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Preface
 

The International Workshop on "Soil, Crop and Water Management Systems for Rainfed Agriculture in 
the Sudanc-Sahelian Zone" was held in Niamey, Niger from 11-16 January 1987. It was organized and 
cosponsored by the USDA/USAID Dryland Auriculture Project, the Texas A&M TROPSOILS Project, 
the ICR!SAT Sahelian Center, and l'institut national de recherche. agronomiques du Niger (INRAN) 
which served as the official host institution. Some 75 research scientists, extension workers, and agricultu
ral administrators participated in the workshop that represented 10 African countries and numerous 
multilateral, bilateral, and mentoi institutions from Europe and North America. 

The objectives of the workshop were th'eefold: 
I. 	 To assess and discuss major problems and constraints to increasing the productivity and stability of soil, 

crop and water management systems in the sub-Saharan Region and particularly, the Sudano-Sahelian 
zone. 

2. 	To review available data bases and current research activities, and to develop strategies to resolve major 
problems through research i.nd agrotechnology transfer. 

3. 	To consider the development of an effective and comprehensive research and trainiog network which 
includes scientist-to-scientist linkages between national iegional scientists, and with scientists in deve
loped countries working on similar problems of dryland or rainfed agricultuce. 
Following the presentation of formal papers, working groups formulated rccommen-dations in the areas 

of( I) Agroecological constraints and production systems, (2) Soil and crop management for efficient use of 
water, (3) Soil fertility management, (4) Crop residue management in relation to livestock and soil and 
water conservation, 5) Socioeconomic impact of improved technologies for dryland farming systems. 

A strong consensus of the Workshop participants was that one of the major cons:raints to increasing the 
productivity and stability of rainfed agricoltUre in the Sudano-Sahelian zone was the failure to adopt and 
implement basic soil- and water-management practices. It was also recognized that the entire sub-Saharan 
region constitutes a highly fragile land resource and environment, and that there is limited knowledge as to 
the technologies that would be appropriate for these conditions. Where research has been conducted, there 
has often been inadequate characterization of the research sites as to soil types, soil properties, and 
agroclimatic variables. Cons.'quCntly. the extrapolation of research results and transfer of technology from 
such sites involve considerable risk. 

The Workshop also recognized that plant breeding has contributed significantly to the development of 
improved cultivars to overcome disease, insect, nutrient, and moisture stresses. However, plant breeders, 
agronomists and soil scientists should now work together to develop resource-efficient conservation and 
production systems which include the best management practices for soil, water, and crop residues. The 
Workshop also emphasi.,ed the importance of having a sourd technical data base of past and current 
research on various aspects of soil, water, and crop livestock management systems for rainfed agriculture 
in countries of the Sudano-Sahclian zone of West Africa. It also stressed the need to integrate this 
information into agricultural production systems that are within the technical and economic capability of 
the farmer to achieve self-sufficcencv and improved income, while allowing the conservation of limited 
natural resources. 

The Workshop was an excellent example of what can be accomplished with a sincere collaborative effort 
by different donors, projects, and research agencies. This Workshop Proceedings will assist Niger as well as 
other countries in the Region to develop research priorities and strategies, improve communication and 
exchange of technical information among scientists in the Region, and foster linkages with scientists in 
developed countries who are involved in similar research. 

Symposium Organizing Committee 
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Opening Speech 

R.C. Coulter
 
Deputy Director, USAID, Niamey
 

I am extremely pleased and lionorvd today to have the opportunity to address this regional Workshop on 
Soil, Crop, and Water Management Systems for Rainfed Agriculture in the Sudano-Sahelian Zone. I have 
reviewed the program, and it is evident that if you are to cover the topics as outlined, and develop resulting
recommendations, you will need each available moment, so I'll keep my comments brief.
 

Let me take a 
moment to highlight a few broad critical constraints facing agricultural development in 
Niger, with particular emphasis on issues related to this workshop. 

Policy Constraints 

Niger's agriculture sector is faced with a complex of interrelated institutional and policy constraints which 
must be resolved before the country can obtain a reasonable level of agricultural production and rural
income. These include those pertaining to input supply and subsidies, agriculture marketing policies,
agriculture credit, and the private and cooperative sector. Niger has made considerable progress in 
addressing these constraints, but there is still much work yet to be done. 

Physical Constraints 

As we observe the effects of each successive drought (most recently the drought of 1985), we are constantly
reminded of Niger's limited physical resource base for agriculture and livestock production, and the 
country's rapidly growing population. The long-term trend shows per capita crop production declining and 
the land's carrying capacity (both in terms of livestock and soil fertility) decreasing.

Of course this bleak picture is not unique to Niger, but is occurring in the other countries of the region as 
well. 

The government and donor community must remain determined in their efforts to reserve this trend of 
environmental degradation. Proven technologies developed under past and present programs must be put
into practice. Research in agroforestry and livestock/range management should continue, and efforts 
should also be made to incorporate (where appropriate) these efforts into the efforts being made in the area 
of farming systems research. 

Constraints to Technology Transfer and Research 

The major constraints to technology transfer and research in the agriculture sector include a limited 
knowledge of appropriate technologies and institutional weaknesses, characterized in part by a lack of 
effective research extension, in part by a lack of effective research extension linkages and a national 
research strategy. 

Niger is meeting the challenge and addressing these constraints head on in an attempt to lessen their 
negative effect on agriculture development. They have, with assistance from USAID and other members of 
the donor community, committed considerable human and financial resources to support major programs
in research anu technology transfer. Presently, with financial assistance from the world bank and technical 
assistance from the international service for national agricultural research (ISNAR), the Niger Govern
ment is developing a national agriculture research strategy. 
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Although much progress has been made in addressing these major constraints I have mentioned, Niger
has a long way to go to alleviate these constraints. The Government of Niger and the donor community
must stay committed to the task at hand, and work together to achieve these development objectives. 

USAID's Contribution to Agricultural Development in Niger 

Through the years Niger's agricultural development activities have achieved real accomplishments in 
addressing the needs of the poor. The Government of Niger has made effective use ofdonor funds is well as 
its own resources in developing anational policy which stresses improving the living standard of its citizens. 
USAID is proud of the role it has played in Niger's agricultural development process. Our long term 
objective is to assist Niger to increase food production leading toward food self-reliance and to increase 
rural incomes through diversification. 

An example of our assistance and the one most closely related to the workshop theme, is ou: long-term
commitment to agricultural research, and Niger's national agricultural research institute INRAN (the host 
of this workshop). We began our assistance to the research subsector in 1975 with the Niger cereals project,
followed by the Niger cereals research project (scheduled to be completed this year), and we are now 
designing acontinuation project called the Niger applied agricultural rese:-rch project. The new project will 
also develop INRAN's capacity (in collaboration with ONAHA) to conduct applied research on priority
problems in irrigated agriculture. We also have three centrally funded research projects supporting
INRAN's research program (INTSORMIL, the Peanut varietal improvement project, and, of course. the 
TROPSOILS Pioject). 

In closing, workshops such as this enable you to pool your experiences, and draw from the experiences
and educational background of others, to address your common agricultural development constraints. I 
truy expect the discussions and recommendations stemming from this workshop will give direction to the 
agricultural rv~search, agricultural extension, and land use planning divisions of all your respective 
ministries. 

Have agood workshop. 
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Opening Speech 

R.W. Gibbons
 
Executive Director, ICRISAT Sahelian Center and West African Programs.
 

Let me first welcome all of you to this workshop org:'nized by INRAN, USI)A, USAID, Tropsoils, and 
ICRISAT at Niamey. 

The subject areas of this workshop are very broad but each ofthe individual facets--soil, water, and crop 
management are priority areas of research. Better management ofany one of these facets maN increase crop
yields, but better management of the three together may have asynergistic effect, and could result in much 
greater increases. 

In India, ICR ISAT has already contributed to il'x development of a technology for Vertisols which 
illustrates the benefits of multiple-management factors. Twenty-two percent of the total area in India is 
covered by Vertisols, mostly rainfed, which currently produce 500-800 kg ha-' of food grain in a single 
season. These soils are hard when dry and sticky when wet, and are therefore difficult to manage. In the 
rainy season, they are prone to waterlogging. traditionally fallowed, and cultivated only in the postrainy 
season. The trauditional system uses only 41'7 of the total available moisture. 

The improved Vertisol technology, based on a hroadhed-and-furrow system developed at ICRISAT, 
involves soil- and water-nanagenent and allows the CUItiVation of crops in both -ie rainy- and postrainy 
seasons and brings annual yield potential,; to 47t a ur'der conditions of dependable rainfall when using
improved cuitivars and cropping systems. lhere are possibilities of extending this technology to the 
Vertisols of Africa where rainfall is adequate. 

Here in the Sahel, environmental conditions are much harsher. More than 50iN of the soils are 
Arenosois. acidic and poor in nutrients. Sandblasting often occurs at the beginning of the rainy season,
killing young, sensitive r tants. Rains are erratic and the length of the growing season is also very variable. 
Much research has been (lone in the past in this region but due to anumbcr of rcasols the results have not 
been adopted by farmners. lhis is probably because most crop production and agronomic studies in tie past
I) did not adequately charactirie either the soils or the climatic conditions under which they were 

condtcted, (2) did not measture Cnough \ariables to be able to specify appropriate recommendation 
domains, (3) did not indicate the likelihood of success in wet and dry \,ears, and on the average over a long
enough period to be able to asses medium-terni risk or long-term sustainability. and (4)most of all did not 
evaluate how\%nw technologies fit snall farmers' goals and poor resource bases. 

One of the reasons for this \workshop is to bring together a broad spectrum of scientists to discuss these 
issues i] formulate better wa\s ill which to focus our work to help the farmers in the region. 

Promising results have already been obtained in Niger, at ISC. in cooperation with institutions such as 
I NRAN. I ITA. Institute of Ihydrology ( UK ), IFI)C. the Dutclh soil tillage group, and the University of 
Holenhcim. They show that better management practices can result in large increases in crop yields. You 
will hear more about the management systems that are being used during this workshop. 

These management systemrs are still in the developnilct stage and much more testing and refinement is 
required before they c.'Jn ibe reconl ended to the farmers. The results will also have to be shown to be 
sustainable before they can be %\idcl adopted. [his will need cooperation and inputs from national, 
regional and international organi/ations. New cultivars will also play a part in newly developed systems,
but intil the energy can be put back into soii prolbably by the extensive use of phosphorus in the sandy
soils of the Sahel plant breeding alone cannot increase the low yields by substantial amounts. Therefore 
the hreakthrotugh " ill have to come fron the combined cfforts of all disciplines of agricultural science 
worl ing togetier as teains. 

I hope that tile papers over tie next few days., and the inputs of everyone in tile discussions and working 
groups, will help all of tis improve our cooperative efforts and research strategies inl the future for the 
benefit of tle small scale farmers of this region. 

Thank you. 
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Allocution d'accueil
 

111o KatchU
 
Secretaire Giniral du Ministire de I'Agriculture du Niger
 

Monsieur le Repr~sentant de la FAO au Niger, Monsieur leDirecteur de I'USAID au Niger, Messieurs les 
Dl gu~s, Messieurs les Invites, Mesdames et Messieurs, 

IIm'est particuli~rement agr~able de vous souhaiter, au nom du Ministre de l'Agriculture, la bienvenue h 
Niamey, A l'occasion de l'Atelier international sur les systbmes d'am~nagement des sols, de l'eau et des 
cultures pour l'agriculture pluviale dans la zone soudano-sah~lienne. 

Le Niger, pays sah~lien, soumis aux alkas climatiques, attache une importance particulibre iitout ce qui
touche h la connaissance et Al'am~lioration de l'environnement pour sa nicilleure utilisation. La connais
sance des sols rev~t un intfrtt primordial pour led~veloppement de I'agriculture, des forts et des 
p~turages. Le sol constitue en effet, un support, une source d'aliments et un reservoir d'eau pour les plantes.
La recherche sur les syst~mes d'am~nagment de nos sols est d'autant plus importante que ces derniers, s'ils 
ne sont pas convenablement uulis~s, se r~vlent tr~s fragiles et peuvent tre d~grads irr~vcrsiblement. Ceci 
est particulibrement vrai lorsque l'introduction de la technologie moderne et les alkas climatiques mettent 
en cause I'&quilibre millknaire, instaur par nos paysans et dIeveurs traditionnels, entre I'homme et la 
nature. 

Messieurs les sbminaristes, lethbme de votre atelier qui s'intitule "les syst~mes d'am~nagement des sols, 
de l'eau et des cultures dans la zone soudano-sah&lienne"constitue pour nos pays une question de brailante 
actualit. C'est pourquoi face aux alkas climatiques auxquels la sous-r~gion est confrontbe, votre rflexion 
sur cc theme et les rbsultats qui peuvent en d couler apporteront, sans nul doute, des solutions aux 
problkmes du monde rural. 

Toutefois au cours de vos dbats, qui, nous en sommes convaincus, seront ouverts et constructifs, vous 
devez garder present hl'esprit que toute orientation et toute proposition doivent Etre traduisibles en actions 
concretes, sur leplan technique et financier. 

C'est ainsi que, conscientes de tous ces problmes, les Autorit~s nigrienncs ont cr& I'lnstitut national de 
recherches agronomiques, IN RAN, qui conduit des programmes de recherche dans cinq grands domaines: 
agricole, &cologique, forestier, vbtfrinaire et zootechnique et &conomie rurale. 

Cet Institut a pour t~che de trouver des solutions scientifiques et techniques aux problmes du monde 
rural. 

Nos pays font face encore au douloureux et difficile problme de l'accession Al'autosuffisance alimen
taire; c'est pourquoi au Niger, leConseil militaire supreme et leGouvernement en ont fait un objectif 
primordial qui conduit hla r&alisation des amtnagements hydro-agricoles dans lesvalies du fleuve, de la 
Maggia, des Goulbi et du La. 

Votre atelier me donne l'occasion de lancer un appel en vue d'une plus grande cooperation scientifique et 
technique dans un combat pour un meilleui bien-tre de nos populations et c'est avec satisfaction queje 
note parmi vous la presence d' minents sp&ialistes venus repr~senter les pays de la sous-rbgion et les 
Organisations internationales telles que laFAO, I'IITA, I'ICRISAT, etles institutions des pays amis. 

Je ne terminerai pas sans souhaiter ii tous cc qui ont bien voulu faire ledplacement, un agrbable sbjour 
au Niger. 

Tout en souhaitant plein succbs hvos travaux,je dclare ouvert I'Atelier sur les systnies d'ambnagement 
des sols, de I'eau et des cultures pour l'agriculiure pluviale dans la zone soudano-sah~lienne. 

Vive lacooperation internationale. 
Je vous remercie. 
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Objectifs de I'Atelier 

Idrissa Soumana 
Directeur Ginral, Institut national de recherches agronomiques du Niger 

Le Comit6 d'organisation de l'atelier qui nous riunit ici m'a fait le tr:s grand et redoutable honneur 
d'introduire ses travaux et d'en d&finir le but. 

Avant toute chose,je voudrais souhaiter, au nom de l'institut national de recherches agronomiques du
Niger, la bienvenue au Niger aux participants qui, pour la premiere fois foulent lesol de notre pays et un 
agr able sjour Atous itNiamey, sa capitale. 

L'Atelier sur les systiznes d'ani~nagement des sols, de l'eau et des cultures pour l'agriculture pluviale dans 
la zone soudano-sahdienne se tient aprzs tine campagne agricole pluviale assez satisfaisante dans la zone 
sahllienne nialgr de graves attaques d'acridiens qui ont failli la compromettre totalement, dmontrant s'il 
en tait encore besoin route la prcarit de cette agriculture pluviale. Et aujourd'hui, l'instant offje vous 
parle, les cultures difes de contre-saison qui se droulent en cette periode sont gravement menaces par les
gerboises, au point qu'une semaine nationale de lutte contre ces rongeurs sera organis edans les prochains 
jours. 

Pendant trois jours et en cinq sessions techniques, 31 communications sur lesaspects p~dologiques,
hydriques, culturaux, conomiques de l'agriculture pluviale dans liaone soudano-sahblienne seront 
entendues et discut~es. Aprs une visite sur leterrain, cinq groupes analyseront les diff&rents problmes
cites plus haut et feront des reconimandations. Tout cc vaste programme sera exut&en cinqjours! Maisje
suis convaincu que l'inttr~t et laqualit&des communications feront paraitrc letemps court. 

Comme vous lesavez tols. kagriculture est laprincipale sinon l'unique activit de plus de 90% de la
population de lazone qui interesse cet atelier, et I'agriculture pluviale en est et sera pendant longtemps 
encore lacomposante essentiellc. Aussi conviert-il, malgr le dveloppement que connait l'irrigation, de !a 
maitriser davantage. 

I.e problimc est critique car lazone concerntc subit aujourd'hui de graves pressions :l'une dniogra
philque et l'autrcologique, ladsertification, qui routes les deux aboutissent, dans notre contex'e actuel, ii 
lat&gradation des sols et :1l'inefficience ties systbmes de production traditionnels de plus en plus incapables
de supporter ccs agressions et dc satisfaire les besoins ties populations. Cettc situation exige des solutions 
urgentes et durables tiLle seule larecherche peut fournir. Ces solutions doivent raliser, comme ledit H. 
Dupriez "les meilleures combinaisons possibles entre ia terre. lecapital hiologique (plantes et animaux) et 
le travail tout en contrclant au mieux lefacteur di.-,certitltde, les ahias climatiques etbiologiques,
notamment les attaques parasitaires". I1s'agit en fait de dffinir, dans cet environnement menace de 
fragilisation de plus en plus grande et de st&ilisation, des svstmcs de gestion varis, souples et modulables 
selon les caract&istiques dc I'environnement physique et technico-sociologiq ue qtli sont essentiellement la 
variabilite ct la variation spatiale et temporelle. Les objectifs sont done clairs, mais complexes. En effet, ne 
s'agit-il pas en un mot de dvelopper I'agriculture de cette region ihpartir d'une saisie scientifique de ces
caractcristiques physiques, chimiques, biologiques ctsociologiques? II faut ensuite les inturer en "un 
systbmne de production"adapt .icC milieu que peu de chose suffit b.modifier et qui soit acceptable et surtout 
faisable pour lespaysans qui, -i leur tour ihlamoindre difficult&, reviennent rapidement t leurs traditions 
ancestrales. Ds lors, on petit mnme se poser laquestion de lamthodologie de l'approche d'un tel milieu 
auquel la formule de M.P.Kefford "Progris scientifique = Pcuple +Nature + Mtthode scientifique" parait
particulizrement adaptle. Fn efet, ii lavulnerabilit de ses caractcristiques physiques et biologiques
s'oppose une fore menwalit de subsistance qui ne ,'eut d'ailleurs nullenent dire un refus d'innovation. 
Dans un tel contexte, tout systme d'aianagement des facteurs de production doit avant tout rechercher : 

[Ia conservation des sols et lemaintien de leur fertilitY tant organique, min~rale qu'hydrique Aun niveau 
optimal; 
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* 	 la reduction des risques enconrus par les paysans notamment les risques climatiques, biologiques et 
mon6taires; en effet, le nouveau syst~me doit tre techniquement et &conomiquement la porte de 
I'agricuiture; 

* 	 I'autosuffisance alimentaire, r~sultat d'un fonctionnement minimum mais simultan6 et coordonn6 des 
diff~rents facteurs. 

Dans les pays d~velopp~s, le d~veloppement de l'agriculture a &t&obtenu grqce h un accroissement de la 
consommation directe oa indirecte de l'&nergie. Les syst~mes de production sont pratiquement pouss~s i la
limitr de leur potentialit6. 

