassayed in an artificial diet and was found to inhibit larval devel opnent and
to cause larval nortality. The levels of the chemical were too lowin all lines
at the time of the second brood infestation and none of the corn lines was resis-
tant to the second brood of borers. But several lines from Latin Anerica were

resistant to both first and second brood |arvae; this resistance being not attri-
butable to DIMBOA (Sullivan et al., 1975; Scriber et al., 1975). The bi ochem cal
base of resistance of these Latin American lines is apparently not yet known.

A Mexican mmize strain " Zapalote Chico" was reported to have excellent
resistance to corn earworm Heliothis zea; the reasons being suggested were a silk
chemical factor and long tight husks (Keaster et al., 1972; Walter, 1962; Wdstrom
et al., 1972). The silk factor has recently been isolated and identified by Wiss
et al., (1979) as maysin (rhamosyl -6-C- (4-ketofucosyl)-5, 7, 3'. 4', tetrahydroxy
flavone). The pure chenical severely retarded the growh of earworm | arvae when
incorporated into the insects' diet. Minakata and Okampbto (1967) reported the
presence of benzoic and salicylic acids in resistant rice plants and found themto
be toxic to the striped borer larvae. But Das (1976) indicated the possibility of
hi gh phenol content in Taitung-16 variety as a factor responsible for borer
resi stance.

The resistance of rice to gall mdge, Oseolia oryzae, appears to be mainly
antibiosis. The devel opnent of |arvae was retarded in resistant varieties whereas
it proceeded nornmally in susceptible varieties (Shastry et al., 1972; Wngsiri et
al ., 1971). Perai ah and Roy (1979) recorded nore free ami no aci ds and phenol but
less sugar in the shoot tips of two resistant varieties than in a susceptible
check variety tested. The foliage of the wild tomato, Lycopersicon hirsutumf.
glabratumis covered with a dense vesture of glandular trichones that physically
entrap tiny arthropods in their secretions, but not larger insects (Gentile et

al ., 1969). However, the trichone exudate of one of the accessions was toxic to
tobacco hornworm Manduca sexta, and the corn earworm H_zea. The toxin has been
identified as 2-tridecanone, a nonal kaloid chemical (WIlianms et al., 1980). It

was al so observed that the cellular fluid of trichomes was particularly rich in
the flavonol glycoside rutin, acconpanied by |lesser anounts of phenolics (Duffey
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and |sman, 1981). A breeding program is underway to incorporate the glandul ar
trichone containing 2-tridecanone in comercial tomato varieties (Bordner, 1982).

The green peach aphid feeds on the phloem of tobacco (Nicotiania tabacum
plants and thereby avoids a powerful toxin in the xylemtissues (Quthrie et al.,
1962). However, the aphid does not survive on N. gossei because the toxin in this
speci es of tobacco exudes fromleaf hairs and kills the aphid by contact (Thurston
and Webster, 1962). Baker (1978) detected a trypsin-inhibitor which was toxic to
the bruchid beetle grubs in the seeds of a variety of cowpea resistant to this
i nsect. A partial characterization indicated the factor to be a mxture of
several isoinhibitors, sone of which were able to inhibit chymotrypsin as well as
trypsin.

Saponins are triterpenoid glycosides that occur in |legune seeds and plants.
A correlation was reported between the toxicity of certain |egume saponin
fractions to the larvae of bruchids and the relative resistance of these seeds to
insect damage (Applebaum et al., 1969). Saponi ns have also been inplicated as
possi bl e resistance factors in alfalfa against white grubs (Horber, 1964), pea
aphi d, potato |eafhopper, and certain other alfalfa insects (Horber et al., 1974
Roof et al., 1972). Hanson et al. (1973) showed that nost alfalfa cultivars
sel ected for high saponin concentration had resistance to the pea aphid. However,
Pedersen et al. (1976) found that the foliage and root saponin concentrations of
pea aphid-resistant and susceptible varieties were not significantly correl ated
with insect damage.

Three cotton gland pigments - gossypol, quercetin and rutin - when
incorporated into the standard bollworm diet, decreased growth of Heliothis sp.
(Lukefahr and Martin, 1966). Hi gh-gossypol cotton lines (for exanple, 1.7%in the
bol l wormresistant variety, X-G 15, as conpared to 0.4% in susceptible variety,
DPL-15) have been |ocated anong dooryard cottons and appeared to be prom sing
parents in breeding prograns (Lukefahr and Houghtaling, 1969). Chan et al. (1978)
showed condensed tannin in the flower buds of G hirsutum as the antibiotic
chem cal to bollworm

Certain allelochemcs interfere with nutrients by blocking their availability
to insects. This seens to be the case with oak | eaf tannins which apparently form
a conplex with proteins such that the proteins are nmade |ess available to |arvae
of winter noth, Operophthera brumata (Feeny, 1970). Simlarly, creosote resins
al so bl ock insect digestive activity (Rhoades and Cates, 1976). Such interactions
bet ween diterpene acids and chol esterol have al so been denonstrated (Elliger et
al ., 1976). The allelochenics exert their influence on the assimilation of
nutrients and in the efficiency of conversion of ingested food into insect
bi omass. Shaver et al. (1970) found that gossypol decreased assimlation by
bol l worm | arvae, but had no nmeasurable effect on nutrient utilization by tobacco
budwor m Eri ckson and Feeny (1974) denonstrated that sinigrin reduced
assimlation of nutrients by the caterpillars of Black Swallowtail butterfly,
Papilio polyxenes asterius, but did not reduce the efficiency with which
assim | ated food was converted into bi omass.

Host Plant Nutrients and | nsect Resistance

The role of nutritional factors in host plant resistance is little
under st ood. Al 't hough resistance nechani sms involving host nutrition do exist,
they are difficult to prove because the net effect is likely to be nore
quantitative and subtle than other resistance nmechanisns. A few exanpl es on the

possible role of insect nutrients in HPR are revi ewed bel ow.

Quantitative differences in amino acid contents of plants can influence their
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resistance or susceptibility to their insect pests. Sogawa and Pathak (1970)
recorded that the plants of brown planthopper-resistant varieties of rice had
| ower asparagine content than those of the susceptible varieties. Young

pl ant hopper femal es energing from nynphs reared on the resistant variety Midgo,
whi ch had |ower asparagine titre, had underdevel oped ovaries that contained very
few mature eggs, while those reared on susceptible varieties had normal ovaries
with a full conplement of eggs. Even though there are instances where application
of excess nitrogenous fertilizers tends to lower plant resistance, it is not
al ways observed. The asparagine content is believed to be greatly influenced by
the ampunt of nitrogenous fertilizers applied. However, the application of high
rates of Ndid not alter the resistance of Midgo (Table 3).

Table 3: Effect of Different Levels of Nitrogen Fertilizer on the Reaction
of Mudgo and Taichung Native 1 to the Brown Pl anthopper

I nsect Survival % Mal e: Fenal e Rati o I nsect Progeny
(after 22 days) (after 17 days) Produced (after 37 days)
Ni t rogen Tai chung Tai chung Tai chung
(kg/ ha) Native 1 Mudgo Native 1 Midgo Native 1 Mudgo
0 30 2 1:2.3 1:0.6 4775 11
50 38 0 1:1.4 1:0.7 5139 0
100 44 10 1:1.2 1:0.5 6835 19
150 54 22 1:1.4 1:1.0 8875 85
200 57 18 1:1.6 1:1.0 9363 70

Lower concentration of amno acids was recorded in the varieties of pea
resistant to the pea aphid than in the susceptible varieties (Auclair et al.,
1957; Auclair, 1963; Srivastava and Auclair, 1974). Sugar bal ance was found to be
inmportant in the resistance of certain crops. Reduction in sugar content of the
plant at nore critical stages of insect devel opnent may cause resistance. For
exanple, only varieties which supplied sufficient anmounts of glucose could sustain
Eur opean corn borer |arvae. Conversely, the rest of the varieties were resistant
apparently because of the |ower content of glucose. The | arvae were capabl e of
differentiating even mnute changes of glucose concentration (Beck, 1957; Knapp et
al ., 1966). Insects depend on their food for fats and fatty acids which are the
sources of energy, nmetabolic water and fat reserves. Gison (1958) observed that
egg production rates of the Colorado potato beetle were positively correlated to
the phospholipid content of potato foliage. Sterols are essential nutrients for
al | phytophagous insects. Sarin and Sharma (1979) analyzed R-sitosterol content
of wheat grains and found that its contents were negatively correlated to the
infestation of grain beetle, Triboliumcastaneum Tester (1977) has reported that
soybean-resistant cultivars accunulated sterol faster, and by pod-filling stage
contai ned 20-50%nore sterol than in the susceptible cultivars.

There is anple evidence on the inportant role of mnerals related to varietal
resistance to insects. Barker and Tauber (1954) reported that pea aphid showed
| ower reproductive capacity on plants deficient in Ca, My, N, P and K W nged
forms of the green peach aphid nynphs reared on diets lacking Fe or Zn produced

nmore alate adults, while those reared on diet devoid of P developed mainly into
apterous forns (Raccah et al., 1971).
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Fig. 1: Survival of first instar nynphs of whitebacked pl anthopper during the
vegetative and flowering periods on two rice varieties.

The aphid pol ynorphism has very great practical significance under field

condi ti ons. It is often observed that young plants |lose their resistance when
they growold. A study was carried out at IRRl for assessing varietal resistance
of rice to the planthoppers and |eafhoppers (Pathak, 1977). I nsects caged on

resistant varieties generally suffered higher nortality, had slower growh rates
and were smaller in size than those reared on susceptible varieties (Figure 1).
Varieties resistant at juvenile stage except ARC 5752 were al so resistant at |ater
st ages.

DI SCUSSI ON AND CONCLUSI ONS

In general, the weak background of npst entonologists in chemistry and the
lack of formal arrangenents for close working rel ationshi ps between entonol ogi sts
and chenmists had been the main constraints in investigations on the biochemn cal
base of insect resistance. Earlier studies in this area consisted of analysis of
primary chemicals in the resistant and susceptible plants, and any differences
were attributed as the factors of resistance. However, appropriate bioassay
techni ques have been often difficult to standardize as many insects are difficult
to rear on synthetic diets or for evaluating their behavioural responses. Al so,
HPR is often governed by several factors such as differences in ovipositional
response of the insects or survival and rate of their growmh on resistant and
suscepti bl e plants. Furthernmore, appropriate procedures for extraction of the
plant and fractionation of the extracts are essential, as even the extracts of
susceptible plants are often toxic to the insects or cause feeding deterrence.
Al so, certain chenicals get netabolized very fast on "wounding" the plants or
during extraction, and thus plant extracts analyzed, even when conplinented with
bi oassays, may not show the actual conpound responsible for resistance. Car ef ul
pl anning to avoid such problens is essential.

Studies on thermal stability, polarity, interference of other phytochenicals
af fecting biological activity and degradati on under varying conditions are sone of
the aspects which need primary attention. Seasonal fluctuations have al so been
reported to alter the concentrations of resistance chenicals. Furthernore, the
concentration of the chemcals responsible for resistance frequently varies
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significantly in different parts of the plant tissues or at different stages of
pl ant grow h. The node of bioassay of the chemicals on insects depends on the
type of activity the conmpound is expected to show. As antixenotic chemnicals
af fect the behaviour of the test insects, it is necessary that sophisticated
instruments like the olfactoneter, electroantennograph and el ectrochenical
pol arograph are wused to locate and neasure the subtle changes in insect
behavi oural pattern. The use of an antennograph attached to the gas-liquid
chromat ograph has been found very valuable for certain insects, but additional
studi es are required for devel opi ng the et hodol ogy for other species.