Comment obtenir les mmes risultats dans un environnement tout diff&rent et caract6ris6 par 

" un. extreme fragilit& physique; 
" une prcarit&de I'activit biologique; 
" une instabilit6 climatique; 
" une pauvret des paysans. 

IIfaut n~cessairement d~velopper la recherche ag'onomique et les ateliers, c')mme celui-ci, sont absolu
ment indispensables dans un environnement o6 la documentation scientifique est rare et les communica
tions scientifiques difficiles. De plus, cette recherche doit explorer des voies nouvelles qui recherchent 
l'am~lio:ation simultan&e de tous les facteurs de production, une meillcure comprihension des syst~mes de 
production qui passe par une plus grande interpretation des disciplines de la science agronomique, 
notamment la science des sols, la zootechnie. l'agroclimatologie, 1'conomie rurale, la sociologie. C'est cette 
interdisciplinarit qui permettra de mieux dfinir et de saisir les besoins de recherche et de d~veloppement 
de syst~mes nouveaux d'exploitation adaptis i diff;.rentes regions. Ces preoccupations de recherche et 
d'int~gration disciplinaires doivent tre les preoccupations de cet atelier. Pour atteindre cet objectif, les 
diff~rents participants doivent rechercher le dpaysement quant ii eur discipline. En effet, bien que tous 
agronomes au sens large, chaque sp~cialiste a ses propres crit~res, 0nments d'appr&iation et d'aialyse de la 
situation agricole fondis sur sa sensibilit& "disciplinaire". Dans cot esprit d'une approche globale des 
problmes de l'agriculture pluviale en zone soudano- sahilienne, il ne s'agit videmnment pas d'apporter des 
solutions httous les problimes soulevis, mais plut6t d'explorer des voies nouvelles et d'y rflkchir ensemble. 

C'est persuad& de cette ntcessit&et convaincu aussi que l'amn-lior.tion de l'agriculture dans la zone trait~e 
ici comme ailleurs, ne peut &tre obtenue de mani;re .-flable et durable sans une collaboration troite et 
f&ondante entre les paysans, les cadres de terrain, les chercheurs et les planificateurs, que l'lnstitut national 
de recherches agronomiques du Niger (INRAN) a cru utile d'inviter it cet atelier les responsables de 
diffirents projets de dveloppement agricole de notre pays, ain qu'ils apportent aux autres participants 
l'exprience nigtrienne dans cc domaine. Avant de terminer, je ine permettrai de faire une suggestion 
relative au programme de visite. Ne serait-il pas aussi judicieux bien qu'on ne parle que d'agriculture 
pluviale, de visiter un site de cu'tures de contre-saison'? 

Je voudrais en terminant remercier les Drs Parr, Meyer, de I'USDA, les Drs Persaud et Renard et M. 
Annou, membres du Comit d'Organisation qui n'ont mrnag&aucun effort pour la tenue de cet atelier. Mes 
remerciements s'adressent aussi aux reprtsentants des instituts de recherche de la zone qui nous ont fait 
l'amabilit de r~pondre favorablement it l'invitation de I'INRAN. 

Je voudrais enfin adresser ma profonde gratitude it tous les participants qui ont fait souvent un long 
diplacement, manifestant ainsi leur volont de contribuer au d~veloppemcnt de cette zone en apportant 
leur contribution et leurs esp& ances scientifiques ", I'approche de solutions it quelques-uns de ses 
problimes. 

Vive la Coop&ration scientifique. 
Je vous remercie. 
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Objectives of the Workshop 

ldrissa Soumana 
Director General, INRAN 

The organizing Committee has given me the great honor but formidable task of introducing the theme and 
defining the goals of this Workshop.

First, on behalf of the National Institute of Agricultural Research of Niger, INRAN, let me first welcome 
the participants here, and wish you all a vcry pleasant stay in Niamey.

The International Workshop on Soil, Crop, and Water Management Systems for Rainfed Agriculture in
the Sudano-Sahelian Zone is being held after a rather satisfactory rainfed cropping season despite the
serious locust attacks that nearly jeopardized tile whole crop, once again showing how precarious rainfed
farming is. And at this very time, the so-called off-season crops are suffering jerboa attacks of such
magnitude that a national campaign has been launched against these jumping rodents. 

You will be hearing some 35 papers on the soil, water, cropping, and economic aspects of rainfed
agriculture during five technical sessions. After a field trip, five technical groups will delve into the
problems mentioned above to formulate recommendations. This titanic program is to carry you through
live days which will seem very short because of the interesting, high quality presentations.

As vou all know, over 9W)-of the population is engaged mainly, or exclusively, in farming, especially
rainfed farming which is, and for long will continue to be, the main system, despite the development of 
irrigation. 

The problem is of the greatest immediacy, for the zone of rainfed farming is also a region yoked bydemographic and ecological pressure (better known as desertification) which together lead to degraded
soils and waning, traditional systems increasingly powerless when confronted with these pressures, and
unable to meet the needs of the populations. Urgent, permanent solutions to this situation must come from
research. These solutions must be banked, as H. Dupriez said, "on the best poss;ble combination of land,
and labor all tile while seeking greater mastery of risks, climatic and biological hazards". Our environment isbecoming increasingly fragile and barren. The answer lies in flexible, varied management systems that can 
be 	adjusted to meet the demands of the physical, technological and social characteristics of the environ
ment, in essence spatial and temporal variation and variability. Our goals are clear but complicated. In 
sum, aren't we seeking to develop agriculture in the region, using as our basis, ascientific understanding of
these physical, chemical, biological and sociological characteristics which, thereupon, need to be incorpo
rated into a production system that is adapted to the environment we know to be so vulnerable? 

TFhe farmer must realize that the system is feasible because the slightest obstacle will make him revert tothe traditional methods. Going further, let us look into the methodology of the approach to such an
environment. We can draw on the especially fitting equation by M. P. Kefford who holds that: scientific 
progress = people + nature + scientific method. Because of the exceedingly vulnerable physical and
biological environment, the farmers are committed to subsistence farming but this does not mean that they
systematically reject innovation. Under these conditions, systems designed to control factors of production 
must first and foremost seek to ensure:
 
" soil conservation which include maintaining satisfactory organic and 
 mineral fertility and water 

reserves; 
* 	 fewer climatic, biological and financial risk for tie farmer, in other words, the new systems should be 

technically and economicallv within tile farmer's capacity; and 
* 	 food self-sufficiency which involves a weel orchestrated application of various factors of production.

Agriculture progressed in the developed countries, thanks to increased consumption of energy, direct 
and indirect. Production systems have practically exhausted their potentials.

How can the same results be obtained in an environment characterized by:
0 ex'reine physical fragility, 

xii 



* precarious biological capacity, 
* unstable climate, and 
* impoverished farmers? 

Agronomic research and workshops such as this are crucial in aregion where scientific documentation is scarce, and communications are complicated. This research moreover should explore new ways to improve
all the factors of production simultaneously, to enhance an overall understanding of production systems.
This research must call more upon agronomic sciences. By this we refer to soil sciences, husbandry,
agroclimatology, rural economics, and sociology. Interdisciplinarity will enable a clearer definition andunderstanding of research and development of new systems adapted to our various regions. This workshop
must think diligently about such research and interdisciplinarity which means that participants must look
in from outside of their special fields of interest. Every specialist in the broader agronomic classification has
his own criteria, its standards for evaluation and analysis based on his personal home discipline. The global
approach being sought for the problem of rainfed agriculture in the Sudano-Sahelian zone will not solve all 
the problems: it is merely expected to explore new avenues and benefit from joint reflection. 

We are convinced of this need. and also convinced that improving agriculture in this Zone, and elsewhere, 
can only be permanent and worthwhile if piirtnerships include farmers, field workers, scientists, planners.
With this in mind, INRAN has invited leaders ofa variety of our country's agricultural projects. They can 
contribute to the Niger experience. Before ending I should like to suggest that in our field visits we briefly
leave rainfed agricilt urc aside and look at the ofl-se ason crops.

In concluSion, ai eXplessionl Of gratitude is to be extended to l)r. Parr, )r Meyer of USI)A,
I)r lPersald, l)r Renard, ,I 

to 
M.\iinou i,. as moemnbers of the organi/ing committee have done their utimost for

this workshop. Let me also thank the representatives of the research institutes in this area for entertaining 
INRAN's invitation. 

My appreciation goes to all the participants many of who, in many cases, are showing their will to
contribute to the development of this /one by traveling so far to bring us their thoughts and scientific 
expertise to solve some of our problems. 

Long live scientific cooperation. 
Thank von. 
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Les ressources en sols des re'gions soudano-sahiiennes 

R. Bertrand' 

Risu;n 

En liaison avec l influence de roches varibes. Itv palkoclimats, tant6t trbs humides, tant6t 
hyperarides, sont responsables de I'organisation sp.itiale et des caractcristiques des cou vertures 
pcdologiquesdes regions so oda no-sahn6liews. Les t.txonomies pcdologiq uessont insuffisantes 
pour assurer le transkrt des connaissances sur lei ressources en sol. L 1valuation de ces 
dernires depend des faeteurs du milieu ;ni,'.'. que ptbdologiques, tels que des contraintes 
socio-economiqueset politiques. 1/con vient done d'adopterdes dtbmarches d 'valuation inter
disciplinaires pouren cotnplter I'inventaire qui est pratiquenent acheve ;) petite chelle pour 
bien des pays de la rt~gion. Les prohlbmcs de classification des sols semblent dtbpassts et non 
prioritaires. Pour assorer le transfert des resultats des recherc/ws arononiques,Ia connais
sance des relations spatia/es, temporel/es et dynamiques entre I's resultats exprimentaux et les 
autreslacettesde la cou vertureped)logiquelocale et regionale,est indispensable. La classifica
tion ncssite des cartoeraphies et tudces de sols interdisciplinaires ;!diflrents niveaux. 

Abstract 

Soil resources in the Sudano-Sahelian regions: 7he various rocks and paleoclimates (some
times very 'wet and sometimes very dry) together in/lunce the spatial organization and charac
teristics of the soils in the Sudano-Sahelian region. But, correct soil classiication. preliminary 
to the transkr of knotwlcdeg about soil resources. also depends on other environmental, 
socioeconomic,and po/tical f 'ctors. lo make an*vresource inventory complete, an interdisci
plinary approach must be used. Small-scale resource inventories have alreadv been made for 
nany countrics in the region. Ihe problem of'soil classilcation m y seem7 outdatedand of/ow 
priority. but successful transl'roflresolts fron agronotnic research depends on an understand
ing of the spatial. temporal. and dvnic relations between experiments and the local or 
regional characteristics of the land sur/t;ce, which indicates the need for cartographic and 
interdisciplinary soil studies at variousscales. 

de la zone itation de cette zone. S'il s'agissait seulernent des 

D finition deergions internindiaires entre cc qui est soudanien et 

soudano-sah~Iienne cc qui est vLritablement sahelien, les espaces iicon
sid&cr seraient relativenient litnits. Aussi nous 

Parler des ressources en sols de la ione Soudano- considrerons ici les regions dont le clirnat tropical 
Sahelicnne suppose r solu le probkme de lia diim- i deux saisons cqntrastSes, tne saison siche longue, 

1. Agrop~dologue, IRAT'(IRAD, Montpellier. France. 

ICRISAT (International Crops Research Institute for the Semi-Arid ln ics). 19S9. So. Crop. and Water Managemtent Systems for 
Rainfed Agriculture in the Sudano-Sahelian Zone: proceedings of an International Workshop. 7 II Jan 1987. ICRISAT Sahelian 
Center, Niantey. Niger. Paiancheru, A.P. 502324. India: ICRISAI 
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une saison pluvieuse caract6ris~e par une pluvio-
m~trie qui va de 1000 Ai1200 mm an-' jusque vers 

-400 mm an ', de 8' ,t 160 de latitude Nord. 
En terme &cologique,c'est la zone des savanes 

d'abord savanes Atligneux At.euilles caduques et 
hcrbac~es vivaces puis Atherbac~es ;nnuelles, puis 
savancs it ligneux 6pineux et herbaces annuelles 
passatit vers la limite sah&lienne i des steppes dis
continues piquet~es d' pineux. 

En termes agroclimatiques, ces regions sont 
celles o6t les cultures vivri~res principales sont le 
sorgho et le mil cultiv~s sous la pluie. 

Depuis une quinzaine d'ann~es, on a assist& a 
une pjoration du climat vers un p6le plus aride. 
Aussi on peut considrer que l'ensemble de la zone 
doit tre dcal6 vers le sud d'une centaine de kilo
mtres. Cet ala v&cu comme une catastrophe 
naturelle n'est pourtant qu'une p&rip~tie par rap-
port aux oscillations climatiques de grande ampli-
tude du quaternaire recent et de I'ensumble du 
quaternaire en g~n&ral. Ces oscillations clima-
tiques ont laiss des traces indWl~biles dans ]a 
nature et repartition des ressources en sol dans la 
region consid&ie. 

Repartition et organisation 
spatiale des sols 

Effets des variations climatiques 
quaternaires 

Hiritages p~dologiques 

En effet, des changements climatiques profonds et 
de longue dur~e ont imprim&leur marque dans les 
sols au cours du quaternaire (Fig. 1). Ainsi on peut 
consid~rer que, dans leur majorit&, les caract~res 
p~dologiques, observes aujourd'hui, sont htritis 
d'un pass&plus ou moins lointain. Or ces propri&-
t~s sont responsables i la fois des potentialit~s mais 
aussi des problmes agronomiques avec lesquels 
les agriculteurs doivent composer. 

On en a pour preuve les grands plateaux ou 
glacis it cuirasses ferrugineuses incultivables qui 
entourent au nord comme au sud la ville de Nia-
mey. Leur genise supposeit la fois: plusieurs varia-
tions climatiq,, successives et plusicurs varia-
tions dans les i,'.4imes hvdrologiques des nappes. 

Pleistocene 
000 APs 
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U 
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w 40
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Aridit& Humidit 

Figv': v I. Evolution du climat au cours du quater
naire rkcent. 

Ces cuirasses ferriques, si caract&ristiques des 
paysages soudaniens Aforte pluviosit6, remontent 
au quaternaire moyen ou ancien, il y a plus de 
500000 ans. Stables dans les zones semi-arides 
soudaniennes ou sah~liennes, elles se d~mantilent 
sous forme de nappes de gravats en climat quato
rial ou guin~en. Dans toutes ces regions la presence 
des sols a nappes de gravats permet souvent de 
supposer que des cuirasses existaient, qui se sont 
d~sagr~g~es et dont on trouve ici et li des t~moins 
encore conserves. Ces t~moins attestent de varia
tions climatiques tr s importantes. En effet, ils 
supposent la succession dans le temps d'une part de 
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longues p6riodes Atclimat 6minemment plus hu-
midesqueleclimatactueletd'autrepartdelongues 
p6riodes Aclimat sinon semi-aride mais au moins 
tr~s contrast&. Au cours des phases pluviales les 
nappes phr~atiques oscillent, sont hautes et indui-
sent la formation d'horizons tachet~s, de plinthites 
(de p6tro-plinthites ou "iron pans"). Au cours des 
phases interpluviales les nappes phr~atiques sont 
basses et les horizons tachet~s s'induisent en cui-
rasse ou carapace par oxygenation pouss~e et 
recristallisation du fer des plinthites prc~dentes. 
Le retour Ades conditions plus humides conduit i 
la d6sagr~gation ou dbmantblement partiel ou 
total, avec ou sans 6rosion et transport lateral des 
mat~riaux lib&r~s ou r~siduels. 

La zone soudano-sahlbienne se place pratique-
ment au centre de la zone de variation des climats 
au cours du quaternaire, elle en conserve donc 
beaucoup de traces inextricablement ma1kes. 

Dans les zones i climat intermdiaire vritable-
ment soudano-sahd1ien it la faveur des conditions 
topographiques et hydrologiques particuli~res, les 
nappes de gravats se recimentent en carapaces 
moins indur~es. 

Hritages morphoelimatiques 

La succession dans letemps de climats variks nous 
a laiss&des hritages au niveau des sols proprement 
dits. Elle a aussi laiss& des traces encore plus vi-
sibles au niveau des paysages soudano-sah~liens 
dont l'organisation spatiale est laigement com
mand~e par les traces des grandes variations clima
tiques passbes. Les grands glacis cuirassbs qui for
ment I'armature ou lesquelette des paysages qui 
nous entourent ne seront plus mentionn s ici, mais 
on voquera simplement les grands ensembles 
dunaires qui s'itendent depuis lacite s~n~galaise 
ou mauritaniennejusqu'au Soudan. Ces mat&riaux 
sableux &oliens sont des hLritages morphoclinia-
tiques. ls recouvrent de trs vastes superficies dans 
les regions sah6iennes. Ces ensembles dunaires ou 
ergs se sont mis en place au cours de deux periodes 
beaucoup plus arides que celle que nous vivons. La 
dernibre de ces pbriodes (ogolien) remonte iIpeine 
ii 18 millenaires avant l' poque actuelle. Les con-
fins du Sahara taient alors i400 km plus au sud 
qu'actuellement. Parexemple, au S&n~gal ledsert 
i6tendait ses dunes jusqu'i proximit de la Gambie 
dont leclimat est actuellement soudanien avec 

environ 800 i 1000 mm de pluies. Ces piriodes ont 
W suivies de phases climatiques beaucoup plus 
humides que l'actuelle. I1y a Apeine 8000 h 10 000 
ans au cours de la derni~re priode pluviale, ces 
mat&riaux dunaires ont W rub6fi~s et ont partiel
lement acquis les proprits p~dologiques que nous 
observons aujourd'hui. Des restes de couvertures 
sableuses 6oliennes plus anciennes (40000 ans) 
sont connus dans la mme zone. Les sols y sont 
beaucoup plus &volu~s, plus rouges et plus argili
fiis que ceux de l'erg ogolien pr&cdent (Michel 
1973, Pias 1970, Bertrand 1972, McIntosh et 
McIntosh 1983). 

En remontant letemps, it intervalle plus ou 
moins long, on pourrait voir que les principales 
propri tts et lesprincipales organisations de la 
couverture p~dologique, de lWchelle microscopique 
comme i celle du paysage, sont pour l'essentiel, 
hc&rit~es des phases climatiques pass~es qui se sont 
succ3des sur les mnmes lieux. Ce que nous vivons 
chaque anne, cette alternance de conditions arides 
de lasaison siche et de conditions humides de la 
saison des pluies, cc d6placement du front inter
tropical de convergence du sud vers le nord et 
vice-versa nous donne tine image de cc qui s'est 
pass& au cours du dernier million d'ann~cs avec
 
bien &videmment tin pas de temps beaucoup plus
 
grand et aussi plus irr~gulier. Les peintures rupes
tres de l'Air, les outillages lithiques dcouverts en
 
milieu maintenant saharien sont notre m~moire
 
vive de ces 6v~nements tand isque l'organisation de
 
la couverture p&dologiquc, les proprits des sols
 
repr~sentent lamnimoirc de masse.
 

Effets des divers substrats giologiques 

Ainsi on peut consid&rer que beaucoup des cara
ctLres des sols, et que I'essentiel de l'organisation de 
la couverture pdologique sont h&rit~s. Mais de 
nombreux autres facteurs ont, soit facilit&, soit 
rendu plus difficile l'impression et la conservation, 
dins lIcouverture pidologique, des traces de la 
succession de climats. 11s'agit ici du role du sub
stratum g~ologique. 

Par exemple lacarte des milieux agro- cologiques 
du Burkina Faso dress:e ai I/1000000 en 1985 
par Guillobez (1985) d'apr~s divers inventaires 
ptdologiques i des chelles vari~es (Cartes de 
I'linstitut franqais de recherche scientifique pour le 
d~veloppement en cooperation (ORS'FOM) au 
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11500 000, cartes de l'lnstitut de recherches agro-
;.orniques tropicales et des cultures vivri~res (IRAT) 
au 	I/ 100 000, au I / 20 000), montre que les t&noins 
des cuirasses ferriques du quaternaire ancien et 
moyen se sont bien conservbs autour des gisements 
de 	roches riches en fer (schistes et autres roches 
basiques). Ailleurs, c'est it dire pour l'essentiel sur 
granitogneiss, ces cuirasses ont ~tdmantelies en 
nappe de gravats plus oi moins reciment~es ult6-
rieurement en carapaces. La pauvret& relative en 
fe- n'a pas permis leur conservation. 

Sur les substrats gr~seux se sont d~velopp~s des 
sols qui tendent soit vers les sols ferrugineux tropi-
caux plus ou moins lessiv~s, soit vers les sols ferral-
litiques peu d(saturs (des Alfisols). Ces types de 
sols sont trs voisins les uns des autres du point de 
vue gbochimique. Ici, les roches mitres griseuses oil 
gr~so-argileuscs (A dominance de kaolinite) con-
duisent quasiment it uie pbdogenbse univoquc. 
Cependant ces sols sont lerbsultat de l'action de 
priodes tant6t pluviales (&volution vers lep6le 
ferrallitique vu mrime oxysol) et tant6t arides (vo-
lution avec individualisation, redistribution. cris-
tallisation, induration du fer en nodules voire en 
cuirasses, "iron noduis, iron pans"). Les marques 
de ces &volution, restent imprim~es d'une part. 
dans lesprofils de solsjusqu'au niveau des micro-
organisations et d'autre part, dans les couvertures 
p~dologiques it l'chelle du paysage au niveau de la 
distribution geographique des divers types de sols 
(cuirass's, concritionns ou non). II s'agit alors 
dans l'ensemble de couvertures p dologiqies poly-
cycliques ou polyphamses. Non settlement les carac-
teres intrinsbques du sol, hiritis des diverses 
phases, y sont troitem~nt associts avec les carac-
tres rbcents ou actuels mais plus encore, au niveao 
du paysage, certaines parties de lacouvei tre: p 
dologiques sont quasi strictement hllritecs (cut-
rasses) tandis que d'autres sont plus r.centes voire 
en partie actuelles. 

Ces exemples de couvertures p dologiques d6-
veloppbes surdes substrats v':ri6s, en zone soudano-
sahlicnne, montrent que Ics sols ;ont ilafois (I) le 
rbsultat d'h&ritages pdog nitiques divers lirs aux 
climats varies qui se sont succ~d~s dans la /one 
pendant ICquaternaire et(2) iCreflet de l'influence 
parfois pripond&rante des substrats gbologiques 
favorables ou non it tel on tel type de ptdogcnise 
ou, itla conservation des caractbres acquis au tra-
vers du temps. Dans ledetail, ils r~sultent ;iussi de 
la riorganisation des illinents sous l'influence des 
conditions actuelles. 

Inadequation des classifications 
A rendre compte des caractbres 
desdscouvertures pi~dologiques 

Ainsi dans lemilieu soudano-sahilien, les heritages 
pdologiques, caract~ristiques des conditions cli
matiques pass~es, varies sinon oppos~es, domi
nent Atla fois (1)les grands traits de l'organisat;on 
du paysage p~dologique, c'est-i,- dire, de la r~parti
tion spatiale du sol, objet essentiel de la cartogra
phie p~dologique et (2) les caractfristiques structu
rales et physico-chimiques des sols. Dans ce con
texte, on comorendra toutes les difficult~s d'utili
sation des classifications de sols pour structurer et 
transmettre les connaissances 

0 	 Echec d'abord ds classifications zonales non 
seulement mises en dffaut par ler6le souvent 
important des roches mires mais surtout par 
l'intvrp~n~tration profonde, dans l'espace gao
graphique, de divers types de sols, hrit&s des 
climats diffirents. 

6 	 Insuffisances notoires sinon &chec des classifi
cations actualistes comme laSoil Taxonomy ou 
lakIgedc de l'Organisation des Nations Unies 
pour I'alimentation et l'agriculture (FAO) car 
lestypes de sols obseives sont souvent en total 
d saccord avec les conditions climatiques actu
ties. Fn outre, ces taxonomies ne prennent que 
tris peu en compte des caract~res essentiels tels 
que Ics aspects structuraux ou organisationnels 
des sols et des paysages. Elles ne permettent 
done aucun transfert s&rieux des connaissances 
vers, ou depuis, des zones climatiquement ou 
pdologiquenlent similaires (au moins en 
apparence). 

F
Echec relatif ou insuffisance des classifications 
morplhogbntiques, laclassification franqaise 
Commission de p~dologie et de cartographic 
des sols (CPCS) par exemple, qui, comme les 
pr&tcdentes, classent des ulnit s totalement arti
ficiclles :lesprofils verticaux ou lespdons. 

Ccs insuffisances. dans lacoinaissance des sols 
des regions soUdano-sahbliennes ct par consequent 
dans I'appr 'ciation eicsconiraintes ou des potenti
alit s de ces couvertures pi3dologiques, incitent I 
revoir nos dimnarches de caractrisation des sols 
ainsi que des couvertures p dologiques. Ceci est 
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n&cessaire afin d'une part (1)d'en mieux &valuer 
les contraintes et les potentialitts, mais a 
(2 )de pouvoir"transf+rer g+ographiqucment, d'un 
milieu p~dologique i un autre, losr&. ultats, des 
exp&riences de raise en valeur, acquis sur Lin sol 
donn& dans des conditions bien connues"( Ruellan 
1984). 

Cela suppose liareconnaissance d'uqits pi~do-
logiques naturelles dans hi couverttme pbdolo-
gique, leur caractrisation ,i lafois large (interdis-
ciplinaire) et d~taillke, mettant I'accent sur l'organi-
sation morphologique I toutes les echelles. Cela 
suppose lartalisation d'analyses physico-chimiques 
et biologiques et I'&tude de ladynamique de fonc-
tionnernent bas&es sur les r&sultats de l'analyse de 
l'organisation Ala fois au niveau du paysage et au 
niveau du sol lui-nmme. 

Dans cet ordre d'ides, depuis Line quin'aine 
d'ann+es. les p dologues de l'lnstitut de recherches 
agronomiques tropicales ctdes cultures vivrikres 
(IRAT) ont tcnt& de r~pondre i ces objectilIs 
en meittant au point tine n ethode de cartographie 
des sols plus naturalistes. ]amorphop.dologie 
(Bertrand et al. 1985). I.e sol n'y est plus coiisid&r& 
explicitement que comme un des &l~ments de 
caracttrisation de la couvcrture p+dologiquc, 
replace dans soil cOntexte spatial teiporel. 

Cette dtrnarche interdisciplinaire, morphologi-
que, apparuc explicitennt en 1970-1971, a tt 
initike en 1961 par plusiturs pildolOgues de 1'lRAT 
en Afriquc eti Madagascar et enfin par beaucoup 
de ptdologues cartographcs de I'lnstitut Iranqais 
tie recherche scientifique poor led(cveoppernent en 
cooperation (OR ST )M tin ptui prtout en Afri-
que. En Australie, li itniarche proposLe par la 
Commonwealth Scientific and Industrial Research 
Organiiation (CSI R) faltligure de pr&cuiseur en 
la matikre mais n'a inalhcureusement pas t suivie 
de mises an point ou dc reliexions nlihodolo-
giques approfondies. 

Plus rfcemment ties tt'inarchcs parallbles unt tL' 
suivies par des ,quipcs de chcrcheurs de 1'()R-
STO (pNI g~otnorphologues,-dologues, g~tgra-
plies), notamnent en Aintrique du Sud (cf plus 
loin). DI'autres quipes de cherclicurs de I'OR-
STNOM se sont penchies stir I. naise au point de 
I'analvse structurale dtaill~e de It couverture p-
dologique :identification de volumes, &ttudesdes 
contacts et des transitions. stluences d'organisa-
lions, analyses des organisations Wlmentaires et de 
leurs relations temporo-spatiales (IBoulet et al. 
1982, Humbel 1984). 

Etat actuel des inventaires dans
les pays soudano-sahiens 

francophones 

L'expos& de ces orientations vers une approche 
d'&tude, des couvertures ptdologiques, naturaliste 
ou interdisciplinaire permet de comprendre que les 
travaux d'inventaire, de c-trtographie pdologique 
svstrnatique, ont it quielque peu rLduits ces der
nieres annees au profit de recherches r~pondant 
rnieux it III mise an point de nouvelles dmarches. 

Cependant malgr& Ics critiques fondamentales 
exposees plus haut. les connaissances acquises sur 
les sols et leur ripartition spatiale sont consid~ra
hies. II est vrai que les ptdologues cartographes 
plus o0 moins conscients de ces prohimes ont 
souvent largement transgrcss les rbgles d'applica
tion des classifications tIC sorte Lue leurs cartes 
constituent souvent on boil support pour letrans 
fert des connalssances; lcineillenr actuel, et ce, 
pour de norrnbreuses ann es encore, compte tenu 
de I'ampleur et du niveau scientifique du travail 
r~alis . 

L.a premiire carte prsenrie(Fig. 2)montre l'&tat 
tie l'invcntaire Li tris petite ichelle I 1000000 i 
I 500000 et tie I'inventairc itmovcnne chelle 
I,200 000 LiI 100000. I'ensemble de lizone con
sidbre est pratiquement couverte, seuls. leMali, li 
Matiritanic et liGIintc Ii'ont pas &&itldis. Mais 
des ttiuICs Iocalis&es existent. Si I'on tcnait conipte 
dcs ,tudes agrostologiques, qi conmportent presque 
too jotiurs on %oletsol. et des itudes gbomorphiques, 
les rbgions encore inconnues scraient sensiblemcnt 
r&LloitCs ai Mili. 
I.asecotnde carte (Fig. 3)prksente l'ensemhle des 

inmentaires pcdologiques I petite etmovenne echelle 
allant tieI'chelle de I 20000(0 i I 100000. Ici 
entcire les stpclficis coiscriets sont consid-rihles. 
ILes ViLes silt hien entendu pltis grands que pr&c&
tcinniemit. Ilsconcernent, (I) la tquasi totalite du 
Mall. tic ]aNIauritanic, de ita Guinbe, du Burkina 
Faso et ditNiger ct(2)leNord dI S3ngal itvoca
tin pastorale connu gritce aux ,tudes agrostolo
giques, ctuine petite portion iLI norcdi logo et dI 
sud-est du Tchad. 

II n'itpas et possible tie laire l'inventaire des 
caries pdologitiues plus d,,taillt's ralis~es pour 
les &tudes de lactibilit', car ces cartes restent non 
publikcs o0 hien sont tris difficiles dIaccs pour des 
raisons diverses. Sous l' gide de 'Agence de coop&. 
ration culturelle et technique (ACCT), Lin inven
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taire probablernent incomplet mais tr{s bier, ren-
seign& a &t&tlabor et mis en banque de donn~es. 

Utilisation agronomique des 
inventaires i petite 6chelle 

Compte tenu de l'immensit&des espaces fiprospec-
ter (10 millions de kin2), ces cartes p~dologiques 
ont 6t& pour l'essentiel rLalises 'Al' chelle de 
1/200000 ou de 1I'500000. Done, il s'agit plut6t 
d'&tudes exploratoires, d'inventaires pr~liminaires 
destines i combler levide absolu des connaissances 
dans la nature et la repartition gcn&rale des sols stir 
cette portion du globe. Cest un premier pvs avant 
d'affiner les recherches et les connaissances. Mais 
en m{me temps ces travaux ont fait beaucoup pour 
faire 6voluer notre vision du sol, pour lamise au 
point de mthodes d'&tudes plus larges et pour I, 
mise en relation des sols et de leur milieu. 

Ce 	dernier aspect nous int~resse plus particuli-
rement ici car l'tude des liaisons des sols et de leur 

milieu est le pr{alable indispensable itl'-valuation 
des ressources en sol. 11est clair cependant que la 
petite ichelle des inventaires rtalis~s ne permet pas 
des analyses ni tris fines, ni trbs dtaillbes. Aussi, cC 
fond cariographique, par son esprit nicessaire-
ment synth~tique, est-il leplus souvent essentiel-
lement adapt: ii laplanification et ii l',Iaboration 
des politiques agricoles r~gionales et nationales. 
Son intL r~t didactique doit aussi etre soulign. 

Ces invcntaires permetteni d 'as oir les Lhkments 
priliiniiaires pour tine premiere conception et un 
positionnement prdiminaire des projets agricoles. 
Ils, c sont pas du tout destints ou adaptts ni it lit 
mise en oeuvre des ,tudes de factibilitx, ni ,tla 
ralisatioa opirationelle de ces projets car I'&lielle 
est trop petite. 

En gbntral ces cartes sont des cartes p~dolo-
giques an sens strict du terme. Aussi est-il clairque 
cet aspect, par trop iioiodisciplinaire, en limite la 
port~e pour l'valuation des ressources en sols. 

En effet lesressources en sols dpendent non 
seulement des caractbristines intrinsiques du sol 
mats aussi de l'ensemble des caracttristiqties du 
milieu physique :climat, agressivit& climatique, 
regime hydrologique, caractires du relief, etc. PIlus 
encore les ressources en sol ne sont pas dissociables 
du milieu humain. En effet les ressources en sol 
sont aussi diterminmes par lecontexte socio-
6conomique ou technologique. Ainsi "croire que 
les ressources en sols ne dpendent que de lavaleur 

des sols, celle-ci n'ktant bas~e que sur les conditions 
p6dologiques", (Hallaire 1981) est une erreur gros
sikre car les ressources en sols d~pendent aussi des 
aspects sociologiques, &conomiques, technologiques 
et politiques, et que lemilieu naturel est indissocia
ble du milieu humain. En effet milieux naturel et 
humain n'6voluent pas ind pendemment mais par
ticipent aiune mnme dynanique de l'espace rural. 

Ainsi pour passer d'une carte p(:dologique Aune 
carte des ressources en sols, ilest d'abord n~ces
saired'injecterdansleprocessusdecartogen{setin 
certain nombre de donn~es extrinsbques au sol it 
proprement parler. Ainsi dans les cartes morpho
pbdologiques, l'esscntiel des dounces pertinentes 
des autres facteurs du milieu est-il clairement 
exprim. Mais ilfaut aussi y introduire des don
nees sociologiques, econoiniques et politiques, 
ethnologiques, culturelles voire religieuses ou psy
chologiques qui dpassent largement lecadre des 
comp~tences des p~dologues. 
11s'ensuit qu'il est ncessaire de concevoir une 

autre approche dibrtment interdisciplinaire, si 
l'on veut valuer les ressources en sols et puisque 
celles-ci ne sont pas figes ol inon;ifi~es, mais va
rient en fonction de l' volution et des progrbs des 
sociots humaines conyid~r~es. 

Pour toutes ces raisons laplupart des inventaires 
pdologiques i.petite chellc rLalis~s jusqu'i cc 
jour ne permettent pas d'valuer correctement les 
ressources en sols et toutes lescartes qui pourraient 
en ietre dbrivtes directement sont sujettes ii caution. 
II faut en prendre conscience. Ainsi au niveau r
gional, cChni qui nous intresse ici, la notion de 
ressources eii sol est dCterrnin&e par diverses con
traintes : 
0 an niveau du pdon, contraintes ptdologiques 

ctdo milieu: 
0 au niveati de laparcclle, contraintes d'accessibi

lit&,de mecanisation; 
0 au niveau de I'exploitation, contraintes socio

economiques el structures d'exploitation; 
• au niveau r~gional, structures comrnunautaires 

on associatives; 
0 	 au niveau national, besoins en produits (Hal

laire 1981), ainsi que par les interactions rtci
proques et complexes de routes ces contraintes. 

Ces mises eii garde tant faites, il n'en reste pas 
motms que les inventaires pdologiques ,I petite 
chklle constituent un document irreniplaqable et 

d'une tris grande valeur pour laconnaissance du 
milieu et une premi&re approche des ressources en 
sols de ces r~gions soudano-sah~iennes. Aussi 
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doit-on souhaiter que ces inventaires soient corn-
pl6t6s en adoptant une d marche plus naturaliste, 
plus interdisciplinaire d6passant lecadre pedolo-
gique strict. 

Utilisation agronomique des 
cartes A moyenne et grande

Schelle~ 


Cartes Agrande khelle 

Beaucoup de cartes iigrarde Michelle (I 500(0-1 "20 
000) ont W tablies dats Ics r4gions soudano-
sahliiennes L I'occasion d'tudes de factibilit, de 
projets. Ces cartes sont notuibreuses mais. conne 
nous l'avons signal, plus haut, celcs sont peu 
accessibles. II convient de souligner que ces docu-
ments exigent ies dpenses inportantes et des 
temps de realisation tres longs. Adapt, s i ies 
projets -i forts inve:tisscicnts (projets d'irrigia-
tion), leur precision et Icur coit sont sipertta-
toires elf,gard aux besoius rodls des prtojets d agi 
culture liplviale. (epentant. lorstit'il s'igit de 
transfkrer Ics rKsuilats acquis par lCsrchercihes, il 
est clair title lctir cela ilinlerlt est important. Iou 

importe que ces elIudcs dtailles, nteccssairement 

limitkes dans l'espace. smient r MIressIrIt-
atx 
lures des cotIverures p~dologictues enwironiantes 
par ties cartographies itmovenc ct Lipetite 6chelle. 
ILes espaces consider,s alors doivent tre stith-
sammcnt larges pour rendre coolplc de l'essentiel 
des caractires des cotivcrturcs p'dtologiqtles envi-
ronnantes, du rileetdela placcdesdliversleiiints 
preseilts dans les points t'cxpuhiimntation, dans 
l'organisation niorplhologiiut ct Ic loiltionnement 
de ces couvertures. 

Cartes Amoyenne Mcielle 

De m;me qtie precdemiient, de nombreuses 
cartes ii moyenne chelle(l 20000-1 100000), ont 
t&&tablies dans les rgions soudanlo- salbdliennes it 

I'occasion d' tudes de factibilit, pour des projets 
divers. Comme prc,&.demment et pour lesmnlmes 
raisons, cites restent difficiles d'acc&s (sauf cartes 
r~gulieres an I 50000 aft Cameroun). 

Ce type de cartogaphie est particuli&rement intk-
ressant pour aborder lesproblL'mes tIrvaluation 
des ressources en sols pour l'agrictiltUrc pluvialC. 
La prLcision relative est bien adapte aux espaces 

considfr~s par lesprojets. Par leur cofit et temps de 
r alisation rtduits, ces inventaires sont en rapport 
avec les niveaux d'investissement consentis dans 
ces projets. 

Cependant, ces cartographies souff'rent souvent, 
conmle toutes les caries ptdologiques au sens 
strict, de leir manque d'ouverture sur les facteurs 

extrinsLques d'6valuation ies ressources en sol. Ici 
comme plus haut les etudes pdologiques ne pren
inent en compte que les aspects sols, hors de leur 
contexte ecologiquc o1f socio-politique. 