Antibiotic chenmicals that can be assayed by topical application or by m xing
them in synthetic diets are somewhat easier to determne. Current nethodol ogy
involves fractionation of the extracts by appropriate colum chromatographic
met hods and by bi oassayi ng each of these fractions. The active fraction is then
anal yzed for its chenical constitutent. However, even these fractions frequently
contain many conpounds as evi denced by correspondi ng nunber of peaks in the gas
chromat ograns or mass-spectronmeter analysis. Some of these may even be new
conpounds. To obtain pure sanples of these conpounds, and to bioassay each of
these is time-consuni ng and expensi ve.
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ABSTRACT

Pesticides will remain indispensable to avert crop losses caused by pests in
the foreseeable future. However, the problems of pesticide resistance and
detrimental effects on nontarget organisms, including man, associated with the
large scale use of broad-spectrum pesticides, dictate the need for effective,
biodegradable pesticides with greater selectivity. There is renewed interest in
naturally occurring pest control agents. This paper reviews the status and
potential of pesticides of plant, insect, or microbial origin and their synthetic
analogs for insect pest management.

KEYWORDS : Botanical pesticides, insect-based pesticides, microbial pesticides,
naturally occurring pesticides.

INTRODUCTION

With insects, pathogens, and weeds destroying more than one-third of world
crops (Cramer, 1967) and lowering crop quality, pesticide use has become intrinsic
to modern crop protection technology. Without pesticides, estimated crop losses
may escalate to 50%, and even higher in developing countries. World use of
pesticides is over 2.3 million tons annually. About 34% is applied in North
America, 45% iIn Europe, and 21% elsewhere, primarily in developing countries
(Berry, 1979). Most pesticides developed after DDT and 2,4-D, generally have been
synthetic, nonselective poisonous chemicals. They have effectively controlled
some pest species, but their extensive use has led to serious social and environ-
mental repercussions. Many cases of lethal and sublethal pesticide poisoning of
humans have occurred. The poisoning of livestock, Tfish, wildlife, and other
beneficial organisms are hidden costs iIn pesticide use. Pimentel et al. (1980)
estimated the overall environmental and social costs at nearly US$1 billion
annually. Pest resurgence associated with pesticidal destruction of natural
enemies, and the development of pesticide resistance in pests have required
increased doses or more powerful pesticides. That not only is uneconomical but
aggravates the problem.

The demand for food and maintenance of public and animal health will not

permit significant elimination of broad-spectrum, synthetic pesticides. Clearly,
new pesticides will have to meet entirely different standards. They must be pest
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specific, nontoxic to man and beneficial organi sns, bio-degradable, |ess prone to
pest resistance, and relatively |ess expensive. This has led to re-exam ning the
use of natural pesticides, which are less likely to cause ecol ogi cal damage. This
paper reviews the status and potential of botanical pesticides, mcrobial
pesticides, and insect-based pesticides. Maj or enphasis is on insecticides
because insects are the nost nunmerous and di verse organi sns.

BOTANI CAL PESTI Cl DES

Insects have attacked plants since the Devonian period. During this
prol onged interaction, many plant taxa have evol ved highly sophisticated defense
systens, largely a conplex array of defense chenmicals produced by plants
t hensel ves. Plants wvirtually are "nature's chenmical factories", providing
practically unlimted natural sources of botanical pesticides. Many of the ol dest
and nobst common pesticides, such as nicotine, pyrethrins, and rotenone, were
derived fromplants. The chemical or pesticide approach had its beginning in the
use of botanical materials.

Renewed interest in botanical pesticides is notivated by three nmgjor
objectives: 1. To encourage traditional use of sinple fornulations of |ocally-
available plant materials by farmers in devel oping countries who cannot afford

commer ci al pesticides. 2. To identify sources of new, botanical pesticides for
comrercial extraction. 3. To elucidate the chemical structure of active
princi pal s. Villagers in India traditionally nmixed dried neem (Azadirachta
indica) leaves in stored grains to prevent pest-caused |osses. Now it is al nost
forgotten. Bot ani cal pesticides extracted on a |large-scale nay al so be used to
replace or supplenent the activity of existing synthetic pesticides against
refractory pests. Structural elucidation of the active constituents may provide
further insight into structure-activity relationships. Novel met abol i tes

identified may serve as nodels for the chemical synthesis of new pesticides with
nore desirable properties. The greatest spin-off can be expected in the field of
i nsect control.

Pl ant species reportedly screened for insecticidal properties exceeded 6,000
species by 1971. O these, nore than 2,000 were reported to exhibit measurable to
consi derabl e activity (Crosby, 1966, 1971; Jacobson, 1958, 1975). Plants that are
anenabl e to commercial exploitation have generally received greater attention than
ot hers.

Ni coti ne and O her Al kal oi ds

Long ago, nicotine was identified as the principal toxic conponent of
tobacco, and farmers were using ground tobacco or its water extract to kill
i nsects. Tobacco was known as an insecticide in Europe about 1690, when the
tobacco trade flourished between the Anmerican col onies and Europe. Nicotine is a
fast-acting contact insecticide, which also acts as a fumi gant or stonmach poison.
Ni cotine alkaloid occurs in varying ambunts in at |least 18 N cotiana sp. (fanmily
Sol anaceae), but the commercially inportant species N_ tabacum and N_ rustica
contain up to 6 and 18% ni coti ne. Some unrel ated taxa such as Ascl epias syriaca,
Atropa belladonna, Equisetum arvense, and _Lycopodium clavatum also contain
ni coti ne. Al't hough nicotine is highly toxic to insects, it is not as wi dely used
as newer synthetic insecticides. Ni cotine may present |ess of a residue problem
because of its relatively high volatility and susceptibility to degradation.
However, it has little advantage over synthetics because of its relatively high
production costs; disagreeable snmell; and insecticidal activity limted nostly to
m nute, soft-body insects, such as aphids. It may be possible to devel op
synthetic analogs of nicotine that have the required node of action. Rel at ed
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al kal oi ds such as nornicotine and anabasi ne, found in a wi de range of plants, also
have linmited insecticidal use.

Pyrethrum

Pyrethrum derived from flowers of Chrysanthenumcinerariaefolium (famly
Conposi t ae), is an outstanding exanmple of a safe and effective natural
insecticide. It has been used to control insects in the Mddl e East since ancient

times. Pyrethrumwas introduced to Europe, the USA, Japan, East Africa, and South
Anerica in the 19th century. The postwar surplus of DDT dealt a severe blow to
the pyrethrum narket. However, as insects devel oped resistance to DDT and ot her
insecticides, and the hazards of their continued use were recognized, the
pyrethrum demand rose again. Worl dwi de annual production of pyrethrum now
averages 30,000 t. A 1972 international synposium gives an excellent review of
pyret hrum( Casi da, 1973).

The six insecticidal constituents in pyrethrum extract are pyrethrins | and
Il, cinerins | and Il, and jasnmolins | and Il. Pyrethrin | is the nost effective.
Insect susceptibility to pyrethrumis attributable to the cuticular perneability
and sensitivity of internal tissue "receptors" that control oxidative enzynme
systens. Pyrethrins act on the central nervous system The insecticidal activity

of pyrethrins is markedly increased by sesanme oil. Pyret hrum products are
commonly applied as oil- or water-based sprays containing from 0.03 - 0.1%
pyrethrins and 5 to 10 tines as much synergists. Dusts are made by m xing

pyrethrum extracts with clay or talc carriers, however, they deteriorate fast.
There are five nmajor uses of pyrethrum products: 1. household insecticides to
control flies, nosquitoes, bedbugs, ants, roaches, etc., 2. livestock or cattle
sprays against biting and non-biting flies, 3. sprays for mlls, warehouses, and
stored grains, 4. dusts or sprays agai nst pests of vegetable and fruit crops, 5.
sprays to suppress certain forest defoliators.

Al t hough pyrethrins do not affect certain natural enem es of pests, they are
nonpersistent and their effects are short-lived. Pyret hrum does not harm bees,
birds, fish, and larger animals, including man. Cccasional |y, pyrethrum dust
causes allergic reactions, but synptons disappear when the allergen is renoved.
Low | evel s of resistance to pyrethrins have been reported in cockroaches, bedbugs,
houseflies, cattle ticks, and body lice. These species, however, have high |levels
of resistance to organochl orines, organophosphates (OP), and carbamate insecti-
cides. The high cost of pyrethrins and their nonpersistent character have limted
their use in agriculture, but ultralow volume (ULV) applications of pyrethrum
formul ations permt rapid treatnent of |arge areas effectively and economi cally.

Research on chenmistry and structure-activity relations of pyrethrum
constituents has led to the synthesis and comerical devel opnent of a nunber of
pyrethrin-like substances called pyrethroids or synthetic pyrethroids (Elliott,
1977) . Some are relatively stable and have greater insecticidal activity and
lower manmalian toxicity than the natural esters. Al 't hough pyrethroids are
relatively expensive to nmanufacture, their greater insecticidal activity,
permitting fewer treatnments at |ower doses, gives them an advantage over
conventi onal pesticides.

Rot enone and Rot enoi ds

Rot enone and rotenoi ds represent another class of botanical insecticides.
For centuries, natives in many tropical countries used plant material fromcertain
| egunes, called toeba or tuba (Derris sp.) in the Malay archipelago, and tinbo or
cube (lonchocarpus sp.) in Central and South America, as fish poison or to poison
arrows or spearheads. In 1848, T. Oxley suggested tuba root to control |eaf-




146 R C. Saxenha

eatingcaterpillars. In 1877, it was nentioned that the Chinese in Singapore had
a long tradition of using tuba root as an insecticide. The active ingredient
isolated from Derris chinensis was called roten by natives in Fornpsa. Because it
was a ketone, it was naned rotenone. At least 10 chemically related rotenoids
have been isol at ed. The commercially inportant species are D. elliptica and D.
mal accensi s which have an average rotenone content of 4-5% and Lonchocarpus
utilis and L. urucu containing an average of 8-10% rotenone in dried roots. A few
Tephrosia sp. are a good source of rotenoids. Very low in manmalian toxicity,
rotenone is extremely active as a contact and stomach poison against several
i nsect species. Rotenone dusts, dispersible powders, and sprays have been used in
crop and health protection. Crystalline rotenone is used for nothproofing.
Rotenone is slowacting, often requiring several days to Kill. The toxic
principals deteriorate rapidly in sunlight and air. The conplicated structure and
the high cost of commercial synthesis have ruled out rotenone as a conpetitor to
the modern synthetic insecticides. Further investigations into the chem stry,
structure, and the node of action nmay lead to the devel opnment of sinpler, nore
cost-effective anal ogs.

O her Botanicals with Pest Control Potential

Derivatives of some plants have had nobre tenporary to restricted use in
insect control, while the majority remain itenms of folklore, or narrow regional
interest. The insecticidal activity of a few of these plants has been studied,
but even after a long history of pest control potential, information on their
chem stry and biological activity is scanty. This paradox can be attributed to
researchers' earlier predilection for botanicals having a distinctive toxicity
rather than those that subtly alter the pest's behaviour and physiol ogy. Only
recently have the potentials of behavioural and physiological aberrations been
recogni zed. In some situations, they may be highly desirable as they minimze the
ri sk of exposing the pests' natural enemes to poisoned food or starvation. The
pest control potential of plants such as neem chinaberry (Mlia azedarach) and a
few others that are nore relevant to devel oping countries will be highlighted.

Neem"Bitters"

Centuries before synthetic insecticides becane available, farners in India
protected crops with natural repellents found in the fruit and | eaves of the neem

tree A indica (famly Meliaceae) (Figure 1). The First International Neem
Conference, in Germany in 1980, led to a useful book on the potential of natural
pesticides from neem (Schrmutterer et al., 1981). The Second International Neem
Conference will be held in German in 1983. Al t hough neem does not occur in any

European or western country, these conferences indicate the inportance of
devel opi ng natural insecticides based on neem Scientists in England, Germany,
India, Israel, Philippines, and the USA are investigating the insect-repellent,
antifeedant, and grow h-di sturbing qualities of neemoil extracted fromthe tree's
fruit, and of neem cake fromthe residue. An Anerican conpany manufactures neem
dust and spray insecticides. They are undergoing the tier tests for toxicity
required by the US. Environmental Protection Agency (EPA). Jotwani  and
Srivastava (1981la, b, c) reviewed the pesticide potential of neem

The active principals or the "bitters" in neem have been identified as
limonoids, a group of stereochenically honogeneous tetranorterpenoids. These
occur predominantly in the family Mliaceae and al so in Rutaceae. Azadi rachtin,
the best known neem and chinaberry constituent, has shown selective activity

agai nst many insect pest species affecting agriculture and health. In general,
insects feed far less, grow poorly, and lay significantly fewer eggs on plants
treated with neem oil, neem cake, or azadirachtin. Effects are simlar for

sucki ng insects such as the rice brown planthopper, Nilaparvata |lugens, and for
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Figure 1: Neem (A indica A Juss) is widely grown as a shade tree in Asia
and Africa. It has insect-repellent, antifeedant, and nedicinal
properties. Approximately 14 million neemtrees growin India
al one. Annual neemoil production in India is about 83,000 tons.

chewi ng insects such as the rice leaf-folder, Cnaphalocrocis nedinalis, and the
ear-cutting caterpillar, Mthima separata (Saxena et al., 198la, b; IRR 1982a).
Contact with or ingestion of neemoil sprays or its purified extracts or fractions
disrupts insect growh (Figure 2). However energence of parasites is not
af f ect ed. Azadirachtin has been reported to act as an insect ecdysis inhibitor
(Kubo and Klocke, in press), but its other effects on insect behaviour and
physi ol ogy are equal ly i nportant.