Uic caract6ristique g~nralc de ces cartes p6do
logiques est qn'clles sont sous-tendues essentielle
ment par des svstimes de classification, de taxo
nomaie des sols qui constituent ",i!afois des ]an
gages. des outils de caracterisation, des outils de
 
cartographic"(t I ellan 1984). Sans revenir sur les
 
insutfisances de ces outils, dji &,.oqu&es, ilcon
vicnt de souligner combien lelangage des ptdo
lo.ucs est considere comme esotkrique par la plu
part ties ulilisatetirs. II est certain queI lefoisone
ment sinon interpretation des classifications, leurs
 
revisions indispensables au cours du temps laissent
 
I'utilisateur potentiel dtsarm, e pantois. Cet &tat
 
dc choses ICconduit non seulement i' rouver toutes
 
lesbonnes raisons poLIr tic
pas demander lamise en 
ocirc des ttides ptdohlgilues qui s'imposent, 
nais aussi pour negliger d'utiliser ICs &tudes qui 
existent deji, 

PIortant beaticoup d'inlormations pdologiclues 
puLlc, t et re Itrainsnmises elllangage clair, compre
htensible de lipIlupart des utilisateurs, des agro-
Ilomes quiont, au moths, ,t(1initi&s i hi pMologie 
aI cours de leirs &tudc.,. II n'en reste pas moins 
que, corn ie dans toutes les sciences, l'expose th,
noatique 'est pais toujotrs comprehensible imm&
diatetent du public non initiX. Aussi, bien sou
vent, rn nie sans tomber dans les abus soulign6s 
plus ilaut, l'expos, nicpetit tre fait sans tin mi
niini de langage sp~cialisL. 

Ln d'autres termes celt veut dire que dans leur 
liajorit les inventaires pdologiques sont difficiles 
itlire par lepublic auquel ilssont destin~s. C'est 
pour cela que, par necessite des cartes drives des 
cartes pdologiques sont tablies. Ces cartes sont 
dites "d'utilisation oti d'aptitude des sols". 

Cartes d'utilisation des sols 

Le but utilitaire leplus ghni.ral des tudes pidolo
giques est d' valuer lessols. Nous passerons sous 

10 



s.lence les m6thodes d'apprciation globale de ]a 
valeur des terres, telles que : 
" le "jugement agricole" qui proc~de d'une con-

naissance implicite du milieu li, au r~frentiel 
de base, AI'exp~rience dcs agriculteurs; 

* celle qui est tir~e de la connaissance de la pro-
duction (quantitative et/ou qualitative) qu'on 
peut tirer d'un sol qui dpend beaucoup des 
conditions socio-6conomiques; 

" celles qui sont bas&es sur les possibilit~s d'utili-
sation d'un sol d'aprs l'examen decc qu'il porte 
aujourd'hui (Hallaire 1981). 

Nous nous attacherons plut6t aux mrnthodes 
d'&valuation analytiques. Parmi elles, lit mthode 
la plus connue et la plus utilisbe consiste i invento-
rier et classer les contraintes qui s'opposent 5 la 
mise en valeur agricole. Des cartes des contraintes 
ont ainsi k& &tablies et publi(es. Classer les con-
traintes consiste d'abord ii dterminer, d'une part 
la nature de ces contraintes et, d'autre part, les 
intensi.&s de ces contraintes, c'est it dire de dtfinir 
des classes itpartir de valeurs scuil choisies 'apriori. 
Ensuite, il s'agit de detcrminer l'importance rela-
tive des contraintes les unes par rapport aux autres 
en fonction de leur nature et de lur intensit&. Cette 
double dmarche n'est pas sans poser des pro-
blanes. Le plus souvent on les a r~solus en classant 
les contraintes en quelques classes : absolues, 
majeures, mineures. La classe d'aptitude est finale-
ment obtenue en se bas,nt stir le nombre et sur 
l'importance des contraintes. Le principe de cette 
m ithodc a t&t& mis au point par Ic Soil Conserva-
tion Stirvev. IXpartement de I'agriculture des 
Etats-Unis. 

Schmatiquement 'Ies sols sont ainsi classes 
d'apris leur aptitude it lIa misc en valeur" pour 
l'agriculture, pour les piturages, pour la fort, 
pour li vie sattvage. Ainsi "Icclassement :C'est pas 
un classement de li valeur des sols en termes de 
productivite mais un classement de l' ventail de 
leurs possibilits d'utilisation" (Hallaire 1981) 
Cela suppose au pralahle. non seulement une hi,&-
rarchie entre les speculations des plus exigeantes 
aux moins exigeantes, mais galement Line hi~rar-
chic entre les divers usage,. Ainsi par exemple 
"tous les sols utilisables en pitturage lc sont en for.t 
et tous les sols utilisablcs en culture le sont en 
pitturage". On enitre ici dans la pitition de principe 
et dans le cercle vicicux puisquc le classenent des 
contraintes suppose une ide preconque sur la ou 
les spculations que ['on desire trouver dans les 
meilleures classes. Cette critique fondamentale n'a 

rien d'&tonnart dans ]a mesure o6 les fondateurs de 
la m~thode 6taient essentiellement pr~occup~s par 
les risques d' rosion des sols. 

La g~n(ralisation sans adaptation de cette m6
thode est pour le moins erron~e, sirion d&sastreuse 
"tbien des gards, car elle met les pdologues dans 
un cadre s&curisant demandant peu de r~flexions 
personnelles. Elle conduit aussi i des inepties car 
elle ne peut tenir compte des exigences sp~cifiques 
de toutes les piantes cultiv~es et de tous les sys
t~ms de mise en valeur. Ainsi par exemple, peut
on considerer que le riz serait adapt&ii li ciasse I it 
sols plats, profonds, fertiles et "bicn drain~s"? 
Petit-on considbrer que les sols des classes 6 ou 7 
des collines de Birmanie, de Madagascar ou des 
Philippines, amnag~es en rizires, sont inculti
vables? 

Par contre le principe de cette mthode ne souf
fre gure de critique lorsqu'on l'applique A une 
seule sp&culation dans un contexte technologique 
d~terniin& dont on connait les exigences sp~ci
fiqucs. C'est dans cette vote que les p~dologues du 
Centre de cooperation internationale en recherche 
agronomique pour le diveloppement (CIRAD) 
ont orient&leurs efforts ces dernibres ann~es, qu'il 
s'agisse de cultures vivribres, industrielles ou fruiti 
res. Ainsi des cartes d'aptitude i1telle ou telle spicu
lation dans tel ou tel syst nie technique ou socio
&conomiqucont tt tablies ici et IAtant dans les 
rtgions soudano- sahiliennes (Bertrand et al 1985) 
que tropicales humides. 

Ce nest donc pas tant lc principe de li mthode 
qui est critiquable, mais li gtniralisation abusive 
qui en est faite. 

I1 est cependant clair que bien des questions 
rcstent en suspens, en particulier it partir de quel 
niveau de pricision une carte des sols ne peut plus 
&trc dirive en carte d'aptittde. II convient alors de 
tenir compte d'un facteur essentiel, celui de l'ht&
rog~nbit de li couverture pbdologique. Ainsi dans 
tLCiLunCs r3gions du Sbn4gal oriental, cette trans
position pourra &'trecnvisag3e pour des cartes au 
I 200000etsera rtalise, siistropd'alias, ipartir 
du I 10 0000, alors que dans les valh~es des Voltas 
au Bturkina Faso il faudra atteindre et mrme d&
passer Ic I 20000 pour \ prttendre s&rieusement. 11 
est, bien enteiidu, inutile de pr&ciser que dans ces 
deux excmples il ne s'agit pis de cartes pidclo
giques, au sens strict, mais de cartes morphopido
logiques prenant en compte et explicitant les autres 
facteurs du milieu physique. 

IIconvient cependant de bien souligner que trs 
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rares sont les cas, nl nle dans ces travaux r&cents, 
o6 les aspects socio-&conomiques, teclinologiqucs 
ou politiques, sont pris en compte pour l'valua-
lion des ressources en sols. Ce manque d'inrtgra-
lion des aspects humains soulrev des problemes de 
mrnthodologie, de cenception des tudes. qui r&k-
vent de recherches iebase. 

Besoin en recherches de base 
relatifs Aiia cartographic et Ala 

classification 

Complkments de l'inventaire Apetite kchelle 

Compte tenu des vides dans l cartograpl:i.: des 
pays comme l M auritanic. leMali, Ila !. ilGu 
parait indispensable de continuer les lcvri carto-
graphiques i1petite Mhelle (I 200000) par exem-
pie. Mais il est stir que les mnthiodcs de cariogra-
phic doivent volier. L.'inx'cntaiie. l repr&Osenti-
lion cartographique de l converturc pdologique 
nocessitent. nons l'avons \ti. natura-uinc approeb 
liste on interdisciplinaire. o6i Iesol est .tndi' dans 
soil conitexte p,'sagiLUC. Li.a mithod morphopl0-
dologique est particulircment adapt&e i cecla. IEn 
effet. Ics tra\aux des pdologucs du CIRAD etdle 
'IRS IOM en Afrique ctLiMadagascar. Ihcarto

graphic cornplto rguliret al1 200 000 de I'lqua-
teur r alis(: en tinte dilainie d'ann.cs. suivent cett 
mrt bode. Ilico eutctidu cela suppose soil des polo-
lognes ayant nitle solide tolrlation err gltlilorpho
logic, soil 1'int(gratior tiegcoluorphohlogues al 
seiri d'urie &qitipe de pedohogics. Ccl, supposC 
aussi l'intervention d'autrts sp&ialistes: qualerra-
ristes, gograplies dui militt htimain. agronornes. 
&cologistes, etc.. soil pooctu :llmcnt soil r tili-

planification et de politique de dveloppement 
agricole, ces cartographies ne perniettaient gu~re la 
misc en oeuvre de projets agricoles, si diffus 
soicot-ils. 

Aussi pour lar(:alisation de ces projets est-il 
necessaire de conduire des cartographies, de Ila 
couverture pdologique, suffisamment d(tailles et 
adapt es aux projct,; en question. Cc sont Hi des 
termes vagues qu'il conviendrait de prciser mats 
cela est rendu diflicilk : 

ecn raison notamnient iel'I t rogn it' de la 
couverture pedologiquc d'line region LI une 
autre (cf plus haut) n&cessitant par consquent 

une plus oilmoins grande finesse des levers; 
0 ellraison aussi iela nature et de l'intensit des 

actions, snr lcmilieu des pro jctsagricoles. 
I1parait done impossible, ttans l'absolu, de fixer 

des normes. Cependant en Ionction de l'impor
tance des investissements agricoles consentis dans 
chaqlUC proIct ilnous semble raisonnable de pro
poser til'lne enveloppe financirc, qui pourrait 
&trc de l'ordrc de I 'i( 0,5) des dpenses, ayant 
trail :i l'agriculture proprement (ritesoil r(serv'e'e it 
ccs tudes du milieu. 

IIest bien entendu inutile de revenir sur l n&cs
sit& de l'aspect interdisciplinaire de ces tides sur 
les cartogriaphies de lacouvertnre pdologiqte. 

Cartographies destini-es Aiassurer le 
transfert des r sultals des recherches 

agronomiques 

Oir a -voqtuc pils hrant tule Ic transfert des resultats 
acquis d'tn milieu p&dologique ,i ui antire exigcait 
hi connaissancc a1toutes los celles de lamrplio
logic et de ladynamiquc de fonctionnement Lies 
conscrtires p&dologiqtics..Jusqu'i present beau

rement. Dans ce coitexte interdisciplinaire I'utili-coup de recbcrclies agronoiiiiques on de recherche
sation d'uie taxonomic pcdologiqtle particulicrt 
on d'une autre iesoulnvc pas de diffiClt s parrcu 
li~res puisque en Afriquc liclassification franqaisc 
a tc utilisee (parfois lilkginde FAO). landis qu'cr 
Am&rique du Suid laSoil laxonony iconstitti Ie 
r(f&rentiel p dologiquie. 

Cartographies Amoyenne fcehelle 

On a1vu pr(c(demment que si les inventaires i 
petite Mhelle pouvaient tre utilis(s Ades fins de 

dl\'cloppeiment ont tl r,Lalisu:es soil sans tude 
pdtologitluC. sol avec Lies ttides ptdologiques 
trop peu d,&taillks etinsuffisantes. soil avec des 

t tidcs IrLs d taill cesinais confin es aux limites des 
points d'exp&rimentation. 

Sculs les points d'cxperiientation principaux et 
les sites de rclherche-dvclopperent du Sn(gal 
ont. ,i notre connaissance, fat I'objet d'un dbut de 
travaux iecartographic i diffkrentes Mcelles, d&
tailles sur Itsstations, semi-drMtaills ott de recon
naissancc pour lt r(gion environnante. II faut les 
poursuivre et les affiner. 
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Dans les autres pays il convient de les entrepren-
dre rapidement. Les possibilit~s de g~nralisation 
ou d'extrapolation des r~sultats des experiences de 
mise en valeur sont Acc prix. Le but n'est pas de 
donner des noms aux sols des stations, d'aprbs une 
quelconque classification. IIs'agit de bien situer les 
placettes exp~rimentales d'abord dans le contexte 
p~dologique local puis regional. Enfin, et suriout, 
on essayera de mettre en Evidence des liaisons 
existant entre les sols particuliers des points d'ex-
primentatiun et l'ensemble de la couverture p&do-
logique. La comprehension de ces relations spati-
ales, temporelles ou dynamiques permettront 
d'Evaluer les possibilits d'extrapolation de tel ou 
tel r~sultat Li d'autres milieux p~dologiques si-
milaires ittel ou tel point de vue. 

Recherches de base en matiire de cartographic 

Enl effet, l'inventaire de Ia niture des couvertures 
p~dologiques suivant un rif&enciel taxonomique 
donnk est djAi bien avanc( dans les regions sou-
dano-sahlienneo. Par contre, ]' tuIde des organisa-
tions des couvertures pdologiqties, iidiff&entes 
chelles, pour en extraire les relatiots tempoi o-

spatiales et de fonctionnement, est Lipeine aborde. 
Cependant les r sultats fondamentaux et pratiques 
de ccs premieres recherches ont un tel intbrbt. que 
cc soit au Nord Camcroun (Bocquier 1973). au 
Burkina Faso (Boulet et al. 1982), au S~ngal 
(Chauvel 1979, Nahon 1976). qu'il incite 1kn tilvc
loppement de plus en plus important de cc type de 
recherches cartographiques. 

11s'agit done par des cartographies 'idiff&entes 
chelles, par des tIudes analytiques. physicochi-

miques et biologiques, en fonction des organisa-
tions morphologiques rises en mvidence. de faire 
apparaitrc : 
• 	 los relations spatial-s et temporelles des sols: 
* 	 leurs liaisons, leurs distributions verticales et 

latErales: 
les transferts qui en sont i li fois les vecteurs el li 
r~sultante; 
* 	 des successions dans le temps des types de sols et 

aotlres caractcristiqucs p&dologiques, soilt en 
raison des modifications du climat oil do milieu 
environnant, soil par simple autod,'eloppe-
ment (R oellan 1985). 

Ces &tudcsncessitent itha lois des cartographies 
it pctite, moyenne et grande Michelle, bas~es sur li 
mise en exergue de l structure et dc l'organisation 

de 	la couverture p~dologique. Elles doivent tre 
poursuivies jusqu'au niveau des organisations 
microscopiques, en particulier des structures p~do
logiques de transformation, d'accumulation, 
d'agr gation, en liaison avec le systbme des vides 
dont le r6le est essentiel dans le comportement et 
I'&volution des sols mis en valeur. 

Mais toues ces recherclies fondamentales fai
sant intervenir la cartographic ne dispensent pas 
bien de suivre 1' volution des sols agricoles particu
li;rement lors de leur rise en culture. Les cons6
quences de divers modes d'exploitation ou de faire 
valoir sont souvent lourdes de menaces de dgra
dation, voire de destruction, plus ou moins com
plkte. En effet, les sols sont alors sournis A une 
pression humaine toujours plus forte et plus mal 
contr61ke. Ne pas observer, sinon mesurer, cette 
Evolution conduit souvent ai des situations d~sas
treases d'chec des opbrations de dbveloppement, 
voire de dgradation des conditions de vie liumaine. 
Etudier cette evolution a pour finalit&de trouver i 
temps des solutions pour palier ces volutions 
regressives. II est trs peu de projets de dveloppe
sent agricole de quelque importance o0 inensit 
qu'ils soient qui consacrent Ltcc suivi ne serait-ce 
qu'une miette des dpcnses consentles i I amise en 
oeuvre des projets. 11y a 1liun manque de prise de 
conscience grave pour l'avenir. 

Classification 

En raison des diverses critiques exposbes plus haut, 
une grande partie de la cemunaute pdologique 
francophone considrc que "la classification des 
sols, semble aujourd'hui bien d~subte, mnme si elle 
demeure encore Ia raison detre de certaines &coles 
et surtout de beaucoup de nophytes. Cela n'est pas 
pour tonner, le problme de la classification con
stituant hlimaladie infantile de toutes les sciences 
jeones. Ceci ne veu pas dire que lit pidologie nait 
pas besoin de classification, car comme toute 
science naturelle, et devant l multitude des faits 
d'observation, la mise en ordre apparait indispen
sable. mais cette classification doit tre unique
mcini un rO' rentiel scientifique, et non un systme 
rigide et autoritaire, qui finit par classer des objets 
artificiels"et non reprisentatifs de Ianature (Pedro 
1984). 

Aussi la r vision de la classification franqaise des 
sols s'oriente plutat vers la mise sur pied d'un tel 
rLffrentiel. 
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Si les problkmes de classification des sols ne sont 
pas consid&s conlme prioritaires ou bien parais-
sent d~pass~s, c'est sans doute aussi parce Lilleles 

niodeles d'organisation ou d'individus sol sont 
multiples et non Liniques coninc tendraient ilnouS 
le faire croire Ihd~rnarche classificatrice des "pro-
fils de sol" oildes "'pedons". On pourrait ainsi 
paraikement concevoir etIaborer Line classifica
lion des types iepaysages p,5dtologiques, des types 
de topos~quences (ex. cartes inorphopedologiques), 
des types d'horizons (cx. soil taxoontly) des types
d'organisation Oementairc tiesconstituants (ex. 
micromorphologic), 

Contraintes pidoiogiques limitant 
iedveloppement de I'agriculture 

L.es rgiions S ltlinto-sahsl&ieInnes d'Alrique de 
I'()ocst pr~sentent toc gradle d ivcrsitc tic sols. An 
niseau risgional il est possiblc t'cin rsumcr les 
grandes tcnhinccs en distinguari trois grands 
types tic Coiiscttrlts p,'dtoIitLis :celos tI i dsii-
velt ticniairialx saic.ux toricinc coliennc, 
cellcs tluisoot caractisriscs patr I'.ihntlnCC tWar-
giles gotflantes. celles qui tilri'enit tic glacis oil 
platc x cuirasscs. 

Les couverttires pdologiques sur 
maleriauxsil)L 

L.es tcoverires pdoog tities derusces tic mlit,-
7iuox sablcux colicimie LleI'oltglite 11ol7ire1i7 
organisatnit gnerac elICtlltrr s illiOnges asCct 
tnie aiternancc ttirls\Ctse tic ties tI.sOIs sahIcI.X 
rui,5s pco onl pas sirticiirs ctd'inti soIsdmit ,'cs 
pills argileux grisatres IcngTorgeniei it ilmporaire 
ci strlllturC c pilIssoililI IaIsSusC. IF itialsom tic 
tr.s hiihis tcncors en e oloides ei en iiiLircs 
organiteC, laCil \ sSt trs tihie ..'\txitdicience.. 
mtinraics (N. P'.K, (a. Ng ctotligo-i1mnents), 
tilies mais pelt iloporianhic. sc suirnipos tile 

sensibitii rnarttLeC "I 'aIctidulc;tioll Nols I'ecfcttic 

I'aigricilitUre traditionilllC. I Cs toults pertli'ihili-
Its% superticielles, l glantic protolnlclr ti'Ceia-
cinment etlafible ,iergic tie rtclntioi tie I'caii 
conlpensenil ellpanic Ilaaiblc capaciil' totalc du 
stockage ti l Ihltextiure trs grossiireci IlaItco 
quasi absence de macro ettic uicrost ruct lire (saif 
dans les sols drivbs tiestptlts ,oliens tes plus 
anciens). 