Neem cake mixed with urea significantly increased yields of an insect-
susceptible rice selection in both wet and dry season at the International R ce
Research Institute (IRRI) farm by reducing the incidence of ragged stunt, grassy
stunt, and tungro virus diseases (IRRl, 1981). The reduction was probably due to
the antifeedant effect on hoppers, the main virus vectors. Neem cake has al so
reduced the popul ation of ostracods - crustaceans that feed actively on nitrogen-
fixing bluegreen algae - thus encouraging algal growmh and subsequent nitrogen
fixation (IRRlI, 1982b).

A neem tree becones fully productive in about 10 years. One tree produces
30-50 kg fruits/year. Thirty kil ograns of seeds yield 6 kg of oil and 24 kg neem
cake. Neem oil sells in India for about US$l/kg; neem cake sells for |ess than
US$0. 50/ kg. At IRRI, five applications of a 25% neemoil enulsion sprayed with an
ULV applicator gave adequate protection to a rice crop against the brown
pl ant hopper. The cost of the neemoil was about US$5/ ha.

Neem is relatively nontoxic to man and other vertebrates. Neem oil is used
to nake soaps and detergents, and neem derivatives are used in toothpaste and
herbal nedicines. Neem cake has been used as a feed supplenent for cattle, live-
stock, and poultry (Ketkar, 1976). Honeybees regularly visit neem flowers to
collect nectar and they commonly mamke their conbs on neem trees. | mpr oved
formul ati ons are necessary before a neeminsecticide can be produced conmercially.
Sunl i ght degrades neem oil sprayed on plants within a week. The system c effect
of azadirachtin incorporated into soil, however, lasts nmore than a nonth.
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Figure 2: Selected exanples of devel opmental abnormalities of M_separata
when 5th- or 6th-instar |arvae were confined for 24 hours on rice
| eaf cuts dipped in different solutions of nethanolic neem seed
extracts or partially purified fractions; in control, |arvae were
confined on | eafcuts dipped in 250 ppm ' Citowett' solution.

a-b) Larvae showi ng early synptons of body shrinkage: c¢) larva
showi ng pronounced body shrinkage; d) |arval-pupal nonstrosity
with larval cuticle patches, head capsul e and thoracic |egs;
posterior half of the body has pupal characteristics; e) pupa
with vestiture of larval skin; f) pupa with nal forned cuticle and
appendages; g) normal pupa; h) adult with reduced, crunpled w ngs
and defornmed antennae; i) control: adult with fully devel oped,
expanded W ngs.

Azadirachtin synthesis is expensive and requires a high technol ogy. Thus,
azadi rachtin nust be extracted from neem seeds. The |abor surpluses in sone
countries where neem is conmon, however, could nake that a positive attribute.
The many ecotypes of neem have different concentrations of active ingredients.
St andardi zation is essential to mass production. The first step towards
commercial production will be to break neem derivatives into extracts and
fractions, and then to evaluate them

There are sone plant extracts that act not only on the insect itself, but
attack associated bacterial and fungal pathogens as well. The chemi cal and
bi ol ogi cal effects of fractions of the extracts are being studied. Yi el ds of
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plant extracts of this type are low and their commercial development depends on
characterizing their chemical structure to determine if they can be synthesized.

MICROBIAL PESTICIDES

Microorganisms or the chemicals they produce to suppress insects and other
pests are called microbial pesticides. Being selective and biodegradable, they
pose little hazard to nontarget organisms and can be a great asset in integrated
pest control. Harnessing of naturally-occurring pathogens is, therefore, receiv-
ing much attention. Progress was reviewed by Burges and Hussey (1971). Later
developments, including the use of inhibitors and diseases of plant pathogens as
alternatives to chemical fungicides, and bactericides, were reviewed by Burges
(1981). Papavizas (1981) reviewed mainly strategies of microbial pest control.

Microbial Insecticides

Insects also suffer from diseases caused by bacteria, viruses, fungi,
nematodes, and protozoa. Insect populations are often suppressed and in some
cases eliminated. More than 1,000 pathogens from arthropods were described by
Ignoffo (1970), and the number has nearly doubled since then (NAS, 1979). Entomo-
pathogens are associated with all major groups of insects, and a number of them
have been commercialized as microbial insecticides (Table 1). Several types of
pathogens may affect a particular insect pest. For example, species of Heliothis
are susceptible to bacteria, viruses, and protozoa (lgnoffo, 1975).

Bacteria

From a large assemblage of bacteria pathogenic to insects, two are produced
as microbial insecticides: Bacillus popilliae, the causative organism in milky
diseases iIn scarabaeid beetle, and B. thuringiensis, the crystal-forming bacteria
that infect a wide-range of Lepidoptera. Several urea-forming strains of B.
sphaericus are somewhat toxic to mosquito larvae and are being considered in the
World Health Organization mosquito control program. B. popilliae is best known
for its role in the control of the Japanese beetle Popillia japonica in the
eastern USA. After Dutky (1940) Tfirst described milky diseases in the Japanese
beetle, the spores of the bacterium are still sold for grub control in lawns and
golf greens under the trade name Japodemic or Doom. Japodemic 1is produced in
living grubs, but the strong specificity of various isolates and the cultural
requirements of [living grubs make the production of milky disease spores
expensive. Cell and tissue culture techniques may solve the problem by producing
spores in culture media.

B. thuringiensis was first isolated from diseased larvae of the flour moth
Anagasta kuhniella in 1915, but its development as a microbial insecticide was
slow because of taxonomic difficulties. B. thuringiensis is a complex species
comprising over 20 H-serotypes or subspecies (de Barjac, 1981; Dulmage, 1981).
These serotypes produce spores that contain several insecticidal toxins of which
B-exotoxin and d-endotoxin are used iIn agriculture. The R—exotoxin is a potent
insecticide with rather generalized toxicity. Its teratogenic activity in insects
and possible mutagenicity has precluded its use in the USA and Canada, but it is
still used in the Soviet Union.

The d—endotoxinor the "crystal® has valuable insecticidal properties, but
the activity is limited to larvae of certain Lepidoptera, mosquitoes, chironomids,
and black flies. Fast (1981) reviewed the biogenesis, chemistry, and mode of
action of the crystal toxin. The crystal must be eaten to be toxic and the
sickness results in gut paralysis. Genetic manipulation may amplify the toxicity
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Table 1: Sel ected Exanpl es of Entonppathogens Conmmercial ly Avail abl e as
M crobi al I nsecticides.

Pat hogen Brand Nane Country

BACTERI A (Bacillus sp.)

B. norit ai Rabi t usu Japan
B. popilliae Doom Japi deni ¢ USA
B. thuringiensis Bi t oxi baci I I'i n, Eksot oksi n, USSR
( B- exot oxi n) Toxobakt erin
B. thuringiensis Bat huri n, Chemapol - Bi odr ma Czechosl ovaki a
(8-- endot oxi n)
Bact ospei ne, Sporeine France
Bi ospor Ger many
Japan
Dendr obaci I I'i n, Endobacteri n,
I nsektin, Agritol, Bakthane, USSR
Bi otrol BTB, Dipel, Parasporin, USA
Thuri ci de
VI RUSES
Dendrolinus CPV Mat sukemi n Japan
Hel i ot his NPV Biotrol VHZ, Virex, Viron/H USA
Lymantria NPV Vi ron-ensh USSR
Manostra NPV Pol yvi roci de USA
Pieris NPV Virin GKB USSR
Prodeni a NPV Bi otrol VPO, Viron/P USA
Spodopt era NPV Viron/s USA
Trichplusia NPV Biotrol VIN, Viron/T USA
FUNG
Aschersoni a al eyrodi s Aseronija USSR
Beauveri a bassi ana Bi ot rol FBB USA
Ebverin USSR
Met arr hi zi um Bi ot rol FMA USA
ani sopl i ae
NEMATODE
Romanonerm s Skeet er Doom USA
culicivorax
and broaden the host-range of B. thuringiensis. It is produced by fermentation
either on semsolid or liquid nediumand its products are sold under a dozen nanes
in different countries. Si npl e production nmethods for use on conmmunes have been

devel oped in the People's Republic of China (Hussey and Tinsley, 1981) but little
progress has been made in other devel opi ng countri es.

Vi ruses
A large nunber of baculoviruses, cytoplasmc polyhedrosis viruses (CPV),

ent onmopoxyvi ruses, iridoviruses, densoviruses, and small RNA viruses cause di sease
in insects (Benz, 1981; Martignoni and Iwai, 1981; Payne and Kelly, 1981). Only a
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few bacul oviruses, particularly the nuclear polyderosis (NPV) and one CPV, have
been devel oped as experinmental or commercial mcrobial insecticides. The NPVs
cause destructive disease of the larval md-gut epithelium The NPVs have been
sold as pesticides for control of Heliothis, Lymantria, Neodiprion, Trichoplusia
and a few other pest species. The NPV of Heliothis was the first viral insecti-
cide registered for use on cotton under the trade name Eclar and Biotrol-VHZ in
t he USA.

Al t hough not produced comercially, a baculovirus of the rhinoceros beetle
O yctes rhinoceros has been used in pest control in Southeast Asia and the South
Pacific (Bedford, 1981). It is spread by releasing virus-infected adults in the
wi |l d beetle population. Three 'nonoccl uded' bacul oviruses cause disease in the
citrus rust nmte Panonychus citri (Reed, 1981), but nobre research is needed on the
infectious particle. A CPV that causes a flacherie disease of the pine cater-
pillar Dendrolimus has been registered as a nicrobial insecticide in Japan
(Katagiri, 1981). Although |less potent than NPVs in natural conditions, the CPVs
are infective and kill the pest as they are sprayed.

A constraint in the production of viral insecticides is the cultural require-
ment of live hosts. Thi s nakes production expensive and enhances the |ikelihood

of contanination. The possibility of in vitro production of insect viruses in
cells is being explored. Natural sunlight inactivates most insect viruses.
Therefore, inmprovements in fornulations with sun-shields, e.g. carbon, carbon-
based dyes, etc., are expected to increase the persistence. Safety in the use of
viruses for insect control will remain a nmajor constraint to nore rapid devel op-

ment. Although there is no known insect virus harnful to vertebrates, agents that
can reproduce in nature nust be treated cautiously. Mass production and intensive
application in insect control progranms increase the possibility of deleterious
mut ati ons, which could survive in a natural environnment and infect other species.

Fungi

Ent onmopat hogeni ¢ fungi have received nuch attention lately because of their
ability to decimate host popul ations, particularly during epizootics. Nearly 750
fungi are associated with insects (NAS, 1979). Inmportant insect fungi are:
Aschersoni a, Beauveria, Coelonyces, Conidiobolus (=Entonpophthora), Hrsutella,
Langeni dium Metarrhizium Nonuraea (=Spicaria), and Verticillium Envi r onnent al
safety of insect fungi has been a matter of concern, particularly possible
al lergic reactions during production or use in dust formand suspected production
of afl atoxins. Recent data, however, have shown inportant insect fungi to be
environmental |y acceptabl e and noni nvasive to manmal s ( Shadduck et al., 1982).

Beauveria bassiana is being produced conercially for control of the Col orado

potato beetle in the Soviet Union. In China, B. bassiana, isolated from an
endem ¢ infection of the European cornborer Qstrinia nubilalis, has been devel oped
for mass production (Hussey and Tinsley, 1981). In Brazil, Metarrhizium
anisopliae is produced commercially for control of spittle bugs on forage and
sugarcane (Ferron, 1981). |In England, Verticilliumlecanii is used against aphids
in greenhouses (Hall, 1981). In the USA, Hirsutella thonpsonii is used comer-

cially to control the citrus rust mite Phyllocoptruta oleivora (MCoy, 1981).
Control of nosquito larvae by Culicinugenidium and Coelonyces has shown

promise in Australia and the USA (Federici, 1981). Sone insect fungi produce
highly toxigenic netabolites, which rapidly kill insect hosts in bioassays
(Roberts, 1981). None of the netabolites are under commercial devel oprment.
Al t hough ent onbgenous fungi are prom sing candi dates for microbial insecticides,
progress has been confined to tenperate or subtropical fungi. Research on

tropical insect fungi is urgently needed. Further taxonom c studies and inproved
bi oassays are required for identification and selection of suitable strains and to
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standar di ze comerci al producti on.

Genetic manipulation will contribute greatly to the use of insect fungi.
I nproved production and storage techniques to augnment their shelf life are highly
desirabl e. Spray formulations containing nutrients, water-retaining agents
(al ginates), and sun-protectants need to be tested. Appropriate spray nethodol ogy
shoul d be devel oped. Research on fungal toxins may lead to the discovery of
chemicals with pesticide potential.

Nemat odes

Many ki nds of nematodes parasitize insect pests in soil or aquatic habitats
and even on |owgrow ng plants. The inportant parasitic nematodes are the
mermithids, the sphaerulariids, and the neoaplectanids (N ckle, 1981). They
attack different stages of insects belonging to Othoptera, Col eopt era,
Lepi doptera, Diptera, and other groups. The nosquito mermithid Ronmanonermn s
culicivorax has been reared on Cul ex pipiens quinquefasciatus |larvae at a cost of
$10. 10/ 10° preparasites. It has shown promise in small-to large-scale trials and,
because of its wide host-range and relative safety to nontarget organisms, has
been produced comercially. O her nemat odes better suited to npbsquito habitats
and nore tolerant to desiccation, salinity, and pollution are being devel oped.
Anot her mermithid Neonmesonermi s has shown control potential against black flies.
Merm thid parasitism of rice |eafhoppers and planthoppers has been recorded in
Japan and India, but no attenpts have been nade to utilize them for pest control.
Some Neoapl ectana sp. have wi de host-ranges and have been used to control forest,
soil, and plant pests. Inmproved culture nmethods and better storage techniques
woul d aid in reducing production costs and naintaining infectivity. Environnental
factors, such as desiccation, UV, and high tenperatures linmt field application of
nemat odes. The use of formulations with antidesiccants, however, increases the
infection period of neoapl actenid nemat odes (MacVean et al., 1982). Know edge of
host and parasite biology and their physiological interactions is expected to
facilitate nematode use.

Integrated control of certain insect vectors, e.g., npsquitoes, may be nore
effective using nematodes and juvenile hornmone conpounds such as nethoprene.
Chicks and mice fed entonpgenous nenatodes and their associated bacteria have
shown no di sease synptons (Poinar et al., 1982), but further tests are needed with
poi ki | ot her ns.

Pr ot ozoa

Two protozoa, Nosema and Vairinorpha, have attracted sone attention for use
in insect control. Nosenma | ocustae is pathogenic to a wi de range of Othoptera
(Henry and Oma, 1981). Large-scale field trials using the microsporidian were
found to be potentially useful in the integrated program of rangel and grasshopper
managenment in the USA (Henry and Onsager, 1982). N. | ocustae spores nust be nmass
produced and stockpiled because grasshopper outbreaks are extensive and require
bl anket treatment of infested areas. Spores are now mass produced in living
hosts, but spore developnent in cell culture could make production nore econonic.
Spore persistence needs to be assessed. Al though N. |ocustae can be regarded as
safe, it should be assessed agai nst grasshopper parasites and predators.

Vai rimorpha necatrix is highly pathogenic to a wide range of Lepidopterous
pests but does not affect Hynmenopterous parasites and other insects (Maddox et

al ., 1981). Dry spores on various substrates are sensitive to sunlight or U/
radi ation. Some crops, such as maize, may reduce UV degradation of spores and
make UV protectants unnecessary (Lewis, 1982). Spores in baits or carriers,

therefore, may be nore effective in field applications. Ri ckettsiae al so attack
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insects, but their pathogenicity to vertebrates, especially warm bl ooded aninals,
makes their use unlikely.

| NSECT- BASED PESTI Cl DES

I nsect Venons and Def ense Secretions

A nunber of aranaeids, such as scorpions and spiders, and insects such as
Hem ptera, Diptera, Coleoptera, and especially Hynenoptera, produce venons for
predation or toxic secretions for self-defense against predators. Venonms and
toxic secretions are sonme of the nobst specific, npbst potent, and the fastest-
acting insecticides. These toxicants are effective only upon injection, so they
offer little promise in insect control.

I nsect G owh Regul ators

Insect growmh regulators (1 GRs) are slowacting conpounds that specifically
affect gromh and devel opnent of insects. Their advantage is their potential
selectivity for orders, famlies, genera or species of insects. |IGR effectiveness
depends on synchrony with certain events in the insect's life in which the absence
or presence of the growth regulator is critical for normal devel opnent. Four
groups of |GRs based on hornonal processes are known: 1) nolting hornones, 2)
anti-nmolting hornones, 3) juvenile hornones, and 4) anti-juvenile hornones.
Another group of |CGR-type conpounds, represented by Dimilint (diflubenzuron),
interfere with cuticle synthesis in insects.

Mol ti ng Hor nbnes

These are represented by ecdysone, ecdysterone, and other ecdysteroids. They
are biochemically derived from cholesterol, still retaining its C, carbon
skel et on. These conpounds cannot be economically synthesized. Al t hough certain
plants sources are rich in phytoecdysones, their extraction for insect control
woul d be econonmical only if they are highly effective. Generally, they are
effective only through injections. Al so, the use of any chem cal resenbling
steroid hornones, which play inportant roles in man and higher aninals, would
require careful testing to elimnate the possibility of side effects. The nolting
hornones al so have a regulatory function in crustaceans. Therefore, they would be
| ess selective. The potential for these conmpounds is |ow.

Anti - Mol ti ng Hor nones

Several chem cal antagonists for nolting hornones have been identified, but
they are still experinmental. For exanple, certain azosterols, or even non-
steroi dal secondary and tertiary am nes, are reported to disrupt the devel opment
of phytophagous insects, which depend on dietary sitosterol for their chol esterol
requirements (Robbins et al., 1975). Such conmpounds may also interfere in steroid
hornmonal regul ation in higher aninals. The high cost of axosterols linmts any
agricultural use, but sinpler antagonists nmay have sone potential against
phyt ophagous insects that do not have access to cholesterol in their diet.

Juveni | e Hornmones and Thei r Anal ogs

Insect juvenile hormone (JH) was described by V.B. Wgglesworth sone 50 years
ago, however, the possibility of using it to upset normal growth of insects was
first suggested by CM WIliams in 1956. Following his discovery that the
abdomen of the male Cercropia nmoth was a rich source of JH Wllians (1967)
proposed JH active substances as powerful "third generation pesticides". The
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concept evoked considerable interest as can be gl eaned from nunerous publications
(Novak, 1966; Wgglesworth, 1970; Menn and Beroza, 1972; Slama et al., 1973;
G lbert, 1975). |Insect hornones, with a profound effect on insect devel opnent, do
not appear to affect nost other life. Their environmental inpact should be
negligi bl e. Three juvenile hormones (JH1, JH2, JH3), occurring singly or in
conbi nation in different species have been identified. JH3 is a true terpene and
JHL and JH2 are honoterpenoi ds. The three natural JHs, differing only in the
I ength of their side branches, may have specialized functions.

Wil e natural JHs have never been serious candidates for use as pesticides,
they have served as useful models for search and synthesis of structurally

nmodi fied terpenoids with JH activity. Synthesis and eval uation of thousands of
such synthetic analogs has yielded conpounds with higher specific activity,
greater stability, |ower manufacturing costs, enhanced selectivity for several
insect orders, and proprietary protection for manufacturers (Staal, 1977). The
basic node of action of JH analogs appears identical to that of exogenously
applied natural JHs. Al practical uses are based on their irreversible effects
on rmet anor phosi s. QO her possible effects such as enmbryonic inhibition, chenp-

sterilization, induced sterility through venereal dissenination of JH substances,
di apause disruption, disorganization of caste system and systemc activity in
pl ants have not been exploited to their potential. The pest control potential of
promi si ng JH conpounds i s discussed here.

Control of Larvae of Msquitoes and Aquatic M dges. Met hoprene or Altosi dR
[isopropyl (2E, 4E)-I1I-methoxy-3,7,1l-trinethyl-2, 4-dodecadi enoatel was the first
JH analog to receive the fornal regulatory status from EPA It is highly

effective in controlling field populations of OP-resistant strains of floodwater
mosquito Aedes nigromaculis larvae, which develop synchronously (Schaefer and
W der, 1973). New microencapsul ated nethoprene formulations, SR10 (wth
charcoal) and SRIOF (without charcoal), have effectively controlled I|arvae of
Culex tarsalis and Culiseta inornata, which develop asynchronously and are

refractory to other nethoprene treatnents (Milla and Darwazeh, 1975). Sl ow
rel ease encapsulated fornulations also show excellent activity against several
genera of OP-resistant aquatic midges (Miulla et al., 1974). Al t hough | arvae of

several aquatic Diptera are sensitive to methoprene, it is |least hazardous to
nont arget organi sms, such as fish, conpared to npst conventional |arvicides.

Control of fly larvae. Met hoprene has been developed for fly control in
cattle manure by oral administration with food, water, or mneral supplenents, and
sl owrel ease bol uses. M neral bl ocks containing 0.02% nethoprene provided com

pl ete control of the horn fly Haematobia irritans, but only partial control of the
face fly Miusca autumalis, and the stable fly Stonoxys calcitrans; the house fly
Miusca donestica was not affected (Chanberlain, 1975). Sust ai ned-rel ease bol uses
cont ai ni ng met hoprene, when placed in the reticulumof cattle, inhibited horn fly
devel opment in the manure of treated cattle for several nmonths (Mller et al.,

1977, 1979). No appreciable residues were detected in treated animals (lvey et
al ., 1982). An encapsulated formulation controlled house fly economcally
(Breeden et al., 1975). Methoprene is also effective against |arvae of the sheep
fly Cestrus ovis that are internal parasites of animals (Prasert et al., 1975).

Control of Stored Grain Insect Pests. Methoprene is ideal for insect control
in stored commpdities because reinfestation is not a problem and the chenmical is
protected from degradation by light, UV, npisture, etc. It is highly active
agai nst stored grain beetles and grain noths (Staa, 1977; Man and Milla, 1982).
When applied directly to tobacco at a concentration of 10 ppmjust before storage,
met hoprene prevented energence of the adult cigarette bettle Lasi odernma serricorne
for 4 years (Manzelli, 1982). Some | RGs show selective activity against the
al nond noth Ephestia cautella without interfering with the developnent of its
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braconid parasite (Cberlander et al., 1979). The relative insensitivity of two
i mportant storage pests, the rice weevil Sitophilus oryzae and the granary weevil
S. granarius, which feed and develop inside grains, limts the potential of

met hoprene and ot her JH conpounds for stored grain protection.

Control of Honopterous Insects. A few IGRs are highly active agai nst aphids,

meal ybugs, scales, and whiteflies. Ki noprene [isopropyl (2E, 4E)-11-net hoxy-
3,7,11-trinmethyl -2, 4- dodecadi enoate] conbines a strong JH activity with toxicity
at hi gher doses on several species of nmeal ybugs and scales (Staal, 1977). It has

been registered for use on foliage ornamentals in greenhouses in the USA, but nore
stabl e formul ati ons are needed for Honoptera control in the field.