Sous l'effet des faqons culturales et surtout du 
pi~tinement du bMtail, les horizons superficiels 
deviennent trbs sensibles ii la ddflation Colienne 
dont le potentiel est trbs &ier6 (100 ii 250 ha-' an-'). 
Cc problme est aL.rav& par la disparition de la 
vbgttation ligneuse. 

Les couvertures pidologiques riches 
en argiles 

I.cs couvertures pi~dologiques abondant en argiles 
gontlantes sont trs developp es sur les gacis 

encore fonctionnels de hi zone soudanienne semi
aride ,isaisons contrast~es (P <800 mm). On les 
trioive essentiellenent sur des roches riches en 
rnintraux alt rableslfeldspaths on min&raux ferro
maignsicns) telies que tes granito-gneiss, les schistes 
CI autres IchCs mlitaorphitlues, les alluvions 
aicicoocs. 

Si dios 1edt-iil, coscotitcrtircs ont line organi
sain scrticaic ci hat~raic ordhnnse ilen reste pus 
oloins tlt'il1',cMIcC do p lvsage,lirpaTrtition spa
ti;alc des sols %cst tr's complexe. Cette tt rogn&
it,5 tie Contranitc miajctre. L.es limitacotistituc 
tions presentecs patr cs sols soot d'abord dues ,a 
Icors prt)pristss phssiqoCs Ci lur rtginie hydrique. 
La texture airglicuse encore accus'e par Ilanature 
gonliantc tics argiles en titdes sols lourds difficiles

sinton impossibles :1coltiver en milicu traditionnel.
 
IetpecrtO.dhlcs ilssont rapideient cngorges cc 
(tti pros, o)tlc dcs regimes l5drililCS tlbS contrastes 
tas\orabls ,'l'installation ctiai production des 

ctultuires. (es aspects sot etl)corc pihs aCclss thits 
IcS sois sO(tlIusI (Solonlli,) cthilns cMIx ti pr
siiCtl ellMitre tics tiscottiniiitss texturales (pla
nosls). I1elrsulte aossi tiic grandc sensibilit& Il 
iertosiiii pi\ itle ti an ruissellcent. 

Si its Ireser7cs [lilneraics solt sOtlieni convena
hies ci raison ticlhpr3scncc de nineraux alt&rables 
iscrliso s lithoimorplies) ics hases &changteables y 
soti soLi\'ei tklsjliiiiihrsces en c:i1cittii-n;ignsitinm 
ctsodiim.c qui cottdilit a tics tiifflichlls d'ailimen
iation nin ralc, :il'appa.ritiontics tficiences indtt
ties ci oligo-&IeCielIts OUh tlile reorganisation d
ra.orahle dc i'aiotc. Le puIl\soir fixatetr cil iP(). 

patrIhis elese itndlit onie tilc cfticicnCC tics engrais 
phosphlates. 
Unc faiblc proportion ti- ccs sols i argies gon

llltes 1.en Afrilue de l'Ouest, des propribtbs 
physiques tic surfaces favoribles. Ilssont alors 
inite ilap&riphrie etisLment cultivs, notamment 
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en contrebas de reliefs risiduels de roches vervs, Bertrand. It., Kilian, J., Raunet, M., Guillobez, S.
(vertisols grumosoliques, sols bruns euthrophes et Bourgeon, C. 1985. La connaissance des sys
plus ou moins vertiques) malgr&les risqus d'0osion. t rnes de paysages naturels, un pr~alable ,i lapro

tection dU milieu. L'approchc morphopedologique. 
Bulletin des Recherches Agrononmiques de Gemb-

Les couvertures p{dologiques hox 20 (3,; 4) : 545-559.
 
ferrallitiques ou ferrugineuses Bocquier, 
 G. 1973. (Gcn~se ct 0volution de deux 

toposeq uCnces de sols tropicaux au Tchad, inter-Les couvertures p~dologiques dirivcs (Ieglacis ou pretation biogcod ynamique. Minoires ORSTOM 
°plateaux plus oti moins cuirasses sont 	en grande n 62. Paris, France: Institut franqais tierecherche

partie h~rit~es de I'action successive de pahkocli- scicntifiquc pour lcdtvcloppemcent en coopera
mats quaternaires. Elles couvrent d'immenses tion. 350 pp. 
superficies dans les regions soudano-saliclienncs 
sur des substrats trs divers (gras, granito-gneiss. Boulet, R., Chauvel. A., flumbel, FX.ctLucas, V. 
schistes, etc.). La prof'ondeur do sol, limit~e par la 1982. Analyse structurale ct cartographic en p&
prsence d 'horizons indur~s (cuirasse ferrique ou dologic. 1.Prise en compte d- l'organisation bidi
carapace) constituc souvent tne contrainte majeure. mentionnelle de lacoovcrfiure p&0ologiqtile : les 
Lia presence d'hori/ons gravillonnaires, de nappes &tudesde topos qticnces ci curs principaux apports

de gravats, d'abord considc rie commc dffavorabIc tlaconnaissance des sols. 2. Une met hode d'ana
est souvent, maintenant, considr{c conile tin lyse prcnant en 
conpte ]'organisalion tridimensi
avantage (nlacroporosit cntrainant tin enracinc-
 onnelle des cotivcrture, pdologiques 3. Passage

ment profond et on ressuyage rapide). Sur les de lit
phase analvtiqUC i1unc cartographie g~n&rale
vastes plateaux de gr s argileux les sols Iessivs syntlhitittie. Cahier ORSlOM,SLrie pidologie 19 
hydromorphes occupent des superficies impor- (4) : 309-351. 
tantes. L'engorgemcnt saisonnier limite lIaprofon- (lhauvtd, A. 1979. Rccherches sur latransforma
deur d'enracinement ctpar suite 'accis atix r0- lion des sols fcrrallitiqiUcs dans i one tropicale ii
 
serves 
mlinrales ct hydriqucs. L.efort d.cloppc- saisOns contristL~cs. 1raiaux ct l)ocuments tie 
ment du rtiisscllc cnt en est title COllsqtctec 'icRSIOM n' 62. Paris, F-rance : Institut franqais 
aggrav~c par ladegradation ticitstructure li tc 
mise en culture et aiI'appau risscmcnt cons&ctif cicrhIsitiOli.s32 pp. 
en Inatiires organiiq tics. 

Ces sols d rivs de vieillcs alt~ritcs conlpletc- Cuillobez, S. 1985. Carle des milicux agrophdolo
ment ferrallitiques ont till cotImplexC d':Changc giqucsdu BtUrkina Faso. I)ocumcnt interne. France: 
domiin0 par les colloides h faiblc activit ol i, Institut dc rccherches agrolomittjlCs tropicales et 
charges variables (kaolinites. scsq tiioxvdes). I.cs (ies cultures vivricrcs. 
dUficicnces en 00mcnts lUtritils solt colnm luncs Ilallaire, V. 1981. I.avaletir des terrev agri':oles.
inais pen ilmportantes. 1 	1oins slIlles sont ,,levc Inmentairc critiq tic des lletlodes d'Ovaluation. 
dans les 	 °,iones semi-aridcs, l.'&I1vation (Ici ferti- Sols n 2. Paris, France : Im ditt national agro
lit& niinralc par l'application 'cngrais est limit& nomique. 105 pp.
 
par des faiblcs possibilit s de stockages du com
plexe absorbant. 
 liumhel, F.X. 1984. l'analyse structurale des 

couvertUres de sol. t.ne base pour i,cartographic 
des sols en (itiyane. Pages 181-191 in l.ivre jubi
laire dI CiLqIintenairc tc I'Association Franqaise 
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Agroclimatic Aspects of Rainfed Agriculture 
in the Sudano-Sahelian Zone 

M.V.K. Sivakumar l 

Abstract 

The Sudano-Sahelian Zone (SSZ) is one ofthe poorest regions ofthe world with the lowest per 
capita Gross National Product (GNI'). In contrast to the existin, definitions oltheSSZ that use 
mean annual rainfall only. it isproposed that a 6) 150 daygrowingperiod he used as the basis 
for the delineation ofthis 'one. Characteristics ol the rainilall in this region.such as temporal 
and spatial variability. persistency, and geographicalpatterns of iairia bilitv are described with 
suitable examples. A brief reviewi of rainlall intensities. infiltration, and runolfis presented. 
Cumulative frequencv distribution ofnaxiniun and nininum airtemperaturesat the time of 
sowing and harvesting of crops in the SS/ showt that ma.vinumn tetmperatures at th, tithe of 
sowing could exceed 40('. Such high tetnperatures, together tiit/Iwind erosion, can cause crop 
establishment prohlens. AMtaps of potentialevapotmanspirationand gro tting,-.stasioin length are 
presented. 

The application ofagroclinatic inltrnmtion torcropping strategies in tit SS/ is described 
with examples. A signi/icantrelationship is established bet ttecn the onset ol rains and the length 
ofgrowingseason tor several locations based on which a net concept of "Weather-responsive 
crop management tactics" is proposed. The application of'rainfall and drought probabilities 
and water balance is discis.sed. 

Aperqu de I'agroclimatologie de I'agriculture pluviale dans lazone soudano-sah~lienne : On 
propose de deliniter la zone souda no-saihliennesirlabased 'unesaison de croissance al/antde 
60 ; 150joursplutdt que sur des donnbes phviontritues mo'vennes annuelles. On dkcrit pour 
cette rigion des caractcristiques de la plutioniutrie. telles hi tariabilit6spatio-temporelle, la 
persistance et les modes giographiques. Les intvnsit&s des prtcipitations, /'inliltration et le 
ruissellement sont passs briivement en revue, ain.si enregistrements des tempcraturesque Is 

maximales et minima/es d 1 iiret 
leur lriquencecumnule A11poque du semis et de /a rcolte des 
cultu --dans /a zone. Ilapparaitque la temprrattre maxinale auisemispeut exc~der40°C. Une 
conjonction de cette tempbrature Nlcvc et de l'6rosion olienne compliquent particuli&rement 
I6tablissemnent des cultures. Des cartes dlevapotranspiration potentielle et de longueur des 
saisons de croissance sont prsenttvs. 

On dicrit Ppplication/ tic /infoarmation agroclimatique Ala strat~gie eulturale. Une relation 
significative e.st 6tablie entre Iv dihut des pluies ct hi/ongueur de Ia saison de croissance pour 

1. Principal Agroclimatologist. ICRISAI. Niame.. Niger. 

ICRISA! Cotnlerence Paper no. ('P410. 

ICRISAl (International Crop%Research Institute tor the Semi-Arid Tropics . 1989. Soil, Crop, and Water MIanagement Systems for 
Rainfed Agricultre in theSudano-Sahelian Zone: proceedings t an International Workshop. 7 1I Jan 1987. ICRISAT Sahelian 
Center. Niamey. Niger. Patancher i.AP. 5112324, India:ICRISAl. 
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plusieurslieux. Ceci a permis d'introduirele concept nouveaude "tactiqued'am~nagementdes 
culturesen r~ponseau tenps" On termineparl'examen du bilan hvdriquede l'applicationdes 
probabilit~sde pluieset de s~cheresse. 

Introduction imports to total food consumption, thus creating 
an urgent need to develop new technologies that 

TheSudano-Sahelia , limL.fci one,which extends make the most efficient use of the limited climatic 
over several countrit ,tWc t Africa, is one of the and soil resources. In this paper, an overview of the 
poorest regions of the world. Subsistence agricul- agroclimatic aspects of rainfed agriculture in the 
ture is the main mode of livelihood, since 90% of Sudano-Sahelian zone is presented. 
the population in this region lives in villages. The 
per capita Gross National Product (GNP) in this The Sudano-Sahelian Climatic 
region is the lowest in the world, as recurrent 
droughts and several years of crop failures have led Zone and Its Geographical Extent 
to near destruction of the rural economy. This is 
the only region in the world where the decline in Rainfall in West Africa shows asignificant north
per capita food production over the past two south gradient because of the interseasonal move
decades has led to an increase in the ratio of food ment of the Intertropical Convergence Zone, north 

Table I. Review of existing definition%of Sahelian and Sudanian climatic zones in West Africa. 

Zones proposed (raintal limitsin min) Reference 
Sahelian 
(300 750) 

Sudlanian 
(750 1250) 

Chevallier (1933) 

Sahelo- Auhrt!ville (1949) 
Sudanian 
(5010950) 

Sahelo-
Siida nian 

Sudano-
Sahelian 

lrochain (1952) 

(51t01750 (750 100) 
Sub-Saharan 
(100 600) 

Sudcanian 
(600 1250) 

Keay (1959) 

Northern 
Saheia n 
(100 300) 

Southern 
Sahelian 
(300 700) 

Sudanian I 
(70 13001) 

Sudanian II 
and III 
(1300 1800) 

Rodier (1964) 

Sahelian Sahelo-
Sudanian 

Sudanjan Le flouerou (1976) 

(100 400) (400 600) (600 1201) 

Sahetian 
(100 700) 

Sudanian 
17110-1100) 

Davy ci al. (1976) 

Sahelian 
(I0)400) 

Sudanian 
(400-12001) 

Nicholson (1981) 

Sahelian 

(200-400) 

Sudano 
Sahelian 
(4t00600) 

Northern 
Sudanian 
(60)080) 

Southern 
Sudanian 
(800-1200) 

L.eIoucrou and 
Popov (1981) 
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and south of the equator. Hence arange of natural 
vegetation patterns developed along this gradient. 
Almost all the climatic zonation schemes devel-
oped for West Africa ase two criteria-mean 
annual rainfall and vegetation. Although the terms 
'Sahelian', 'Sudanian', and 'Guinean' zones were 
first used by Chevallier in 1933, it was Aubr~ville 
(1949) who recognized the transitory nature of the 
climatic zones and proposed the terms 'Sahelo-
Saharian', 'Sahelo-Sudanian'. and 'Sudano-Gui-
nean' zones. After 1949, seven different rainfall 
limits have been proposed for delineating the Sahe-
lian and Sudanian zones (Table 1).Rainfall limits 
used for the definition of the Saheli'tn zone by 
different authors vary substantially. Summarizing 
these different limits, l)avy et al. (1976) argued 
about the need to use a broader range, and 
employed the 100-700 mm rainfall range for the 
Sahelian zone. 

From the standpoint of rainfed agriculture, 
however, these schemes seem inadequate. Mean 
annual rainfall by itself cannot be considered a 
sufticiently useful index of probable season length, 
since the potential evapotranspiration, which var
ies from one region to another, influences the pro
portion of rainfall available for crop growth. For 
annual cereal crops, which are planted and har
vested according to rainfall patterns in a given 
year. the most important constraint is the available 
season length. Hence Sivakumar(1986a) proposed 
a soil-climatic zonation scheme for West Africa, 
using the growing period that is calculated from 
rainfall and potential evapotranspiration. In this 
scheme, a growing period of 60-100 days was used 
for delimiting the Southern Sahelian zone, and 
100- 150 days for the Sudanian zone. One may 
question the choice of the lower limit of a 60-day 
growing period for the Sudano-Sahelian zone, 
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since the word "Sahel" could imply much drier 
environments. Since this zoning scheme is primar-
ily for use in formulating strategies for rainfed 
agriculture, the lower limit of 60 days has been 
adopted a the shortest season length. 

The geographical extent of the Sudano-Sahelian 
zone, which is now defined as the West African 
climatic zone with an average growing period of 
60-150 days, is shown in Figure I. 

Rainfall 

Rainfall in the Sudano-Sahelian zone is low, vari-
able, and undependable. The rainfall gradients are 
very steep (Fig. 2). The further south one goes from 
the Saharan margin, the greater is the rainfall. The 
mean annual rainfall increases threefold from 400 
mm on the northern limit to 1200 mm in the 
extreme south near 12'N, approximately I mm 
km-1. The isohyets run nearly parallel, with a ten-

dency to dip southwards as they extend towards 
east (Toupet 1965). 

As Nicholson (1983) pointed out, the potential 
for development is limited not only by total rain
fall, especially in the Sahelian zone, but also by 
other, less commonly considered characteristics of 
the area's rainfall, which is described below. 

Temporal Variability 

Temporal or time-dependent variations in rainfall 
are quite common in this region, and can be repre
sented at three time scales: annual, monthly, and 
daily. 

Annual Rainfall 

Thecoefficientofvariation(CV)ofannualrainfall 
ranges between 15-30%. For example, the varia-
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Figure 3. Annual rainfall variation in Banfora, Burkina Faso (mean annual rainfall--- 1148 mm). 

tion in mean annual rainfall at Banfora in Burkina 
Faso (Fig. 3) over the last 64 years is about 25%. 
Although the mean annual rainfall at Banfora 
(represented by the horizontal line in the figure) is 
1148 mm, since 1968, rainfall has been below nor-
mal; in 1983 it was only 480 mm. 

Monthly Rainfall 

The variability in the monthly rainfall is larger 
since rainfall is usually limited to the summer 

months, i.e., May to October. Aridity prevails dur
ing the rest of the year and is most pronounced 
from December to February. 

An example of monthly rainfall variability is 
shown in Figure 4 for four locations: Hambori 
(Mali) and Niamey (Niger), which represent the 
low-rainfall locations, and Ouagadougou (Bur
kina Faso) and Kolda (Senegal), the high-rainfall 
locations. Large differences exist between the max
imum, average, and minimum monthly rainfall 
recorded at all four locations. Average rainfall is 
always higher than the median. The rainy season at 
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Kolda starts about a month later than at Guaga
dougou, where the mean annual rainfall is much 
 U 4 r - r 
lower. Rainfall is maximum in August in both "; 
places. The CV of monthly rainfall (Table 2) is a 7 M 2 0 

C1 to 1 #1higher for Hambori and Niamey, specially in May
 
and June, and also towards the end of the rainy 
 ,
 
season, in September and October. In July and 
August, when the rains reach their seasonal maxi- > '"' , 
mum, there is little difference in the CV between -

the low- and the high-rainfall locations. 
.1t 49 +1 +1 

C 

:E~ _1,LDaily Rainfall . 

Rainfall variability proved to be greatest in corn
parisons between specific days at Niamey for three
 
years as shown in Figure 5. Since the mean annual 
 ,
 
precipitation at Niamey is 560 mam, 1964 was above 
normal, 1968 was normal, and 1972 was below Z 3 X 
normal. However, the rains termina'ed by early 
September in both 1964 and 1968. while in 1972, .
 
they continued until 18 Oct.
 

Generalized characteristics of daily rainfall for z 
 .Z 
four locations in the Sudano-Sahelian ,one (Table 
3) show that the number of rainy days as well as the 
average rainfall per rainy day increase from May 
and reach the maximum by August. Differences 
between locations in the average duration between -U 

rainy days show that at Hambori and Niamey. the
 
risk to crop establishment in June is higher. At 
 _ 7 .
 
Kolda, where rains begin late, duration between
 
rainy days in May is similar to that at Hambori.
 