Met hoprene and hydroprene or Altozar R [ et hyl (2E, 4E)-11-trimet hyl - 2, 4-
dodecadi enoate] were al so active agai nst aphids (Kuhr and Cere, 1973) and scales
(Peleg and CGothilf, 1981). Under field conditions, however, nethoprene al one may
not adequately control Honoptera, but in conbination with a nore acute toxicant,

its long-range JH activity nay enhance the overall efficacy. Met hopr ene appears
to have some conpatibility in biocontrol. However, further evaluation is needed.
Control of Insect Pests of Field Crops and Forests. IGRs with JH activity

have maxi mum scope for use against pests of field crops, provided they possess
adequate chemical stability. Al though their |ow persistence could be conpensated
sonewhat by frequent applications and inmproved formulations, treatments would be
costly. A new JH anal og epof enonane, whi ch conbines high activity and high foliar
persi stence, has better prospects for use against scale insects, which |ack nobi-
lity and are resistant to insecticides (Staal, 1977). Epof enonane al so possesses
sone conpatibility in biocontrol. Spray applications to orchards in the
Net herl ands for 3 consecutive years did not upset the relation of Panonychus ulm
spider mites and their prinmary predator Typhlodronus nmites (van der Ml en and
Gruys, 1980). Again, its high cost limts use potential.

Control of Noxious Pests. Compounds with JH activity have sone potential
agai nst sone refractory noxious ant species. Baits inmpregnated with JH conmpounds
shoul d provide long-1lasting and econom c control because worker ants are likely to
carry the baits into their colonies. Control of the German cockroach Blattella
gernmani ca popul ations was al so feasible through prolonged contact with some JH
conpounds (Riddiford et al., 1975).

Experience with JH conpounds justifies their devel opnent as insecticides,
particularly in animal health, public health, and stored products. Crop
protection is mniml because of the critical timng necessary to synchronize them
with the narrow "w ndows" of pests' sensitivity, their short persistence, slow

action, and pest reinfestation. The devel opnent of pest resistance to these
agents is possible. Future research should aim at developing relatively nore
stabl e JH anal ogs, inproved formulations, and application nmethods that take into
account pest behaviour and population dynam cs. Their relative safety to

nont arget organisnms and their conpatibility with biocontrol agents should continue
to be enphasized to develop ecologically safe and econonmical pest control
programs. The high cost of JH anal ogs presently restricts their use primarily to
devel oped countri es.

Ant i - Juveni | e Hor nbnes

Interfering with the activity of juvenile hornones became feasible with WS.
Bowers' discovery of two anti-JH conpounds from extracts of the bedding plant
Ager at um houst oni anum The conpounds, minly effective on Oncopeltus and
Dysdercus bugs, were identified as 7 methoxy and 6, 7-di methoxy-2, 2-dinmethyl -
chromene and were nanmed as precocenes 1 and 2 (Bowers et al., 1976). Contact with
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precocenes induced immature bugs to skip succeeding nynphal instars and devel op
into tiny sterile fenales or nales that could not insem nate fenales. Because of
this unique feature, Bowers (1977) considered JH antagonists as "fourth generation
insecticides". O her groups  of conpounds, such as ethyl 4-2-(tert-
but yl carbonyl oxy) but oxybenzoate and piperonyl butoxide (Staal, 1977) show sone
characteristics of JH antagonists against the tobacco hornworm Manduca sexta.
Al though the practicality of such conpounds is linmted because of the high and
narrow dose requirenments and apparent selectivity of certain species, they do pave
the way toward JH ant agoni sts with broad-spectrum effects.

FUTURE CONSI DERATI ONS AND CONCLUSI ON

A large array of botanical-, microbial-, and insect-based pesticides are
avail abl e today to supplenment and even supplant the use of persistent synthetic
pesticides. The selectivity of naturally occurring pesticides makes them val uabl e
in integrated pest control. Exanples of their successful use against insect pests
denonstrate their potential for devel opment as the future generation insecticides.
Their inherent nonpersistence is ecologically desirable. Thus, Brown (1971)
indicated that "the best way of avoiding or at |east postponing resistance is to
achi eve 100% control in a circunmscribed area .... by nonpersistent insecticides".
In many species, resistance to the slowy decaying cyclodiens and DDT has arisen
more rapidly than to the nore rapidly decayi ng organophosphates and carbamates,
and there are hardly any cases of serious resistance to the very short-lived
natural pyrethrins, except when frequent use has provi ded prol onged and consi stent
sel ection pressure. The |ow persistence of natural pesticides can be suitably
anmended by appropriate formulations for protection against too rapid degradation
by sunlight, UVradiation, high tenperature, noisture, or desiccation. Production
met hods, formulation, and nmethod and timing of application are, therefore, nore
critical to the devel opnent and use of natural pesticides than of conventional
pesti ci des.

The research and devel opment of botanical pesticides needs to be systematic-
ally accelerated at all levels, i.e., fromthe direct use of locally available
known pesticidal plant material by farners in developing countries to the
anal ysis, chemical synthesis, and devel opnent of principal constituents by the
industry in devel oped countries. The discovery of different classes of con-
ventional toxicants, including the much acclained DDT, was rather serendi pitous.
Presently, thousands of new synthetic conpounds are ritualistically evaluated in
the quest of other miracle pesticides, but the success rate is not high. On the
other hand, the plant kingdom is replete with a wide variety of chenical types,
whi ch would be highly valuable in pest control. Many potent chem cal s have been
di scovered in plants which were not even thought of possessing defense chenicals.
For instance, a stenborer oviposition deterrent was isolated froma rice plant and
identified at IRRIl. For a long time, pest resistance was attributed to plant
nmor phol ogy rather than chenmistry. The novel chenical is anenable to synthesis and
i s under evaluation. On the other hand, Margosi ne-O and Margosi ne-D insectici des,
based on a neemantifeedant, are being devel oped in the USA.

A systematic cooperative research effort by chenists, entonologists, and
others on pest-resistant plant taxa would yield new biologically active
conponent s. Such cooperation now exists between many |aboratories and research
institutions. A fundamental change in enphasis on properties of plant derivatives
is required. Earlier researchers tested these only for insecticidal value.
Subt | e bi oassays now show that plant chenicals can affect insects in many ways and
that the susceptibility of different species may not be the sane. Future
pesticide technology should also consider devel oping blends of several active
ingredi ents and synergists, as plants possess. Though difficult to achieve, it
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may ease the pesticide resistance problem. Unlike ordinary pesticides based on a
single active ingredient, the possibility of a pest species developing resistance
to an array of chemicals is remote. This will be a truly phytochemical approach
to pest control.

The potential of microbial pesticides is considerable. Many of them are
firmly established as viable commercial pesticides and their use appears to be
increasing both in quantity and the range of target pests. Pathogens in use have
an outstanding safety record. In contrast to chemicals, when produced according
to accepted quality standards, they are virtually accident proof. Certain
pathogens such as bacteria, viruses, and fungi can be mass produced in even
developing countries using relatively simple technology.

The tremendous heterogeneity of insect pathogens belonging to diverse animal
and plant phyla, and the variation within the species, makes 1identification
difficult. Proper identification is essential to avoid contamination iIn mass
production of pathogens. Also, there must be a better understanding of their
pathogenicity and the nature and mode of action of their toxins. These aspects
are relevant to strain selection. A greater regional and international
cooperation will increase the chances of finding more effective pathogen strains.
Genetic manipulation and genetic engineering will offer additional opportunities
for developing suitable strains. In vitro culture techniques should be explored
to reduce the production cost of obligate pathogens. Simultaneous use of three
agents with diverse modes of action should avoid developnent of resistance.
Patenting rights for insect pathogens need to be more realistic to attract the
participation by the pesticide industry, and the use of microbial pesticides
should be popularized, if possible, through government subsidy.

The insect-based pesticides will be directed against insect pests mainly as
growth disturbing agents. While a number of JH-analogs have shown promise in the
control of pests affecting public health, animal health, and stored products,
their potential against crop pests will remain limited. Their high cost will also
restrict their widespread use. Further neuroendocrinological research may lead to
some more novel approaches to pest control.

The future of pest control in the 21st century looks promising as it will be
supported by an increasing knowledge of chemistry, physiology, and ecology.
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ABSTRACT

The application of pheronpnes and other behavi our-nodifying "seniochemncals"
to pest nmanagenent on food crops is reviewed with consideration of their advan-
tages and disadvantages relative to conventional nethods. The main scientific,
commerci al and organi zational constraints which need to be overcone to pernmit full
devel opment of the potential of these chemcals as aids to food production and
storage are di scussed.

KEYWORDS:  pheronone; sem ochemical ; all onone; kaironone; insect traps; popul ation
nmonitoring: mass trapping; mating disruption; integrated pest managenent.

I NTRODUCTI ON

Pheronones are chenicals used for conmmunication between nenbers of the sane
species, and during the last fifteen years remarkable progress has been made in
establishing the chemical identity of these substances, particularly in insect
speci es. The nost significant advances have been made in the identification and
use of sex and aggregati on pheronpnes, particularly those of |epidopterous and
col eopt erous species, but alarm trail, dispersal and social pheronmones have al so
been investigated. The nain inpetus for this work has been the potential value of
pheronbnes in insect pest managenent. They are seen as a neans to reduce the
dependence upon conventional broad-spectrum insecticides and so to linmt the
effects of the latter on the environment and delay the onset of resistance in
target speci es.

However, pheronones are only one class of chenmical signals wth behaviour-
nmodi fyi ng action, and nore recently attention has been directed towards other such

"sem ochemi cal s" which have interspecific activity (Figure 1.). These i ncl ude
attractants and deterrents for oviposition and compounds whi ch gui de parasites and
predators to their hosts. Their value as pest control agents could be even

greater than that of pheronones, but there are relatively few exanpl es of chemni cal
identification and even fewer cases of their field use, and this review describe
mai nly work on insect pheronones.
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THE USE OF PHEROMONES | N PEST MANAGEMENT

Pheronones and other semiochenicals have several characteristics which are
highly desirable in insect pest control agents. They are generally extrenely
potent so that only small anpunts of material are required to be effective.
Unlike insecticides, they act by nodifying behaviour and do not thenselves
actually kill the target species; so far they have proved to have little or no
toxic effect on animal and plant life, added to which many pheronmones show a high
degree of biodegradability. By definition, pheronbnes are species-specific, and a
high level of specificity is characteristic of nmany other sem ochenicals. I'n
practice, this specificity may not be absolute under conditions of field use of
synt heti c pheronones, but in general they have little adverse effect on non-target

species, including predators and parasites. It is debatable whether target
species will becone "resistant” to control methods using pheronones. However, it
m ght be argued that this will be relatively slow to devel op because both the

"transmtter” and the "receiver" have to evolve the sane new conmmuni cation signals
si mul t aneousl y.

Most work on the field use of synthetic semnmiochenmicals has been concerned
with sex pheronpones of Lepidoptera and sex and aggregation pheronones of

Col eopt er a. Pheronones have also been identified for ~certain Diptera,
Hymenoptera, Orthoptera and Honoptera. The uses of pheronpnes fall into two nmain
categories - population nmonitoring and control. The latter can be further

subdi vi ded into control by mass trapping and control by conmunication disruption.

Popul ati on Monitoring

Pher onone-baited traps provide a highly sensitive neans of detecting the
presence of insect pests with many advantages over conventional sanpling nethods
such as light traps and scouting programes. Pheronone traps are cheap and sinple
to construct and maintain, with only mlligram anbunts of pheronone required to
keep a trap operational throughout the year. In contrast, light traps are nore
costly, nmore easily damaged and depend upon a source of electricity nearby.
Scouting nethods are typically tedious and tine-consunming, and they depend
critically wupon the statistical nethods wused. Equally inportantly, the
specificity of pheronbne traps elimnates the need for trained personnel to
identify the species caught and counted, as are required for the other sanpling
met hods. There are now nunerous comercial suppliers of conplete trap systens,
and the use of pheronone traps for survey and nonitoring is well-established in
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many countries. Some representative exanples involving pests of food crops in
various parts of the world are given in Table 1.

The sensitivity and specificity of pheronone traps make them ideal tools for
sinple detection of target species. This is particularly valuable in stored
product situations and on crops with a |ow or zero tol erance of pest infestation.
However, the quantitative correlation of trap catches with population densities is
a far nore conplex process, and even then the populations must be related to
subsequent econoni c damage in decidi ng whether control measures are necessary.

Traps baited with the sex pheronones of | epidopterous species suffer fromthe
di sadvantage that they nonitor the adult moths whereas it is the larvae that do
t he danege. Furthernmore, these traps typically attract only the nale noths and

not the fenmales which are responsible for laying the eggs on the crop. The
picture is further conplicated in tropical areas where successive generations may
overlap to a considerable extent. Neverthel ess, the low cost and ease of

operati on by non-specialist personnel mean that pheronone traps are often the only
practicabl e neans of popul ati on nonitoring. Such monitoring is a vital conponent
of integrated pest nanagenent and essential for accurate spray timng.

Control by Mass Trapping

Pher onone traps have been used to maintain pest populations at an acceptably
low level by "trapping out" both in storage situations and in the open field.
Some examples of the application of this technique to pests of food crops are
given in Table 2.

This nethod of pest control has the advantages of specificity for the target
speci es and the use of small anmounts of non-toxic chemcals in a highly restricted
manner . It can only operate efficiently when popul ations are |low and the traps
can conpete effectively w th pheronone-produci ng i nsects. However, by its nature,
a mass-trapping progranme can be maintained continuously throughout the year to
reduce the build-up of the pest population during the grow ng season.

Traps baited with sex pheronpne attracting only the nales nust renobve a very
hi gh percentage of the population if subsequent |arval nunbers are to be reduced,
and, even then, the immgration of gravid fenales from outside the treated area
can negate any such effect. The method has been npbst successful in situations
where the pest population is localised by artifical barriers such as in warehouses
and orchards, or by the fact that the target species does not nove over great
di stances. Aggregation pheronones may prove nore useful, and considerabl e success
has been clainmed in linmting outbreaks of bark beetles in Scandi navia using traps

baited with the aggregation pheronone. In general, large nunbers of traps are
required —up to 100/ha in open field situations. However, since the traps can be
sinple and cheap to construct and relatively snmall anmounts of pheronone are

required, the cost of setting up and muintaining a mass-trapping network in
countries where labour is relatively cheap may be less than that of inporting
insecticide and application equi pnment.

Control by Conmuni cation Disruption

Permeation of the atnosphere with synthetic pheronone has been shown to
di srupt pheronone-based comuni cation, although the exact biol ogical nechani sm of
this is not clear and may indeed vary in different species. Application of this
method to insect pest control was initially hanmpered by the lack of suitable
sl owrel ease fornulations that could be applied over |arge areas, but now several
effective formulations are conercially available, including hollow plastic
fibres, plastic |am nates and mi crocapsul es. The mi croencapsul ated formul ations
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Table 1:

Exanpl es of the Use of Pheronobnes For

Moni t ori ng Popul ati ons

of Insect Pests inthe Field And in Store.

PEST HOST CROP COUNTRY REFERENCE

LEPI DOPTERA
Laspeyresi a pononel | a appl es Engl and Alford et al. (1979)

Canada Madsen (1981)

USA Rock et al. (1981)
Laspeyresi a nigricana peas Engl and Perry et al. (1981)
Adoxyphes or ana appl es, Net her | ands M nks (1979)

pears

Lobesi a botr ana, gr apes France M nks (1979)
Eupoeci |l i a anbi guell a | srael Qurevitz & Gothilf (1982)
Spodoptera litura taro Japan Nakasuji & Kiritani (1976)
Spodopt era_exenpt a cereal s Kenya, Rose (pers. comm)

Tanzani a

Mal awi Nyi renda (1982)
Gstrinia nubilalis cereal s Eur ope M nks (1979)
Chil o suppressalis rice Phi | i ppi nes Dyck (1979)

France Poi t out & Bues (1978)
Chilo partellus sor ghum I ndi a Davi es (pers. conm)
Busseol a fusca mai ze Zi mhabwe Sanders (pers. conm)
Pht hori naea operculella potatoes Peru Raman (1982)
Ephestiacautella, stored USA Vick et al. (1981)
Plodia interpunctella product s Ger many Rei chnmuth et al. (1980)
COLEOPTERA
Tr ogoder ma spp. stored USA Bur khol der (1981)

product s

HOVOPTERA
Aonidiella aurantii citrus | srael Szivos et al. (1982)

can be applied with conventional
other two types of
speci al | y devel oped appar at us.

aeri al
formulation have to be applied by hand or

or ground-based spray equipnent,
fromthe air with

but the

Consi derabl e success has been achieved in |arge-scale progranmmes using such
formul ati ons of sex pheronmpnes designed to disrupt mating of the target species.

Much of the work has been directed against pests of cotton, such as the pink
bol lworm  Pectinophora gossypiella, because of the considerable comerci al
incentive to find a niche in the massive narket for pest control agents for this

Attention has also been directed towards forest pests: insecticide is
but extensive danage can be caused
The potential market

crop.
difficult to apply effectively on forest trees,
by insect pests such as spruce budworm Choristoneura spp..

is large, and government agencies are already carrying out collaborative studies
with industry on the use of semiochemicals in United States, Canada and Europe.
Both forests and, in many cases, cotton crops provide the opportunity for
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Table 2: Examples of the Use of Pheromones For Mass Trapping
of Insect Pests of Food Crops.

PEST HOST CROP COUNTRY REFERENCE
Spodoptera litura sweet potato Japan Tamaki (pers. comm.)
Adoxyphes spp. tea Japan Negishi et al. (1980)
Laspeyresia pomonella apples Canada MacLellan (1976)

Prays citri citrus Isreal Sternlicht (pers. comm.)
Cryptophlebia spp. macadamia Malawi La Croix (pers. comm.)
Ephestia spp. stored Germany Levinson & Levinson (1979)
Plodia interpunctella products

Anagasta kuehniella

treatment of large areas with pheromone formulations, thus minimising the effects
of immigration of mated females into the treated area. The work on pink bollworm
has shown that control with pheromone can be achieved with very low seasonal
application rates down to 10 g/ha/season, which even now is competitive in cost
with control by conventional insecticides.

Mating disruption has been explored as a control technique for pests of food
crops, but mostly in relatively small-scale trials. Some examples are given in
Table 3. However, commercial trials in California have led to registration of a
hollow fibre pheromone formulation for control of the artichoke plume moth,
Platyptilia carduidactyla, on artichokes in the United States.

Table 3: Examples of The Use of Pheromones For Mating Disruption
of Insect Pests of Food Crops

PEST HOST CROP COUNTRY REFERENCE
Ostrinia nubilalis maize France Stockel & Anglade (1976)
Chilo suppressalis rice Philippines Dyck (1981)

Japan Tatsuki & Kanno (1981)

Korea Lee et al. (1981)
Heliothis zea sweet corn USA McLaughlin et al. (1981)
Spodoptera frugiperda sweet corn USA McLaughlin et al. (1981)
Eupoecilia ambiguella grapes Switzerland Arn et al. (1981)
Platyptilia carduidactyla artichokes USA Haynes et al. (1981)

THE POTENTIAL USE OF SEMIOCHEMICALS AS AN AID TO FOOD PRODUCTION

Since as much as 20% of the world production of food crops is lost through
insect attack and most insect species rely heavily on semiochmicals for functions
vital to their survival, the potential use of these chemicals in increasing food
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supplies is considerable. Pheronone traps can inprove nonitoring systens and
maxi m se the effects of any pest control neasures taken. Two characteristics of
pheronones, and probably seniochenmicals in general, would seem to nake them

particularly suited to control of insect pests on food crops. The | ow mammal i an
toxicity of pheronmones and their residues gives them an imedi ate advantage over
the majority of insecticides. Furthernore, the negligible toxicity of pheronpnes
to insects and the species-specificity of their behaviour-nodifying effects make
them entirely conpatible wth true biological control methods involving
introduction of predators and parasites which are often used on food crops such as
sugar - cane.

Despite the many factors apparently favouring devel opnment of pheronones in
insect pest control, their practical application has been far nore conplex and has

taken far longer than was originally anticipated. If techni ques based on these
substances are to contribute substantially to increased food production by the end
of the century, large gaps in basic scientific know edge must be filled, and

econom ¢ and organi zati onal constraints circunvented.

Scientific Constraints

More chemical work is required to ensure that all the conponents of a
particul ar pheronmone have been identified and are available for field work. This
may invol ve re-exam nation of "known" pheronmones. It is also inportant to exam ne

insect material from the country where the pheronbne is to be wused, since
geogr aphi cal variations in pheronone bl ends are well documented. There is a great
need for chemcal studies on Kkaironmones and allonmones where relatively few
structures are known. These substances may have advantages over pheronones for
control purposes, or nay be able to conplenent the field use of the latter.

There is an even greater need for nore fundanental know edge of the biology
of insect pest species if sem ochenicals are to be used successfully to manipul ate

t heir behavi our. It is vital to know the exact functions and interactions of the
various chemcal stimuli received by the insect in its natural environnent and the
responses which they elicit. Mich nmore work on the basic biology of individual

pest species is required in order to determne the nost effective means of using
sem ochenicals alone and in conjunction with other control methods in integrated
pest managenent progranmes.

The best approach is likely to differ for each pest species and will be
i nfluenced by nunerous factors. For exanple, the feasibility of achieving control
of a pest by mating disruption with synthetic pheronmone will be influenced by the

nature and stability of the pheronone, the extent to which non-pherononal
communi cation is inportant in the mating process, whether the insect is nono- or
pol y- phagous and the distances travelled by gravid fenal es.

Economi ¢ and Organi zati onal Constraints

In general, agrochem cal conpanies are understandably unwilling to carry out
the long-term studies needed as a basis for the successful application of
sem ochenmicals to pest control. It seems probable, therefore, that public funds
will be needed to support this basic research into the nature, function and use of
sem ochemi cal s. Concern over the adverse environnental effects of the
i ndi scrimnate use of conventional pesticides may encourage governnents to support
such work. However, the potential of pheronmones and other sem ochem cals can
never be realised without the support of the agrochem cal industry as producers
and the farnmers and agriculturalists as users. CGovernments and international

organi zations can pronote the use of semiochemcals directly in as far as they
organi ze crop protection programes and train entonol ogi sts and extension staff to
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assess the best ways to approach different pest problens. However, the
agrochemical industry has been reluctant to nmove into products based on
sem ochenmicals, and the problems here are nuch nore intractable. It is

significant that the mjority of firms involved in producing pheronone-based
systens are newto the field of crop protection.

Certain of the intrinsic factors that make seni ochemicals so suitable as pest
control agents in fact operate as strong deterrents of commercial devel opnent.
The nminute ambunts of pheronone required in trapping systems are of no real
interest to the larger agrochenical conpanies, and firns supplying traps are
typically snmall venture comnpanies. Even these rely on obtaining a |arge nmark-up
on conplete systems of trap, dispenser and pheronone. Larger anmounts of pheronobne
are required for control by communication disruption, but here the specificity of

pheronones is the problem In general, a different product will be required for
each pest so that the nmarket for any one product is limted. On this basis, the
use of semiochenicals as control agents will tend to be restricted to major crops

or crops of exceptionally high value, and to those with one or two dom nant pest
species or one species in a pest conplex that is difficult to control wth
conventional insecticides.

However, exceptions to these restrictions can be foreseen. Wth certain pest
conpl exes there is evidence that it may be possible to control nore than one
species with a single comon pheronone conponent. Where true biol ogical control
is used against certain species in a pest conplex it wll be hazardous to use
insecticides to control the others, but control wth pheronones provides a
conpatible alternative. Furthernmore, the above criteria could becone |ess
restrictive if key pests develop resistance to conventional insecticides and
increasing consideration of environmental effects leads to greater reliance on
control agents other than conventional, broad-spectruminsecticides.