Spatial Variability 

Rainfall in the semi-arid regions is characterized 
by a high spatial variability (Sharon 1974, Jackson C 
1977). Spatial variability, using monthly means for 
West Africa, has been studied by Nicholson (1980), 
who used correlations between individual stations 
to derive rainfall anomaly types. A systematic net
work of rain gauges is not often available to mon- '
 
itor the spatial variability of single rain storms in 
the Sudano-Sahelian lone. In order to study this ,
 
aspect, 17 rain gauges have been installed on a 
400-ni grid over 500 ha at the ICR ISAT Sahelian 
Centre (ISC), Sador&, Niger. l)ata from the rain :
 
gauges wkere plotted after each rain storm, and E E 
maps were made showing the spatial variability of 2 " 2.0 " 
rainfall. On 22 July 19 8 6 , 2 1.2 mm of rainfall was 

23 



60] 1964 (854 mm) 

40

20-jt.111111 1,l1!
1.1
 
60- 1968 (555 mim)
 

E 40-


S20-

I.I I 


60- 1972 (342 m) 1 


40

20-


II.. I ~ I II
 
20 Jun 10 .Iul 30 .Jul 19 Aug 8 Sep 28 Sep 18 Oct 

Figure 5. Daily rainfall variation at Niamey, Niger. 

24 



recorded at the ISC meteorological observatory. 

.S 
,, - ,However, over the entire station, rainfall ranged 

from 34 mm in the northwest corner to 8.9 mm in 
a the southeast corner (Fig. 6). In Tanzania, annual 

E' rainfall totals at stations only a few kilometers 
E apart were uncorrelated (Sharon 1974). This spa

. d0; 6061Z 4related 
tial variability is not caused by local effects but is 

to the randomness of the convective storms 
Z 'n 0 0: that prevail in these areas (Nicholson 1983). 

4 -tr0 

n _0_ Persistency and Extreme Magnitude 
of Variability 

0. COa.0 o 

2 -  - The rainfall variability discussed above leads to 
instability in the traditional mean figures for crop 

N production. The i cent drought in the Sahel is not 

unique. Annual rainfall deviations from the mean 
, .at Niamey for the past 80 years (Fig. 7) indicate 

that droughts have occurred between 1910 and 
"4W 1606 1920, 1940 and 1950, 1968 and 1973, and 1976 and 

4" 1984.The 1950s were generally wet.Severe,extend
- ed droughts are a recurrent feature in the region's 

"" climatology (Nicholson 1982) but the 1960-80 
drought around Nianey was unique in its persist

-n ence. Rainfall deviations 20-40% below the mean 

.2 
_ 
InW-

- ,,,, 
- ,--

were common. Nicholson (1981) showed that in 
1950, rainfall all over West Africa was above nor
mal, at some locations even 250% above normal. 

- -  - However, in 1970, rainfall
throughout the region. 

was below normal 

a, v r4 ~ 

NGeographicalW) r"- a, C3 Patterns of Rainfall 
Variability 

F,  - Rainfall fluctuations are associated with a pre

0 " 0,0 ferred geographic pattern. For example, the reduc
,,, tion in the mean annual rainfall in Niger after 1969 

(Fig. 8) is characteristic of the entire country. This 
figure uses pre- and post-I1969 averages to examine 
the effect ef the post-1969 droughts on the long
term averages of rainfall. The severity of droughts 

, -in the country is made evident by the southward 
. . 

E =E 
movement of rainfall isohyets after 1969. Around 
16'N, the region that received an average of 550 

r 0- " mm a -' before 1969 received only 400 mm after 

1969. These patterns indicate that abnormal rain
fall conditions are almost continental in scope. 
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SadorL1, Niger, on 22 Jul 1986. (O = Rain gauges). 

Rainfall Intensities, Infiltration, 
and Runoff 

Rain in West Africa often occurs in short, intense 
storms, e.g., on 4 Aug 1985. at ISC, we received 82 
mm or one-seventh of the seasonal normal rainfall 
in just under three hours. Rainfall intensities in the 
Sudano-Salhelian zone are much greater than in 
the temperate and subtropical /ones and pose spe-
cial problems in agricultural management and soil 
conservation (Kowal and Kassan 1978). At Barn-
bey, Senegal, half of the rains fell with an intensity 

greater than 27 mm h-' and a quarter with an 
intensity greater than 52 mm h-1 (Charreau and 
Nicou 1971). At Sefa, in southern Senegal, the 
corresponding values were 32 and 62 mm 
(Charreau 1974). In northern Nigeria, individual 
rainstorms of greater than 50 mm with peak inten
sities of 120- 160 mm li-I are not uncommon 
(Kowal and Kassam 1976), and peak intensities of 
over 250 mm h1 for very short periods were 
reported (Kowal 1970). 

Rainfall intensity data reported for Niono, Mali, 
by Hoognioed and Stroosni.ider (1984) show that 

h-I 
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Figure 7. Percentage deviation of annual rainfall at Niamey, Niger. 

in 50% of the cases, rainfall intensities exceed 27 problems of soil trusting. On the bare, weakly
mm h- while for 11% of all the storms, the intensi- crusted soil surface of the sandy soils at ISC, infil
tiesexceed 100mmh-l 1-Hoogmoed (1981) reported tration rates of up to 100 mm h-I have been 
a peak intensity of 300 mm h1- for Niono. From reported (ICRISAT 1985). For the ferruginous
analyses of rainfall intensities over a 4-year period soils with indurate crust at Saria in central Burkina 
for Niamey in Niger, Hoogmoed (1981) showed Faso, Forestand lidon(1984)rcported lowerinfil
that 36f' of the rains fell with intensities of -.50 tration rates of 10.8 min l-lin the first 6h but after 
mm h-1, and I3( with intensities of '-. 100 min h -I. 5days, infiltration rates reached 32 mm 11-.hHow-
Peak intensities ri;ached 253 mm 11I for six rini- ever on the sandy soils in Mali near Niono, where 
utes. Hoogmoed (1986a) recently reported peak crust formation causes problems of low permeabil

-intensities of 386 mm hi for Niamey. ity, final infiltration rates were about 10 mm h-' 
Infiltration rates in the Sudano-Sahelian zone (Hoogmoed and Stroosnijder 1984). 

have seldom been measured directly; they are Under these conditions of high rainfall intensi
affected by soil types, especially when there are ties, runoff and soil loss are quite common. Data 
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compiled from eight diferent studies in the Sudano- bilities of rece.iving acertain amount of rainfall, say 
Sahelian zone (Table 4) show that runoff and soil 10 mam, 20 mam, 30 mm, etc. Markov chain models 
loss vary with location, Cropped soils, as one for precipitation analysis, introduced by Gabriel 
would expect, showed much lower runoff rates. An and Neumann (1962), are in use widely, and the 
increase in rainfall does not necessarily result in an application of these models in agricultural planting 
increase in the erosion. There are other important has been discussed by Stern and Coe (1982). Rain
intervening factors such as soil erodibility, land fall probabilities for several locations in Niger 
form (slope, steepness, and shape) and nanage- (Sivakumar et al. 1979). Mall (Sivakumar et al. 
ment systems (Lal 1980). 1984), and Burkina Faso (Sivakumar and Faustin 

1986) have been published. 
Probabilities of receiving 10Imm or more rainfall 

Rainfall Probabilities during each decade (Fig. 9)for Hambori, Niamey. 
Ouagadougou, and Kolda clearly show tilediffer

l)ecadal precipitation totals for a long period of ences in the onset of rains from north to south in 
time are available for numerous locations in the tile zone. At Hambori, the pro-Sud ano-Sahelian 
Sudano-Sahelian zone and could be analyzed by babilities do not reach the dependable level of 75r;' -


fitting the most appropriate mathematical fune- probability (Hargreaves 1974) until after decade 
tion to the rainfall data, for computing the proba- 19, while at Ouagadougou located further south, 
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Sudano-Sahelian zone.Table 4. Runoff and soil loss data from tile 

Mcan 
annual 
rainfall Slope Runoff Soil loss 

Country Location (0m1in) (90) Treatments (90) ha- a-') Reference(It 


Benin Boukonibe 875 3.7 	 Pearl millet. 11.7 1.3 Verney and 
Con elitional 	 Willainie 

tillage 	 (1965) 

Niger Allokoto 452 3.0 Sorghum, 16.3 8.6 Roose and 
cotlor Bertrand (1971) 

Nigeria Samaru 1062 0.3 	 Bare soil 25.2 3.8 Kowal (1970) 

Senegal Sefa 1300 1.2 Hare soil 39.5 21.0 Charreau and 
Nicou (1971) 

Burkina Faso Niangoloko 1140 1.2 	 Pearl millet 7.5 6.4 Christol (1966) 

Burkina Faso ()uagadougou 850 0.5 	 Bare soil 40-60 10 20 Roose and 
llirot( 1970) 

Charreau and 
Seguy( 1969) 

Cha rrea ii and 
Nicou( 1971) 

Na Ii Niono I 3 Bare soil 25 Hloogmoed and 
Slroosnijder (1984) 

Niger Sadore! 560 	 Pearl millet 1.5 K aij and 
Hare soil ) 21) Serafini (1988) 

this occurs 40 days earlier by decade 15. Such large inmm temperature range is small compared with 
differences in the probabilities between these two the maximunm temperatures. When compared with 
locations are, however, not observed towards the the annual means, the minimum temperatures for 

end of the season. Use ofthese rainfall probabilites the rainy season are about 2 2.5'C higher, while 
is discussed in the section on application of agro- maximum temperatures are lower. 
climatological information. Mean temperatures for the rainy season could be 

misleading because, for certain crop growth phases, 
the air temperatures are much higher. Cumulative 

Temperature frequency distribution of minimum and maximum 
air temperatures at the time of sowing (May .Jun) 

Air temperatures in the Sudano-Sahelian zone are and harvesting (Sep Oct) (Figure I I) shows that 
usually higher because of the high radiation load. mean maximum temperatures at the lime of sow-
From south to north, tenperatures increase and ing can exceed 40'C. Probabilities of maximum air 
rainfall decreases. In order to show the tempera- temperatures exceeding defined thresholds have 
lure patterns of mean monthly and mean annual been reported for Mali (Sivakunaret al. 1984) and 
maximaim and mitinum air temperatures, 64 sta- Burkina Faso (Sivakumar and Faustin 1986). 
lions in the Sudano-Sahelian /one have been used. 
The cumulative frequency distribution of' min
imum and maximum air temperatures for the Wind 
whole year and for the rainy season is shown in 
Figure 10. For the Sudano-Sahelian lone as a The main feature of the wind regimes in the 

whole, the annual as well as the rainy-season rin- Sudano-Sahelian zone is the distinction between 
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the dry and wet seasons (Davy et al. 1976). During 
the dry season, the harmattan winds blow from the 
desert areas northeast of the region while in the 
rainy season, the monsoon regime brings humid 
winds from the Atlantic Ocean and equatorial 
Africa to the southwest. 

Average wind speeds during the dry season are 
generally high but the highest record wind speeds 
for the year are expected during thunderstorms, 
early in the rainy season. Wind speeds exceeding 

-100 km h ' have been recorded at ISC. Kowal and 
Kassan (1978) reported maximum speeds of 110 
km h I at Samaru, Nigeria. In the Sahelian zone, 
because of high wind speeds, an enormous amount 
of dust from the bare, loose, sandy soils is carried 
in the air. During rainfall, this sand isdeposited on 
the young pearl millet seedlings. The weight of the 
sand and the high soil temperature up to 50'C in 
the sand covering the seedling are often fatal to the 
seedlings and lead to crop establishment problems. 

Potential Evapotranspiration 

Potential evapotranspiration (PET) relates to the 
evaporative demand of the atmosphere. Published 
PET data calculated using the Penman (1948) 
equation, are available for several locations in the 
Sudano-Sahelian zone, as shown in Figure 12. 
Considering the low rainfall (Fig. 2), PET is very 
high in the Sudano-Sahelian zone. Kowal and 

Kassam (1978) computed that north of 8' 19'N, the 
annual deficit between rainfall and PET increases 
by 200 mm per degree latitude. Such a north-south 
gradient in PET is ex peeled since the radiation and 
temperature are consistently high for locations sit
uated in the north. 

Length of Growing Season 

The work of Cochemn and Franquin (1967) helped 
elucidate crop-climate relationships in West Africa. 
Their proposal to give adequate importance to 
both precipitation (P) and PET in the zonation 
scheme for West Africa, by using the ratio of 
P/ PET and computing the length of the growing 
season, is based on a realistic appraisal of crop 
response to available moisture. This system has 
been used in ain FAO publication (1984) on agro
climatological data for Africa. Figure 13 shows the 
variation in the mean length of growing season in 
the Sudano-Sahelian zone. 

Application of Agroclimatic

Information
 

Agroclimatic information has not been adequately 
used to derive cropping strategies in the Sudano-
Sahelian zone. An analysis of historical rainfall 
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data can be used in assessingclimatic resources for 
cropping potential and evaluating cropping risks, 
while current weather data facilitates tactical plan-
ning forintraseasonalcrop-managementdecisions, 
and interpreting regional crop evahuation Studies 
Some examples of the application of agroclimatic 
information are given below 

Date of Onset of Rains and Length
of Growing Season 

In West Africa, the date of tile first rains is impor-
tant in planning agricultural operations, particu-
larly sowing. Several studies (Stanton and Cam-
mack 1953, de Geus 1970}, Jlones and Stockinger 
1972, Kassam and Andrews 1975) showed that 
early establishment of crops results in higher 
yields. Dancette 1976 estimated for Nioro du Rip, 

Senegal, that dry sowing pearl millet on 5 Jun 
would have resulted in seedling death 12 years out 
of 44. 

Sivakumar (1986b) computed ithe dates of the 
efirst and last rains and te length of the growing 

season for each year of the data base for 58 loca
tions i the onSudano-Sahelian zone. A highly signif
icant relationship was observed between ti e date 
of onset of rains and tihe length of the growing 
season across tie southern Sahelian zone, and it 
has been suggested th the potential length of ti egrowing season can be assessed with reference to 

the date oftonset of rains. arly onset of rains, 
relative to tile computed mean date of onset for a
given location, results in a longer growing season. 
This is illustrated in I-able 5 for Niamey, Niger 
(data base 1904-1984). '[he average date of begin
ning of rains at Niamey is computed as12 Jun, and 
theaverage length of the growing season is 94days. 
However, if the onset of rains occurs 20 days early, 
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i.e., by 24 Ma' . there is a 431 probability that the 
growing season will exceed 115 days. On the other 
hland, if thle rains are delayed until the beginning of' 

Table 5. Probabilities of gro~iing season length exceed-
ing specified durations for variable onset of rains for 
Marne), Niger. 

Length ot 

D~ate of-st growking season exceed~ing 

of rains 75 days 95 days 115 davs 135 days 

24 Mfay 10t0 99 48 1 
2 Jun l1t0 87 t11 1 

12 Jun 99 48 1 0 
22 .lun 87 1t 0 t) 
2 Jul 48 I 1 0 

July, there is only a2%probability that the grow
ing season will exceed 95 days. 

The implications of thle above analysis are that 
crop mnanagemnent tactics in the Sahelian zone may 
have to be altered depending upon the onset of 
rains. Sivakumar ( 1986b) described such analyses 
as the initial step in the concept of' "Weather

responsive Liof management ;,1ctic,'. If iains stai t 
early in a given location, it may be safe to plant 
cultivars of pearl millet and other crop species 

recommended for a median length season calcu
lated for that location. If' precipitation is delayed 
10 days beyond thle calculated average date of 
onset of rains, short-duration cultivars that mature 

early in thle remin inrg gro wing season may be more 
productive. In addition, in terms of disaster plan
ning, delayed rains signal the need for timely 
action, since traditional and improved cultivars of 
median season length are likely to give pooryields. 
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Rainfall Pattern and Soil Preparation 

The benefits ofpreparatory tillage before sowing in 
the Sudano-Salelian zone are beginning to receive 
considerable attention. ln view of the short grow-
ing season and the farmer's lintited capacity in 
terms of available power, the number of days 
available prior to tile optimim (ate of sowing isan 
important issue. As tnoogmoed (1986b) showed in 
a recent analysis, the size of rainfall showers rele-
vant for decision making with regard to prepara-
tory tillage is fairly predictable, and one could 
calculate the total number of days available for 
preparatory tillage and for sowing. 

Use of Rainfall Probabilities 

I .aifall probabilities could be effectively used to 
show tile seasonal progression of rainfall depend-
ability, thereby providing a useful means to differ-
entiate locations. [his point can he amply Hilus
trated fron the probabilities of decadal rainfall 
shown in Figure '). At ()tuagadougou. the rainfall 
probabilities by decade 12 arc 35(' but increase to 
78('( by decade 15 and sta\ above the dependable 
probability lc\el of 70i1 (indicated bY the horizon
tal line) utntil decade 27. At Kolda. which receives 
1172 mnm of mean annual rainfall. the rains start 
late (Fig. 4) and so the probabilities only reach the 
dependable level at decade 1t) nd stay below those 
al Ouagadougoui uttil dLcadC 21 and then increase. 

The probability of receiving rains late in the 
season is also an ilportani consideration. As 
l)ancette and lHall (1979) reported, tte rains can 
severely datage matuore crops that have not been 
harvested, and jeopardize harvested crops stored
 
outside without protection frot rains. On the
 
other hand, late rains increase the chances of post-

harvest plowing.
 

Drought Probabilities
 
and Crop Breeding Priorities
 

The analyses described above provide useful infor-
mation but are still insufficient to answer the spe
cific question of probabilities of dry spell occur-
rences since there are occasions when tile dry spell
frequentccy is higher and seems un related to rainfall 
totals. 
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Assuming that the computed date of beginning 
of rains in each year is also the date of sowing, the 
length of dry spells (or days until next day with 
rainfall greater than a threshold value) at different 
probability levels can be computed for consecutive 
10-day periods from sowing. Results of this analy

sis at 90c probability level for selected locations in 
tile Sudano-Sahelian zone (Fig. 14) stress that the 
dry spells ili the emergence-to-nanicle-initiation 
phase are higher than those during panicle initia
tion to flowering phases specially at low-rainfall 
locations, i.e., flanibori and Niamey. At Hambori, 
the length ofdry spells isprogressively longer from 
75 days after sowing (1DAS), at Niamey from 90 
DAS, and at Ouagadougou from 120 DAS. l)ata 
shown in Figure 14 could be used as a guide to 
select varieties to breed for different locations. 
Breeding strategies should be oriented towards 
mat uritv cycles of 80 )0 days for Niamey and3
Ilalbori, 110 120 days for Ouagadougou, and 
131) days for Kolda. 

-ombori 
Niame\ 

41(0itdoego. 
Kolda 

3 
" 

)

20 40 6,u SO I10 121) 14(0 

, alter L ic 
Figure 14.Number of da. until next rainfiall greater
[ha I ntn (at 901 )Cprohbahilit leIiel) at selected 
ltalion s in \esl Africa. 



Use of Soil-Climatic Zonation 
for Research Priorities 

Rainfall and PET data indicate that where rainfed 
agriculture is concerned, the Sudano-Sahelian 
zone cannot be treated as one homogeneous zone. 
Research strategies for a given crop mutlst accoml-
modate both climatic variability and difference in 
soil types. Questions also remain on the criteria 
used to select research sites for regional programs, 
the representation of contrasting environments in 
regional networking, and the assessment of the 
national research prograns' needs for strengthen-
ing research in important climatic zones. 

Sivakumar (1986a) has developed a soil-climatic 
zonation for West Africa that superimposes the 
growing season lengths (shown in Figure 13) on the 
Soils Map of Africa (UNESCO 1977), in order to 
answer some of the above questions. Soil-climatic 
zones in the Sudano-Sahclian zone are prioritized 
and shown in Table 6. 

Evapotranspiration and Application 
of Water Balance 

The real-time rainfall data collected through the 
large netork of rain gauges that exists in the 
Sudano-Sahielian zone have not been adequately 
exploited in estimating a ailablc soil moisture for 

crop growth. From tile different soil-climatic zones 
(Table 6), it should be apparent that rainfall data 
per se can only be of limited use to predict crop 
performance in any given year. The systematic 
data collection of evapotranspiration of different 
crops in the region would be very helpful to 
develop suitable models for soil-moisture predic
tion. Commendable work has been carried out by 
Oancette in Senegal (l)ancette 1974, 1976, and 
1977) on crop-water requirements, which were 
given as 413 mm for pearl millet, 386 mm for 
groundnut, and 336 mm for cowpea. Using tile 
water balance approach, I)ancettc (1976) estimated 
the maximuni cycle lengths for pearl millet that 
will result in crop water needs being satisfied in 8 
out of I(1 years, and the probability that the water 
requirements of a 75-day pearl millet variety will be 
satisfied to at least tie 80(,; level. 

A subject of major concern in the agricultural 
systems of the Sudano-Sahelian zone is the low 
plant population used by the farmers. This prac
tice, which lay have evolved over time as a survi
val mechaniism, leads to considerable losses of soil 
water through soil evaporation. Cooperative re
search with the Institute of' Hydrology, UK, is 
currently underway at ISC to study separately the 
physical processes of soil evaporation and transpi
ration, in order to develop suitable agrononic 
techniques to iniinize the losses and maximize 
the water-use efficiency. 

Table 6. Soil-climatnic /one,, their approximate extent, and priorit) ranking in the Sudano-Sahelian zone. 

L.ength ol growing Approximaite Percentage Priority 
Soil type season (da.s) extent ('00) la) of total area ranking 

1.nnsisols 100 151 32 010 24.0 1 
Arenosols 60 100 29973 22.5 2 
Ltnkisols 60 100 l0 268 7.7 3 
Vertisols 100 150 5455 4.1 4 
Vertisols 60 100 41030 3.0 5 

Regosols 100 150 12 200 9.1 6 
Regosols 60 100 7473 5.6 7 
Nitosols 100 150 2855 2.1 8 
Flu. isols 100 150 3920 2.9 9 
FIusisols 60 100 2 538 1.9 10 

Arenosols 100 150 2 251 1.7 II 
Plaosols 60 100 2443 1.8 12 
Canibisols 60 100t I 758 1.3 13 
Canibisols 100 150 S13 0.6 14 
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The water-balance model developed by IRAT 
(Forest 1984) is being applied to examine practical 
questions such as matching maturity cycles of dif-
ferent crops with water-availability patterns, water 
supply/ yield relationships, etc. It is important that 
models such as these and others be taken to the 
operational phase in monitoring and developing 
agricultural early-warning systems. 
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L'usage efficace des ressources en eau pour 

l'agriculture en zone soudano-sah lienne 

J.M. Chapotard' 

Rsum6 

Le present expos6 se r6Rere g6ographiquenent aux Etats a/ricains francophones de la zone 
soudano-sah6lienne. Orient vers les problnmes de I'utilisation des ressources en eau pour 
I'agriculture, il rappelle d "bord cc que sont ces ressources et cc qu "onsait de leurs caractris
tiques essentielles : pluie, eau souterraine et eau de surlace. I/ de'rit ensuite, par quelques 
exemples de petits perimetres, divers modes deI l'apport d'eau iu pro/i' de lagriculture et en 
prkeisequelques rtsultats. Istpresentee hricvement l situation de hi recherche dans le dotnaine 
de e.xploitation des ressources en eau et les perspectives de cette recherche. I. "Mttdesurce sujet 

est globalernent orient ; vers uine connaissance plus pr'cise des hesoins en cau et de 1'usage 
econoni ique des ressources en eat,. L 'article LOne/ut ;ti caractereindispensable de ces orienta
tions,compte tenu de IinTscjuritc de hi cultureplivialeseule, ani"ausside laincessitvde r~aliser 
des investissetnents adapts et cOonomiquement corrects. 

Abstract 

Efficient use of water resources for agriculture in the Sudano-Sahelian zone: This paper deals 
with the problem of descrihin as itellas utnlii Hgaterre.sources (rain/lall. ground,and surtace 
water)l'oragriculturein thFretl'nch-spel kinI L'o1ntiei. o 'lhe otie. It d.scrihe. i ariousnethods 
of providing trater lor agriculture, using small irrigation shenies. ,.% e.xamples. and then 
summariescurrent research on e.xploitationof itatei resources,particularl e/forts to quantilv 
the need 1or uiaterand to .studvho it water can he i.sed economicallY. The paper concludes that 
because of the uncertainty of rain/fed agriculture, this approach. and appropriate. economic 
invesitments are essentiil. 

Introduction (FAO) retient pour lIadcrire la fourchette de plu
vionitrie de 351) i1600 mi. Compte tenu de ces 
nuances ainsi que des oscillations rcentes de posi

l.'express'on "zone soudano-sahlienne" n'est pas tim des isohytes, on retiendra hi notion de pays de 
strictenlent employ&e pour d&signer une tire &I- li ,'onc soud ano-sihd1icnnc, ct plus spcifique
termine, Tel geographe l i fait correspotire hi met. le €oiinit& interalricain d',Studes hvdrau
/one des pihixiomtries Lie 500 i1900 tmnll, tel charg3 liqiies (Cl Ei ) oqinula ,cilleillnct les Etats cor
d',tude l'appliquc :1la ceintuie subsaharicnnetic rcspondints qui lii sent adlih'nts.: Burkina Faso. 
200 :1 600 mim. tandis que I'(rganisation des ('namciomi (por sa parlic nord), Mali, Mauri-
Nations lities pour Ialimentation et I'agriculture taui, Nigcr, S inigal, et [chad. 

I. Inyvilicui ill ('irlitte i tilrictin XCtIIIdcS hrdauiqitus (Ct tI t. It P 369i. tiaptiioiji()t i. turkinai tI o. 

1('R SA I htiemaionaliI ('rop, Rct h Intitute hor the Seirut-ml t ropicis. l),9t Soil, ('top . nd Water %dnagemi.ni S.nten for 
Ramulcd Agp cuitmuc in htcSuddii-Saclchrl Zone ptruccttiig, I1 lii tntcruatiu al Wolkslliop. 7 II tan 1987. I(RISAI Saticlian 
('ctn r, Niame. Nigcr. Patanchemi, AT. 5(12 324, Inta. ICRISAI 
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Les ressources en eau dispoiiibles 
Elles proviennent toutes des pluies, actuelles on 
celles qui, au cours d' poques geologiques ant& 
rieures ont contribue a alimenter les nappes. Lia 
pluie actuelle est en partie directement utilisable 
par les plantes, le reliquat &tant,dans I'imdiat, 
perdu par ruisselleient on par infiltration an des-
sous de lIazone des racines. 

La pluie actuelle 

La pluie actuelle est caract~rise par sa variabilit, 
spatiale et temporelle. l.a variabilit& spatiale est 
extreme pour la pluie journaliere stir tine petite 
zone et ceci est important dans le cas ie suivi tic 
culture, de diagnostic i'Ilit parcelic oii cavertisse-

ient. On a pu observer hi variabilit,. inteirannuellc 
,' I'occasion ie lit sqnenc dannes seCes r& 
centes. A propos de cci. on prcisera qu'il Wy a pas 
Lie cvccles" de scheresse :I p~riodicit. dtcr-
mince. 

Notons qne poor l',gronone, hipluie "eficacc" 
est celle qui est ntilisable par les plantes alors qie 
polr I'hydrogologte. de ,ILtivitti '&coulnlet 
totill potentiel, c'st-i-dire alhi som C ll ruissel-
leient et de l'infiltration alioentant les aqilifres. 
L.a pluie efficace "a;gronotniqte"C est difficile %it-
luer avec pr&cisiont. aucti mod.le 'f.tamntdisponi-
ble pour calculer les perles sui\ant les types die 
cullures, tic sols et de traitail tIu sol. 

I.'Utilisatioini ediat Le Ila pluie seUle itopliqc 

nie subordination aIdes facteus alkatoires. Lia 

recherche ie lit s& trit. conduit iI rechereher tite 

ressource compl&inrentaire : eiix soiierrainC s ott 

superficielles. 


Les eaux souterraines 

Localisation 

Ies eaux souterraines se partagent entre dceux 
ensembles distincts : 
0 I.e socle pr&cambrien ofi Is ni\eax atlires 

sont discontinus et lis ,i li Iracturation oil i 
lalteration de li roche, les niseaux statiques 
generalement prochies di sol. les debits exploi-
tables ponctuellement faibles. Oil y rattache les 
formations infracatobrienties et prifilaiies aux 
nappes le plus souveilt discontinues et profondes. 

40 

0 Les formations sidimentaires postprimaires et 
les recotvrenlents r&ents avec des nappes con
tinues parfois de grande dimension, pouvant 
&treempilkes en niveaux superposes s&par s par 
des horizons moins permnables. Le niveau sta
tique y est I oie profondeur variable, parfois 
asse/ grande sous le sol; les dbits de forages 

3 hpenivent atteindre d'nne diziaine de m 1 i 200 
-ill, h1 on plus. 

i.e socle precaibrien est relcontr& atn Mali, en 
Manritanie, au ilurkina [Iaso, aL I.iptako Nig&
rien, i lest et a centre (lII [chiad, a Nord Came
forn. I)ns les schistes. Its dbits les plus int&res
sants sont obtenus dans la partie sup& ienre fissur~e 
tie la roche saine c'mic trentaine ie me:tres en 
moyenne. i)ans les roclies cristallines, l'eau est 
e l ;ilgasiolc dnMs les fisstres ie la roche saine on 
dans les arnes -i lhi base ie lit couche d'alt~ration. 
l.'.paissenr dc celle-ci est ie 15 i 25 il. i Iurkina. 
Les debits ponitcls das ecs ornmiations varient 
eotre I et 5 mli I d passent rarelient 10 In hl-1. 

Les formations infritcambriennes et primatires 
sont prsentes an Mali. en %lairitanie,atn nord du 
13iirkinta Faso. I.cs forages oi puils positits (lii 
(joirnma dolnent I i S,in' I i .\ c des nikeanx 
statiques de 50, 60. %oire I10 In. 

Les gr;s infralcanthricns, de liandiagara L it 
frontire di Scnigall ci de lia(iuinoe soit productifs 
s'ils sont fissirs. Les li\caux statiqoes soot Sut
vent de 3 :115 in (Koutiala. San, '1ominian). Des 
dbils de I ,i 10 ill I1I soot obtenus vers 
lIotlab'-K,.niban avec des forages ie 60-70 In 
de profndeur. les schistes Ie Nara sont attuif'res 
li oil iIs sot IractIlrs. En Manritalnie, les gris 
contiennent probableient des nappes de fissures 
relativement prodiictives (25 115) fill iv' dains des 
dolomies infracaibriennes all pied do TIgani). Les 
ptlites du |odh fractiris stir 15 Li20 i donnent de 
faibles dtbits (0,5 i' IfI).

i.es formations sedinientaires se rLpattissent en 
grands bassins :bassin setlegmlo-iauritanicn, delta 
central du Niger (t bassin ie iaoiId&ni). bassin 
nit1grien et bassin du [chad. 

iLe bassitl s.n'galo-inturitatiien est conslittu mli 

S&1n&gllal dil cipileneCnt ICconches qiti contient 
qtiLre aqiiifrcs. I.e maesirichticn. le plus pro
fond. s"&tetl sir sensibletoent l'etisemble dui bas
slil. Epais de 2() it25) ini, son toit se sitle entre 100 
ct 500 it suivant les rgions. le nieau stat ique varie 
ie 15 Li50 i, et est plns ,Ilev que celli de lIt nappe 

3 hphlr atique. I.es d~bits sort de 150 i 200 m ' par 
forage. 



La nappe gbniralement libre du palkocne pro- localement art&sienne dans les valles des Dallols. 
duit 200 A500 m3 Il- par ouvrage avec des niveaux la productivit est prbs du leuve Niger, de 
statiques de 20 A50 m. Le lttien (ouest et nord du dizaines de linpar intre de rabattement, ailleurs 

-
S~ntgal) donncjusqu'A 100 m h-I ' par ouvrage. Le les d&bits sp cifiques sont d(I qoelqoes m 
continental terminal qui recouvre laplus grande i.econtinental terminal contient tne nappesup&
partie du bassin contient oie nappe libre dont le ricurc phratiquc libre et dans sa partie est, deux 
niveau est entre 20 et 90 mli. nappcs captives. La nappc sop rieure, la plus

Les ouvrages y ont des dbits sptcifiques de 130 exploite est proche do sol (fans les dallols, it 50 in -
m j-'m au S~nlgal et 'i 50 n J-1nlI en30 i Sous les plateaux. Les poits ont uie prolondeor de 
Mauritanie. I.'aquif~re des sables dunaires entre 45 in etdes dbits de 5 in hI losnappes captives
l)akar et Saint-Louis est exploitable avec pr&cau- on ICs productivitcs di 250 i 3000 m'j-1 pour la 
lion du fait des risques'dc remonttc d',au salc. Lcs moyenne, 151 it 2000 in pour I'inf'rieure. 
alluvions du lcuive Sti1gltl peu\vent donner jus- l)ans lcbassin do Tchad. ICsalltiifres continues 
qt',i 30 n'11 1'avec 2 Intierabatteient i I'aniont de essenticllcs soot celles doucontinental terminal etBoghi (salure it l'aval). do plioLluaternaire. A noter cepend:int au nord-est 

En Mauritanic, 1i nappc do continental terminal un niveau cambrien qui donne par Iorage des d&
s'enfonlCe jttsqu'i 100 in au Centre dII hassin. L.e hits dc I'ordrc dc 11000 inI j I I Fava Largeau. Le 
lutttien sous-jacent eSt aiuilerc (nappe libre) en crtaci est accessoirenent aflteurant au Mayo
bordurc est du hassin. Kebhi ctdans Ilint'no i ,mais pen connu du fil de 

Au Mali, lesaquif;*res continues sont dans le !a priseiice des ressources Iesurlac. L.econtinen
continental intercalaire. Ic cr~tac), l',oc nc inf,- tal terrinal afileure dpuis lesPays Bas du Tchad 
rieur et Ic continental terminal. l)ans Ie ross& (ic jusqu'au Fltha avec des puts traditionnelsjusqu",

Nara, les sediments du continental intercalaire 80 Il:au sud 
 IL(iuera, cette nappe est en relation 
attetignent 200 n,au centre, mai, I'aqnifiirc n'est dircctc a\cc les coors d'eau mais petut s'cnfoncer i 
Lpais que ile 25 inaxlvcdes debits de 10ii 15 li 'hI1 9(0 ni dais leS intcrflcovs. I.cpliqlUatrntaire 
par lorage. Autour dc I'Adrar ties lioras. Ieconti- alilelire tout 1 1tourIllac Tchad. II renfermne une 
nental intercalaire est atteint vers 121 ;t 150 in nappe libre dans let ]line, et horiions de surface,
 
(Menaka): lies torages dc 10it :1200 indbitent ine dont 1'exploitation est rendtuc dlicate par tite gra
diaine de in Ir-
 Iclni cart statique etant entre 35 nulonictrie tres fine. Lcs niveaux infkricurs ren
et 60 In. ferment Line nappe captive (lite "nappe inoyennc


I.e cr~tac& ctI',oc~nc infkrieiir lionnentides d- soils pression des formations dll Tchad"avec d'ex
bits d'une di/aine de l' I .I.e continental termi- cellcntes ressources autour (liu lac oi elie est
 
nal. dais Ic delta central (n Niger est exploit, artcsienne. 
notaminent par les lorages des ccntres urbains I.e toil lie cette seconde aquiferc est 'i250-300 m. 
proches d fleuve qui ont onC prolondeir d'en- II existcrait cnfin title nappe .Ittone profondeur
viron 75 Inl n. sup~ricure it 500 in avec tine charge sup~rieure Aet lIes l hits tie ,liclInlies diaines lie 
On retrouve ectte Ioriation dais l'A/aouad et Ic celle de lanappe moyenne. 
bassin Lie 'I aoudiini (puits de 41) it60 in) e tians Ic 
(jonIlo, it nroxinlitt (inntord-ouest uliiBurkina, ori 
epaisse dc 50 it 120 in, elle est faibleicnt aquifk'rc IUtilisation 
avec des nivacaux dW&euilibre variables de 20 "180 in. 

l)ans Ic bassin dii Niger, on citcra d'abord ati incc qui concerne lapossibilit,,Id'otilisation des 
nord-est un ensemble d'aquikrcs L'cxtcIsion litni- aquifbres evoqu3ces, ott rappellera les notions de 
tI e : huatre itiveal. (als Icsgis pinllaires dont ressourccs renotivelablcs naturelles et celle de r&
une nappe ordosiciennc puissaitC mais tr's pro- scr\c exploitable. l.a ressource renoovelable repr&
loide (80) in), litnappe des grs'hd Itoul. aVcc on sontiIc volume 'cain par kin 2 qui parvient en 
niveau d' lluilibre entre 30) ct90 in ct linappe movcnnit annuelle II'aquitere. File n'est pas direc
captise des gris d'Agade/. I-e contincntal interca- tmnent hUe i Ia pluie "elficace" (des hydroguo
laire affleure dais IcleTgana et lc I)anergoi loguics) car elle dpend principalecment de la litho
recouvert it lEst par lies firinations rial coniies, il logic ties aquifres, de la morphologie de surface,
s'enlonce ,Il'Ouest sous tinrecouireinent qti petit Lie l'alhtration, de l fissuration, de Ilaprofondeur
atteindre 6)1(It. I.afrappe y est ei charge et tie lasurhace pizoni&triqueet de livugutation. Des 
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travaux du Comit interafricain d'&tudes hydrauli-
ques/ Bureau de recherches g ologiques et inini~res 
(CIEH/BRGM) ont permis des &valuations de 
cette fraction. Les coefficients etenus, calks sur 
diffrents bilans et analyses de fluctuation IC 
nappe ont t insbr(s LIIli Afrique sotdano-carte 
sahiliermoe de planification des ressources en eaux 
souterraines publie en 1976 (CIEH 1976). I.es 
valeurs propostes sont indicatives i l'&Chelle dune 
region et ivtrifier localement. )es travaux locaux 
stir socle ont nontr&qti'une evaluation plus ritou
reuse de larecharge annuelle demande de disposer 
en plus du coefficient d'cmnmagasinenient du 
reser'oir. 

La rser'e exploitable reprtsente un volume 
emniagasin&dims l'aiquif,.re. dont l'exploitation, si 
auctne ressource renotvelable tievenail i1tcom
penser, aboutirait ittitie vid ange partielle de 
i'aqnifr, . l.at reserve est exploitable dans certalines 
conditions economitties: ties Svaluations en ont ,&t& 
faites galement. ()n les trouve dans I' tude dj~il 
cit~e, mais les &1Iments disponiblcs n'ont pas per-
mis ticdotlner des valetrs pour les ilqitfircs dis
continues, les inesules tic t:itiimi r vlant pour Ic 
Soid,e Lin degr leCentre dliotrkinia. till ff tic 
dilutiton tie celui-ci dans des reserves importantes. 
Poor titlelidispoolibilit tics eaox soit utrlC, iltIUt 

cependant 1e1cur qilalit chiliqtiue soil acCCpta-
ble pour l'irrigation. 

IBeaucotp des eCatx souterraines tieIt tone con-
sidtre soot rls dooces clpeil mineralisees. l.'al-
ternincc t'ine saison s.ic el dne saison des 
pluics introduit ties variations des caractrcs phty-
sico-chimique. I.e pliriolmeut de dilution prov-
qtI par les apports metoriq-ies est maximal enifin 
de saison hunlide avec ,&%VetCllelCment tl certain 
dIaage. 