Two ot her basic problems hindering the conmercial devel oprent of
sem ochemicals in pest control are those of denobnstrating efficacy and of
obtai ning patent protection. Semiochemicals act indirectly to reduce pest
popul ations by influencing sone aspect of behaviour necessary for survival and
propagation of the species, and lengthy trials are generally necessary to
denpnstrate and effect. Furthernore, in the case of mating disruption with sex
pheronones, the trials nmust be conducted on a large scale to minimse the effect
of mated fermales entering the treated area from outside. Apart from being very
costly, these factors introduce the further problem of obtaining untreated areas
that are strictly conparable. In contrast, the obvious lethal effect of an
insecticide can be denpnstrated quickly in small-scale, fully replicated trials.
Sem ochemi cals are natural products and difficult to patent per se in nany
countries. To date, the search for non-naturally occurring analogues of
pheronones has net with little success, and it might be anticipated that this wll
be the case in general. Patent cover is vital for commercial devel opnent of any
new product, especially ones involving new concepts such as those based on
sem ochenmi cal s. Manuf acturers have had to rely on patenting uses of
sem ochemicals or such aspects as synthetic procedures, formulations or trap
designs, but these are easier to circunvent and nore difficult to police than
woul d be patents on the conmpounds thenselves. Agai n semi ochenicals contrast
conpletely with conventional insecticides: the latter are typically patentable
novel conpounds, and the production of analogues with greater effectiveness or a
certain specificity is the life-blood of the agrochem cal business.

One vital factor that wuntil recently has hindered the developnent of
sem ochemicals in pest control, but which in the future could do a great deal to
pronote them is the problem of registration procedures. In nopst countries,

sem ochemnicals have had to go through the sane testing procedures as conventi onal
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insecticides before they can be registered for control use. Conpl eti ng
registration requirements is a major element in the cost of introducing a new pest
control agent onto the market, and only one or two firns have risked the cost of
regi stering a pheronone-based product when the prospect of any financial return is
SO uncertain. Furthernore, although many pheronmones are closely related in
chem cal structure, each individual conpound has had to be subjected to the whole
series of tests and no anal ogi es coul d be assuned. Since the begi nning of 1982,
the U.S. Environnental Protection Agency has set much | ess denanding registration
requirements for so-called "biorational"- pest control agents which include
pheronobnes and other seniochem cals. These changes could cut the cost of
regi stration of such conpounds to as little as one tenth of that of registering a
new conventional insecticide, and consequently could provide nore and profitable
markets for sem ocheni cal - based control agents.

A devel opnent of this argunent is that sem ochem cal-based nonitoring and
control agents should not be seen as being in conpetition with conventional
i nsectici des. The devel opnent of resistance by insect species to specific
insecticides or, even worse, classes of insecticides can severly reduce the return
on the enornmous research, devel opnent and registration costs nowrequired to get a
new i nsecticide onto the market. Careful nonitoring, and use of semi ochenicals to
mai ntain pest populations at a low |level wherever possible, could reduce the
excessive use of insecticides which encourages the appearance of resistance, and
so prolong the marketable lifetime of an insecticide and increase the overall
return on i nvestnent.

CONCLUSI ONS

Pher onones and other sem ochemicals undoubtedly have a role to play in
reducing the losses of food crops due to insect pests, but realisation of their
full potential will require a nore flexible approach to pest managenment than that
engendered by years of routine spraying of broad-spectrum insecticides. Funda-
mental changes in manufacturing and marketing strategies will be needed to ensure
that these chenicals are widely available for field use. Agricul tural advisers
and field workers will be required who can exploit the value of sem ochenicals in
conjunction with other techniques in integrated pest managenent programes, and
who are able to select the npbst appropriate conbination of methods for any
particul ar situation.
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ABSTRACT

Intensification of food production has al so increased pest damage, which acts
as a deterrent. For exanple, plant and | eafhoppers conbined with the grassy stunt
and ragged stunt viruses (both vectored by the brown planthopper) and the rice
tungto virus (vectored by the green | eafhopper), have becone npbst destructive rice

pests in South and South East Asia. I ntensive use of insecticides to control the
pests are extrenely conplex and expensive. Pest control strategies should be
based on a know edge of the conplex relationships of the natural forces regulating
pest populations in tropical environments. The concept of integrated pest
managenment would be appropriate for stabilizing yields at a high level, |east
damaging to the environnent and nost profitable to individual farners. An

interdisciplinary research approach is required. For field inplenentation close
cooperation anmong government authorities, extension services, field technicians,
private enterprise, village | eaders and farmers is essential.

KEYWORDS: pests, resistant cultivars, agronom c techniques, biological control of
pests, pesticides, surveillance systens, integrated pest managenent.

FOOD PRODUCTI ON AND PEST PROBLEMS

One of the greatest challenges for humanity today is to alleviate hunger and
mal nutrition suffered by nmore than half a billion people in many devel oping
countries. Food production, particularly in South and South Asia is being
increased by intensifying the productivity per unit land area through increased
inputs of chemical fertilisers and pesticides, use of high yielding varieties,

improved and expanded irrigation systens, and high cropping intensity. It
resulted in a nmarginal increase of food consunption above popul ati on growth (Table
1). Nevert hel ess, because of rapid population growth and increasing demands for

more and better quality food in the next few decades, developing nations are
chall enged to continue to increase their food production.

Prol onged droughts or excessive rains and particularly inadequate pest
control are the main crop yield constraints for farners. I nsect pests decreased
yield of rice by an average of 0.4 ton/ha (Herdt, 1982). |Increasing pest problens
observed on large scale intensified rice areas also add to production instability.
For exanple, the GLH (G een Leafhopper), the BPH (Brown Pl anthopper), and the WBPH
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Table 1. Foodgrain consunption per capita, 1961-79
(World Dev. Reports, 1981)

Average annual growth
Ki | ogramper capita rates (percentage)

Country group and region
196164 1970-73 1976-79 1961-64; 1970-73;
1970-73 1977-79

World total 312.1 342.8 362.1 1.0 0.9
Devel opi ng countri es 223.0 229.7 239.9 0.3 0.7
Low-i ncone countri es 207.1 202.7 202. 4 -0.2 0.0
Sub- Sahara Africa 159.5 151.9 141. 3 -0.5 -1.2
Sout h Asia 215.6 211.8 213.5 -0.2 0.2
M ddl e-i nconme countri es 238.1 255. 6 275.7 0.8 1.3
Sub- Sahara Africa 140.7 150. 0 148.5 0.7 -0.2
East Asi a 257.2 271.2 282.7 0.6 0.7
Latin America 235.7 244.0 249.1 0.4 0.3
S. Europe, N Africa
M ddl e East 390. 6 441.0 495. 8 1.4 2.0

(White Backed Planthopper), fornerly grouped as minor rice pests have becone
i mportant pests. The rice stenmborers, stink bugs, leaf folders, gallnm dge and
rats are also beconming serious pests. The rice blast, bacterial |eaf blight,
sheath blight, rice tungro virus (RTV), grassy stunt virus (GSV) and ragged stunt
virus (RSV), have become econonmically inportant rice disease in the intensified
rice progranme. Yield |l osses due to the inportant rice insect pests under field
conditions vary wi dely depending on the insect species, varietal reactions, growth
stage of the plants and the degree of damage. The BPH and the GSV and RSV (both
vectored by the insect) have caused significant yield losses in npbst Asian coun-
tries. More than 450,000 ha of rice were damaged in 1976-1977 in Indonesia re-
duci ng yields by about 364,500t of milled rice valued at nore than $100 M Thi s
woul d be enough to feed nore than 3 nillion people for the whole year (Cka, 1979).

A conbination of several factors could attribute to the increasing pest
problenms in the intensified areas such as (1) planting a few nodern varieties over
wi de areas thus reducing varietal diversity and increasing the instability of
community associations in favor of the pests, (2) planting varieties that do not
possess resistance to all of their pests, (3) planting nodern varieties with a
smal | genetic base for resistance to a certain pest species triggering devel opment
of new races or biotypes of the pests capable of breaking down the resistance, (4)
continuous and staggered planting the year around providing a permanent food
source and shelter for the pests to develop, (5) increased application of
nitrogeneous fertilizers enhancing the devel opnment of many pest species, and (6)
overdependance on pesticide use creating pest resistance, pest resurgence,
secondary pest outbreaks and ot her unwanted side effects.

Pest control strategies should be based on understanding the intricate
interrelationships of the conmponents of the crop ecosystem In this context the
concept of integrated pest management would be npst appropriate to obtain a
sustai ned high yield ecosystem |east damage to the environnent, protection for
both producers and consumers and nost profit for the individual farmers. The
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following is a discussion of the potential for the integration of various control
tactics against sone inportant food crop pests in the farmers field. I'n
I ndonesia, this concept has been inplenented with good results since 1979 to
control BPH, RTV and rats attacking rice, and downy m | dew on corn.

| NTEGRATI ON OF CONTROL TACTI CS

Resi stant Cul tivars

The use of plants resistant to pests is a control tactic that is relatively
stabl e, cheap, non polluting and generally conpatible with other tactics. Pl ant
resi stance has been extensively used by plant pathol ogi sts to conbat various plant
pat hogens. Recently, significant advances have been nade in the devel opnent of
pl ant resistance against inportant rice insect pests. Six genes in rice for BPH
resi stance have been identified and four of them already incorporated into
varieties (Bph-1, Cph-2, Cph-3 and Bph-4) which are resistant to the currently
occurring biotypes in South East Asia. More than 20 nmillion ha of rice land in
Asia are now planted to BPH resistant varieties. Seven different genes for
resistance to GLH have been identified and incorporated into inproved varieties.
Four genes for resistance to WBPH, and three genes to zi g-zag-| eaf hopper have al so
been identified and are being incorporated into inproved germ plasm (IRRl
Qui quenni al Draft Report, 1982). In addition, inproved varieties with noderate
resistance to the rice stem borer have been bred. Various gene sources for
resistance to inportant rice diseases have also been identified and incorporated
into inproved varieties, i.e. resistance to RTV, BLB, GSV (Khush, 1980).

Enpl oying plant resistance to cope with plant pests has certain limtations.
The use of the snall genetic base for resistance could trigger the devel opnent of
new races (Van der Plank, 1968) or biotypes of pests capable of attacking the
pl ant. For exanple, IR26, 28, 30 and 34 all possessing the Bph-1 resistance gene
for BPH biotype 1 have caused rapid selection for biotype 2 of the BPH, and the
varieties becanme highly susceptible to the insect (Cka, 1977). On the other hand,
IR32, 36, 38 in which the Cph-2 resistance gene was incorporated have renained
resistant to biotype-4 of BPH for nore than 12-15 rice seasons in Indonesia. The
reasons for this stability are not known. However, |R36 becane susceptible to the
RTV transmitted by the green |eafhopper, Nephotettix virescens, after 10-12
croppi ng seasons in several places in I|ndonesia. A new biotype of the insect
and/or a new race(s) of the RTV is suspected. Enpl oyi ng resi stant plants has not
been satisfactory against rice blast, Pyricularia oryzae, one of the nost variable
rice diseases. Bl ast disease is the nunber one constraint to expansion and
intensification of upland rice culture. Much nore information on the etiol ogy,
epi dem ol ogy, physiology and the genetics of the blast fungus is needed.

Mbdern resistant varieties have contributed significantly to increased
yi el ds. To arrive at a sustained high yield ecosystem resistance should be
relatively stable by broadening the genetic base for resistance by incorporating
both vertical and horizontal resistance genes and by pyram ding the resistance to
the particul ar pest biotypes. This strategy has been vigorously pursued by |IRR

for some inportant rice pests. The wi de genetic variability of the rice plants
shoul d make possible breeding of nodern varieties with multiple resistance or
t ol erance. Several rice varieties have been rel eased, capable of coping with a
number of inportant pests (Table 2). In addition to conventional breeding
met hods, innovative breeding techniques Ilike hybrid rice breeding, distant
hybridi zation, mutation breeding and tissue culture is highly promsing (Anon,
1980) . To ensure success, cooperation anmong scientists of related disciplines is

needed.



TABLE 2 Levels of Resistance to Inportant Rice Pests of Mddern Rice Varieties Wdely Planted in Indonesia*

GLH I sol ates

o
n
2
BPH - fg‘ f_.; G assy Ragged Rice
Bi ot ypes = g ) Stem Gall- stunt stunt tungro Sheat h
No. Varieties 1 2 3 WBPH m = wn borer mdge wvirus virus virus BLB Bl ast rot
1. IR5 S S S S MR S S S S S S MS M5
2. IR8 S S S S M M M S S S S S S S MR
3. IR 20 S S S S M MR M S S - - MR M S S
4. Pelita S S S S - - - S S S S S MR S -
5. Si Ampat (C4) S S S S - - - MR S - - MR M5 MR MR
6. IR 26 R S R S MR MR MR MR S M S MR S S -
7. 1R28 R S R S MR MR MR MR S R S MR R S -
8. IR29 R S R S MR MR MR MR S - - - - S -
9. 1IR30 R S R S MR MR MR MR S R S MR S S -
10. I1R32 R R S S MR MR MR MR S MR S MR S S -
11. IR34 R S R S MR MR MR MR S R S - S S S
12. IR36 R R S S MR MR MR MR S R S S M5 MR M
13. IR38 R R S S M5 MR MR MR S R S MR MR M MS
14. 1R40 - - - - - - - - - - - - MS S -
15. 1R42 R R S - MR MR MR . - R S S R S S
16. Brantas R S R S MR MR MR . S - i} R S S -
17. Serayu R S - - MR MR MR } S - - R - S -
18. Citarum R S MR M MR MR MR - S - - R S S -
19. Asahan R S M S M MR MR S R MR MR S S -
20. Ayung R MR R S MR MR MR S R - S MR - -
21. Cisadane R M R S MR MR MR - S MS MS S M S -
22. Cimandiri R M R - MR MR MR S S R MR S R MR -
23. Seneru R MR - - MR MR MR S S S S S R S S
24. Cipunegara R MR M - - - - - - S S S MR S S
25. IR50 R R R S MR MR MR S R - MR R S S
26. IR52 R R R S MR MR MR - - MR S M R S S
27. IR54 R R R S MR MR MR - - - MS MR - -
28. Barito R MYMS MR/ M5 - - - - - - - - S MR - -
29. Krueng Aceh R R R - - - R VB - - R
30. Batang Agam S S S - - - - - - R MR - -

* Conpiled fromfiles of the Entonpl ogy and Pl ant Pathol ogy Departnments of the Bogor Res. Inst. Food Corp.
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To reduce pest pressures on the resistant cultivars, and therefore mnimze
the risks of developnment of new races/biotypes of the pests, the resistant
cultivars should be integrated with other control nethods such as agrononic
t echni ques, biological controls and judicious use of pesticides.

Agr ononi ¢ Techni ques

Under tropical environnent crops are subjected to continuous stresses by
pests, particularly under staggered planting conditions. The exi sting agronom c
techniques in the tropics such as synchronized planting, crop rotation, plant
spacing and fertilizer managenent may prevent both build up of pest popul ations
and overl appi ng generations of the pest. These techni ques should be conpatible
wi th other control mnethods.

Rice in the wet season nay be imediately followed by rice in the dry season
(Figure 1la) or rice in the dry season may be imediately followed by rice in the
wet season (Figure 1b). In many areas three rice crops per year are introduced.
In all these situations the crop is under staggered planting conditions, so any
pest is able to develop continuously with a constant supply of food. If a field
is simultaneously prepared and synchronized planting encouraged and carried out
over an entire conmmunity during April (Figure 2a) or Novenber (Figure 2b) the
following rice crop may have relatively fewer pests. Integration of resistant
varieties with these agronom c techniques should further reduce pest build up.
Short duration secondary food crops should be chosen to fit in the cropping
syst ens.

B8PH POPULATION (b} TYPE 2

BPH POPULATION {(a) TYPE 1I.

HIGH
WET RICE SEASON

"
0O N O
FIG |. CROPPING SYSTEM IN WELL IRRIGATED AREAS (STAGGERED PLANTING)

ON SUSCEPTIBLE VARIETIES
— === ON RESISTANT VARIETIES

BPH POPULATION 8PH POPULATION
HIGH
SHORT
MATURITY | DRY RICE SEASON [FALLOW
SECONDARY
CROP
! N L " LOW AL i
D J F M A M JU J A S O N D 0O J F M A M J J A S O N O

{0) WET RICE SEASON FOLLOWED BY DRY (b) DRY RICE SEASON FOLLOWED BY WET
FIG. 2. SUGGESTED CROPPING SYSTEM TOREDUCE THE BUILD UP OF THE BROWN PLANTHOPPER POPULATION

Sanitation ainms at renoving all breeding, hibernating sites and alternate
hosts of the insect pests and pathogens. For exanple, a sanitation program for
BPH should aim mainly at destroying the stubble and ratoons remaining in the
harvested field, because on them the insect survives and multiplies during the
non- grow ng season. The stubble should be inmediately plowed under after harvest
and the field prepared for the next planting (Cka, 1979). The |arvae and pupae of
the rice stem borer and the GSV, RSV and RTV will also be destroyed by this
practi ce. Burning the straw and stubble has also been suggested, but in nmany
cases the field is still wet after harvest and the intensive schedul e does not
pernmit drying and therefore burning. Mor eover, burning the stubble and straw may
al so destroy nost of the arthropod populations that play an inportant role in
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deconposi ng the plant renains. Burning al so wastes the available nitrogen in the
pl ant renains. Moreover, nutrient |loss by leaching is much higher after burning
(IRRI, 1973).

Weed sanitation in rice fields is another requirenent because it makes the
mcroclimte less favorable for insect pests. Weeds on the ditches and fallow
fields do not need to be entirely renoved, because they may shelter inportant
natural enemies for the insect pests. More research is needed on the role of the
weed species in the interaction of the insect pests and their natural enemes, as
well as the alternate hosts for plant disease.

M cro environnments influence the devel opnent of pests. For exanple, blast of
rice, Pyricularia oryzae becomes nore serious under high air humdity, cool
temperatures and "dry soil"™ conditions (CQu, 1972). In Indonesia, blast is nost
severe in upland rice while in irrigated rice blast has never been a problem
Close planting which results in a shaded and humid environnent is unfavorable for
the devel opment of the natural enem es of the BPH, resulting in an increase in the
pest popul ation (Nishida, 1975). A dark habitat is an ideal place for the insect
to congregate and multiply. Solar and ultra violet radiation act abiotically
agai nst the BPH and restrain its increase (Suenaga, 1963; Cka, 1979). Therefore,
the nost appropriate spacing would |et enough sunshine penetrate into the basal
portions of the plants to prevent pest increase, but would provide a suitable
habitat for devel opnent of natural enem es. The suggested spacing is rows 15 to
20 crn apart (Kul shreshtha et al., 1974).

Draining the field at the proper time and withholding irrigation effectively

controls rice water weevil, suppressing several outbreaks of BPH in Ml aysia and
inthe Philippines (Pimentel et al., 1960; MIler and Pagaden, 1930; Dyck, 1974,
in Gka, 1979). Raising the water level to control the BPHis a common practice in
I ndonesia (Tjoa, 1952). Sand and sawdust containing 0.25 liter kerosene for every
100 sq mwas broadcast on the raised water level. The plants were then shaken to
di sl odge the pests. WBPH and Scotinophora sp. will also be affected. Raising the
water level will also destroy the eggs of BPH laid in the |eaf sheaths.

H gh inputs of chemical nitrogeneous fertilizers significantly increase
certain species of rice pests (lshii, 1945; Narayanan et al., 1973; Dyck, 1973, in
Cka, 1979). While high nitrogeneous fertilizer is needed for high rice yields
there is a balance between yields and severity of the pests at certain rate of
chemical nitrogen application where the pests still can be tolerated. The
I ndonesi an experience indicated that chenmical nitrogen applied at the rate of 90 -
120 kg/ ha significantly increased yields but apparently did not cause significant
i ncreases in pest popul ations.

O the agronomic techniques for pest controls discussed above, the nost
promising are synchronized planting, crop rotation wth other «crops and
sani tation. These approaches would break the life cycle of the pests and
therefore, prevent further build up of the pests. Tney also will prevent
devel opment of overl appi ng generations of certain pest species. Mnitoring of the
pests will al so be made easi er.

Bi ol ogi cal Control

At present know edge on the natural enemies of major pests of rice in
Sout heast Asia is inconplete. In India, natural enem es of rice insect pests have
been identified and sone assessnents made of their effectiveness. In Sri Lanka,
prelimnary observations on sone beneficial parasitoids of insect pests have been
carried out. In Mal aysia, beneficial predators have been nonitored (G eathead,
1982). I'n I ndonesia, the inportance of natural enem es of BPH and the yellowrice
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stem borer have been assessed (Eddy Mahrub et al., 1980). In Thailand, an
exhaustive listing of natural enemes of rice insect pests and their quantitative
benefit for biological control have been nmade by Yasumatsu et al. (1975). On

mai nl and Chi na, basic studies on biological control of rice insect pests have been
made. Spiders, Trichogramma wasps, pathogen (B. thuringiensis) and ducks have
been utilized in integrated control programon rice pests (Chiu, 1979). In the
tropics, the role of natural enemies for pest control is inportant (Heinrichs et
al., 1978). Therefore, within the context of IPCit is essential to find ways to
maxi m ze biol ogi cal control agents. It is inportant to quantify the value of each
of them as well as their conbined action for suppressing a pest species
popul ati on. For example, 79 species of natural enemes of BPH (42 species of
parasites and 37 species of predators) were identified in Taiwan (Chiu, 1979).
Some of them are known to have great potential to suppress the insect pest

popul ati on. A small water spider, M atrolineata is highly effective in
controlling the BPH population (IRR, 1981). The abundance of spiders,
coccinellids and C. lividipennis in outbreak areas in |Indonesia suggest that these
are inportant enemes of the BPH However , the small activity of
parasitismpredation at a crucial stage nmay be nmore significant than high
nortality at another (G eathead, 1982). Ni shida et al., 1976 (in Chiu, 1979)
reported that the conbined egg parasitism rate ranged between 90 — 100% nortality
of the BPH in many localities in Thailand. It is also inportant to identify the

key species of the natural enem es under a given set of environnental conditions.

Investigation of nethods of conserving, such as habitat nodification and
sel ection of specific pesticides deserves attention. Gowing Digitaria sp. for
exanpl e, was found to increase the activity of C. lividipennis, a predator of the
BPH (Stapley, 1975, in Oka, 1979). To properly integrate pesticides wth
bi ol ogi cal control, specific pesticides, proper timng and nmethods of application
shoul d be sought.

Physi cal and Mechani cal Control

Heat treatment of seeds has been used to a limted extent for controlling the
white tip nematode and other seedborne diseases (John et al., 1979). Vari ous
types of tillage equipnent (plow and harrows) have been designed to effectively
control weeds during soil preparation. On mainland China, light traps have been
used along with other control tactics against some rice pests (Chiu, 1979).
However, the effectiveness of light traps is questioned, because beneficial
insects are also trapped. In addition, there are high costs involved. I'n
Indonesia, the use of sulfur gas, traps and clubbing have been used for rat
control and are carried out sinultaneously with soil preparation by farners.

Pesti ci des

Pesticides are becoming an integral part of nodern agricultural technol ogy
for devel oping countries in increasing and maintaining high crop productivity and
al so in saving human lives. Therefore, pesticide use should be within the context
of IPC to increase their efficiency and mnimze unwanted side effects, such as
pest resurgence, pest resistance to pesticides, destruction of natural enemes,
beneficial insects and non-target species, persistence, residue problens and
hazar ds. The existing pesticide regulations and their enforcement need to be
strengthened to avoid adulteration and mi suse of pesticides.

Sel ective chemical pesticides (i.e. pesticides that act against certain
groups of insect pests but cause less harmto their natural enem es) should be
encouraged. Insecticides such as Surnibas 75 EC and Brantasan 750 EC are effective
agai nst BPH, but have only low toxicity to a predator of BPH, the spider nite
Lycosa pseudonnul ata, and do not affect the other predators of BPH, Paederus
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tanulus, Casnodea interstialis and Coccinellids (Dandi, 1981). Pesticides should
also be evaluated on selected key species of natural enenmies under field
conditions. Methods and time of application of pesticides need further research.
Proper time of pesticide application should be based on econonic thereshold |evels
obt ai ned from surveillance data. For a nunber of rice pests econonic threshold
| eve