)cs cartes d'aptitude des sols L lirrigation 
BUMI 1975) onl pi &ireetablies Cn 1975 i1partir 

de deox crit&res :itmineralisalti n tolale tiu eat 
exprimee ptr sa conducliviet i'lie pirr ILtaUx 
d'absorption tlul sodiunl d'autre part. La colnbitnii-
son de ces deux classifications pcrmct tiedfinir 
diffrentcs classe regroiupes cn cinq dcgrs d'apti-
tude : 

* 	 catl excellente : iltilisable globalelnent sans 
danger: 

* 	 eau bonne : utilisable poor l'irrigation de plantes 
movennemen tolerantcs an sel sir sols de 
bonne permbabilit 

* 	 eau admissible :utilisable pour I'irrigation de 
plantes tolkrantes an sel ci sur sols bien draitis 

mais I'&volution de lasalinitY est aicontr6!er; 
* 	 eau mediocre :en ghi&ral fortement minrali

see, irrigation d'espces bien tol~rantes au sel et 
stir
sols bien drainbs et lessivs; 

0 	 eat; mauvaise: irrigation de plantes tol6rant tr~s 
bien lesel sur sols trs pierniables, i bon 
lessivage. 

On indique ici les cas tiesituations dMlicates, en 
se 	 limitant aux seules /ones stndimentaires, eten 
rappelant qn'il s'agit d'indications globales 

S~njgal. Nappe maestrichtienne entre les mnrri
diens 15 et 15030 admissible. mauvaise pres du 
fleuve Sbnigal et entre les mnridiens 15'30 et 
15045, nappes phrbatiqiues mauvaises dans leSine-
Saloom et ledelt,. sauf lentilles d'eau douce. 

Maiuritanie. Maestrichtien mauvais sauf bordure 
sud-est di bassin. ,oceOc mauvais pres d'Aleg, 
nappe phraiiqiuc phontre pal les eaux marines, 
mais (est de Nouakchott) avec niveaux bon i 
admissible. 

Mali. Zones admissibles Limdiocres dans lecon
tincntal intercalaire et Ic continental terminal. 
F-aux mndiocres i l'estde Gao, mauvaises dains 
I'Ataouad Nord; admissible au centre, mdiocre 
antnord doit Condo. 

Niger. l)ans le continental intercalaire, (,egrada
lion vers l'oIest, niati\'iise qtlilite vers Didgiga et 
l)osso; nappe phr~atique du continental terminal, 
adlissiblc al suti-est de Tahoua, variable dans les 
allivions des l)allols, It nappe la plus profonde est 
admissible \ers Kour,-'lotlbi-lirni N'Gaor : dans 
It pourtour ti I'Air. nappc primaire prs de l'Air, 
mdiocre i malUvaise ailleurs. 

Bassin (doTchad. Rtsullats inbgauix dans lecon
tineltill terminal: plioqtiatcrnaire : nippc pro
fondc sous rpression admissible dans leNord avec 
/one mailaise %ersGot IDibek, mais trop peu d'in
formations poo1r tine cartographiccoatplete. Nappe 
plratiqlc m3d iocre Li otauvaisc dais leKanem 
oriental, les Pays Bas tdu Tchad, leMoji. admissi
ble clelong du Bahrel Ghaal justu'i Salahl: eaux 
tris charges dains lcC'hari eileHarr oriental. 

Comme elment tie choix, iI faut ajouter lecoit 
(,quipement texploitation) des ouvrages. A par
tir des diffrents critres itudi3s, leCIEH a pro
pose des zones privilgi es pour I'irrigation L partir 
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des caux souterraines, caract ristes par une pro- les caux avant des qualit s excellentes i admissi
ductivit&par ouvrage d'au moins 550 n3 j-1i. Ccci bles. Ces propositions sont cartographies aux 
rend possible un primtre d'une dizaine d'hec- Figures 1-5. 

-lares, un coat du m 1inf&rieur L.20 F CFA en 1975, II s'agit pour une irrigation LIpartir des aquifrres 

1 60 120 Km 
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Figure I. Irrigation ii parfir des eaux souterraines BIassin Seiegalo-.Nlatritanien. L.a partic hachure 
indique ha tione oi l'irrigation apartir des eaux souterraines est ftechniquenieni et t(cnonfllIqumen possible. 
(ritres adopt&, I,hit d'exploitation initial 550 n I; cotit de tn1 20 F (FA (%aleur 1975); quali6 des 
eaux-excelleennt hoine, adnimsile (d'aprs les normes du ahhoratoire de Rierside, (alifornie. Etats-1'nis. 
Seul est represente I'aquifitre Ie p!us prolche de la surface du sol (Source I,(;M 1975). 
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Figure 2. Irrigation 'i partir des eaux souterraines: Della central du Niger (Voir note i la Figure 1 pour la 
parlie hachure) (Source BR(;N 1975). 

les plus proches du sol, du centre-est. du Sud Est et irrigation i partir de nappes plus profondes, on 
du sud du S6ngal (saufiones cctires) de la valhe retiendra le centre-est et le sud du Sn~gail, le sud
du Sni gal I I'amont de Boghbx des vallkes du lani est de Tahoua et l'ouest de l)osso-Filingu&. 
et du Niger depuis I)ouna et I'amont de S~goumn la 
/one des lacs jusque vers (ioundam, les r&gions de 

ilmgu, , I)osso, Dogondoutchi, nord de Tahoua, Les eaux superficielles 
olest de Keita. nord-est de Madaoua, ICs oneS 
proches au nord du lac Tchad, la rcgion de Elles sont i considrer au niveau d'un r~seau 
N'l)jamna, la rLgion Koumra-Kelo. Pour une hydrographique. L.e captage se fait soit sur un petit 
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ligure 3. Irrigation Lipartir ltes eaux souterraines 
lhachure) (Source BIGM 1975). 

bassin versant dont on veut maitriser et utiliser Ic 
ruisselenent, soit stir un plus grand ensemble, 
geneiralement drainC par tinfleuve permanent. 
Laissant dans cc cas de c6t les grands ouvrages qui 
ont pour objet Ia maitrise de I'eau dans tin ensei-
ble rgional, on observera qu'existent sur ces 
fleuves des moyens de rctuperition dIeau plus 
nodestes: stations IepinpagC oil rscrves locales. 

QuC sail-on des ressources potentielles? Eli cc 
qui concerne les grands fleuves, des monographies 
existent qui rasseniblcnt tous Ics r&tsultats connus 
au moment de lCUr publication. Potr lespetits 
bassius, line source de renseignenenls est tin 
rctieil de donnucs de 1972 stir bassins exp rimen-

N IE IAI 

0_ 60 120'_K 

Bassin du Niger (Voir note i la Figure Ipour lapartie 

taux (Dubreuil 1972). Pour cc qui est du recucil 
actuel des donnes et de leur exploitation, l'int~r~t 
des am~nagments ocaux conduit it present it 
qtuiper des bassins de moins de 1000 km2. Des 

annuaires hydrologiqties nationaux paraissent ou 
sonl pre'us. 

Pour cc qui est tie I' valiuation des apports, ceux
ci petivent &ire chiffrTs stir les grands fleuves, gritce 
aux monographics, aux sysnthses par pays et aux 
chroniques de d,biides services nationaux. Pour 
les petits bassins versants, I'estimation est dMlicate 
car lcs stations sont rares et les pLriodes d'observa
lions courtes. Les stations contr6lent des bassins 
de stiperficies tris vari cs ot la d gradation hydro
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logique est fort diverse, I'&coulement est trhs inter-
mittent, arepartition spatiotemporelle des pluies y 
joue un grand r6le et a contribution au ruisselle-
nient peut venir d'une faible partie impermable du 
bassin, enfin I'irr~gularitl interannuelle est enorrne. 
Pour toutes ces raisons, les valcurs fournies par les 

quelques stations en activityne sont pas forc~ment 
representatives des situations reIles. Une r~flexion 
a t6 nen~e sur ce problme sachant que le coeffi
cient d'coulement mdian depend de la zone cli
matique et des sols. 

l)'une part, Apartir d'observations sur bassins, 
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Figure 4. Irrigation ii partir des eaux souterraines: Bassin diu lac Ichad (Voir note Ala Figure I pour la partie 
hachur~e) (Source BRGI 1975). 
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Figure 5. Irrigation Ipartir des caux souterraines :Bassin du S'ini.'galet Bassin du Niger. (Voir note At lI 
Figure I pour lapartie hachure) (Source BR(;M 1975). 

on a pu esquisser une approche statistique de la blnems sont les rnnes que pour celle des apports. 
lame d'eau susceptible de s'couler par region. La Pour les grands Ileuves, monographies, annuaires, 
cartographic par zones de ces lames d'eau proba- inodties math&lmatiques (en cours de r~alisation 
bles permet ensuite ine estimation de I'&coulement pour lefctive Niger) permettent de dominer la 
dans les petits bassins versants. question. Pour les petits bassins versants par con-

Par ailleurs, des nodlIes theoriques ont t d& Ire, iln'existe pas de mod&le niathematique simple 
veloppes, partant de I'hypothsc que settle lafrac- qui suit efficace pourestinier l'amplitude des crues. 
tion d'une pluie sup&icure ii tin certain seuil petit l)eux n1thiodes ont it&mnises au point dans nos 
ruisseler. Ces nod&les permettent de reproduire les rigions qui permettent dapprbhender Ilavaleur de 
apports sur bassin exp&rinicntal et l'introductiOn la crue d&cetinale :a) tine mt iode d&terniniste 
des chroniques anciennes de pluies pernet de ( Rodier et Auvray 1965) bas&e sur 60 bassins ver
reconstituer les apports ant&rieurs, d'oi tite ,tuide sants et tine hypot hise de pluie homoghe, walable 
statistique possible. Cctte approche t h&rique a jusqu'it des surfaces de 120 it 150 km2 ; b) une m
permis de complkter les donn~es de bassins exp&- thode statistique (Puech et Chabigonni 1983), 
rinentaux et pour le Sahel, de donner naissance it basc stir 162 bassins exp&ritnentaux., utilisable 
une mnthode (Rodier 1975) d'estiination des jusqu'i 1000 km2. 
apports, qui suppose des rapprochements avec des Ces nlihodcs ne visant qu't &carter un risque 
bassins types. d'crreur suprieur it 100 i,et pour mieix cerner le 

On retiendra l'extr&nie faiblesse des coefficients problne, des travaux soint en cours en vue d'appr& 
d'oulement en /one sahi1ienne et de ii&ne en hender plus prLcisbmient I'aptitude des sols Ituruis
zone plus arrose. ILes coefficients pour tine pluic sellenent "iI'aide du sinulateur de pluies. 
donn&e sont aussi faibles et irrIguliers. Oin peut En cc qui concerne les &tiages, les &oulements 
pr& iser qie lascheresse rcente ne conduit pas it dans les petits bassins s'interrompant rapidenient 
rdtuire les normes applicables aux relations pluie aprs lasaison des pluies, les probl&mes de mesures 
moyenne lame ruisselce, les coefficients seraient ne concernent que les grands fleuves. Ils sont ri:so
plut6t :I naxiniscr stir petits bassins. iscomme pour les apports globaux et les d6bits de 

Pour I'estimation des d6bits de crue les pro- crue. 
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Quelques observations globales sont i formuler 
sur ces divers sujets : 
* Sur les bassins petits et movens jusqu'it 30 000

2kin , lidisparition, en periode siche. de ligi 
ta! ion entr:tine line augmentation des t-l~its en 
diininuant les temps de transferts. I1Wny a done 
pas lieu de reviser les modules annuels et les 
modules d'occurrences dccinnale (sche on 
hunliide) habituellenent retCnus. Ce n'est pas 
vrai pour les plus grands bassins oilon assiste 
dans ces cas a un efifondrenent des Modules. 

* 	 lu zone sahlienne, pour le callcul des dihits de 
crue sur les petits bassins versants, ol conser-
vera les nornies applicables aux crues dicen-
nales, nialgri It ricente sciiresse. Mais ol 
utilise les abalues les plus ri cciites disponiblcs 
qui int grctt les observations tiecette p&iode. 

valcurs peuvent tre largement dipass~es. 
Au barrage dlbohanane (Niger). sous une plu

vionltrieannuelle moyenne de 360 mmn, is apports 
sont (ie2000 3 kin- Ide bassin versant pai an. Des 
comblenents aussi rapides sont de nature i reict
tre en cause Itrentabiliti des ouvrages. Contre 
I'Prosion totale d'un bassin versant, f'incidence des 
seules cultures petit Ire identifine, ceci permettant 
d'appiicicr les modifications aIattendre d'une op&
ration de mise en valour. Ce prohlnie a diji fait 
l'objct d' tude sur parcelle cxp&Irimentale oilol fait 
varier les conditions d'irosions et de cultures. On 
petit se rifkrer aux travaux de I'ORSTOM (Roose 
1977). 

Les iquipements de rkote 
Pour I'ivaliation des apports sur ecs enicsllCs 
bassins., on tilisera hi mnliodologie diii cit'e. 
mais actualisie en 1984 (Rodier I96).

• 	Pour liCOnCeption tde,illninagemHents, si on 
'cut constituter iitle r&SCr C d'hivernage. ilest 

prudent tie retenir ics aleiirs admiscs pour 
lallne tecCiiiale slie. Par contre. polr I. 
proicection d'urt pcrimitre. ol itilise les estinia-
lions diI true dtIcennalC iniiideCn urdilnen
sionnant les ol\iratges poiii Ic cas tiecrie cei
tennale c exceptionnelle. 
)u point de vue ti leur tlualiti chimitue. les 

caux tIe surface sont Ie pluos sou ent bonnes sauf 
dans lecas oij l*'&oulelet etait insignilialnt otu 
atituk ci on assiste ,i. ties relIIotis tl'ia sake. 
("ititlI cas titi Ileii\e Si'ii:!al iisqnt'ii IlConstruC-
tioll du barrage tieI)iama. str de petits bassins, on 
petit a\oir titlealinlentation dcoiilleneltS 1pilir 
d'unc nappe sOtIterraine saeL. *let incOnIVhient a 
etc signalk dans I'Ader I)ouichi. 

tn dernier point est aIahorder conccrnait les 
eaux de sturface :ceili ties tranIspoirts sOilidsC,. I.'ir-
r~guiiriti des i2ctuletnntconduit it tine notion tie, 
barrages ou attres rtesctrvoils. done Iltquestion se 

pose dn rytihnIc tie ConIblenienl tiC Ces otu\rages. 

cli-ci dpend ties caracti ist i tiesgometrIiLtles. 

clinl,tiquCs. geoutorpIhloOgiuiie, tin bassin ver-
salt. Des loesures expi'rincitales i Iuirkina Fas 
out chcrche it /valuIer lit gritltiot sp&ciiitlle
annutelle. ILesvalnr'S trtouiv es pour tiespriOitles 
l'tuIides suip&rieures it 10 ans. ties bassins tie 40 i 
150 knliet des plu\ionitries annuelles de 720 i9(1) 
nn, ont &t&tie52 it16 l)ilkillIde bassin vcrsant 
ctpar iln. iitle situation phl1situIe di'for-I)itns 
able : fortes pentes et iitelsilts tiepllit, tellesti 

des eaux 

11v a licu itpresett de voir qu'ellc est, dtats l zone, 
I'importance des &qunipenents de captage des caux 
I des fins agricoles, en partictilier ceux de taille 
iiodeste, les modes d'utilisation de ces eaux et 
d'essa\er d'en apprLcier I'intiret econoliquc. 

Vallile du S.i~ngal 

se("Cst IlItitlesitue i'essent iel des irrigations du 
Siigal eitie It Mauritanic. Les captages qui sont 
collstitu&s par des stations tiepompage fixes ot 
Mobiles piiiant l'eiu diiS IC fletivc ott till tkilueni 
ieconstituent pas de vui&itables installations de 
r~cupration tl'tne eau dispes~c thins tne nappe 
oi nit bassin versant. Cependant. il faut souligner 
]'existence en 19S4 tie 15 790 ha de p&rimites villa
geois irrigu&s, eIcatlrs oilnon, en 616 units 
rcccnses repri'sentant 40 ties surfaces irrigu'cs 
tIehi \'alle avec une surface moyenne de 26 hla 
etlviron. l)ans certains cas. le systiite est etOlnU 
poutr uie irrigation gravitaire en hautes eaux. La 
source d'nergie est I'lcctricitoon legas-nil suivant 
les cas. l distribution. :1partir souvent dtn bas
sii titnilbilisatiotn. est en geliral gravitaire, aec 
citnaux ellterre. .es iiodes tie Kgtulition et type ti 
priste sont variables (modules t masque, part
teUrs. siphlons, \aincs). Sur ties pi~ritni~trcs CnquI'
tt&., 1'eificience globale ([(i) a itI calcul&e :EG =
 
apports tialls Ic sol pr&'cient it l ressource. 
I.'T( est de 0,8 (riicuture) it 0.6 (atires cultures): 
l'ilportance ties irrigations y est variable :8500 i 
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10500 m3 ha-I i la parcelle sur riz d'hivernage quip~s en pompes i nergie aninale ou hurnaine 
-
contre 12000 5 15000 m 1ha-' sur riz de contre- pour des cultures autres que le riz (zone Office du 

saison. Niger surtout) et 3730 ha de bas-fonds -Ivocation 
Les terres &quip~essont consacr~es ,i la rizicul- rizcole dont 1570 ami&iiagis surtout dans leSud. 

ture et Ala polyculture, les coefficients dintensit: lIamenagement des has fonds pour leriz d'hiver
culturale variant de I Li 1,2. I)u point de vue de hi nage repose sur des syst~nles de digues de contr6le 
rentabilitY, stir on groupe de pirimntres oi Ics ielasubmersion iedifftrents types suivant la 
exploitants remboursent les charges d'exploitation nature du r~seau hydrographique. Elies sont corn
et de culture et tie provision pour renoutvellement phkties &ventuellement par ies ouvrages en dur et 
du mat&iel de pompage, Iamarge nette pour le riz des reservoirs de stockage. ILa faiible maitrise de 
d'hivernage est de 216 i 314 000 F CFA haI sui- I'eau est tillhandicap: lIcrainte ties crues conduit ,i 
vant les ann&es. Le mais de contre-saison est de 137 t repiquage tardifet letravail n'cst pas valorisMi d 
it 166 000 F CFA ha-'. Ailleurs, on rcl&vc des point de vue rendenient. 
marges de 179 i 392 000 F CFA ha-' pour leri/it 
I'hivernage et 679 i 863 000 F CFA haI pour la 
tomate de contre-saison suivant les pLrimtrcs. Burkina Faso 

L.cpotcnticl de cultures irrigables est tie 150 000 ha 
Sbnigal intrieur dont 3t0000 ha de bas-fonds aninhageables, 6000 i 

7000 ha ,I mettre en valeur i l'aval de petits bar-

Une prernier exp&rience trs diffrente a &ttcon- rages ctlereste Lipr voir en amnlnagernents avec 
duite sur une di,uiaine de villages &quip~s d'un maitrise tutale tie l'eau. I.e tiveloppenient des irri
forage d'hydraulique villigcOise. str nappe trLs gations int&ressait en 1982 en terme de surfaces 
productive, ct mobilisee tres partiellement pour les amenagcs 12 600 ha dont 350(1I hi d'amninagc-
Iesoitis hurnains ct pastoraux. Fn allongeant ]a mnens simples iehas-funds, 81)iha tie bas-fonds 
durne de pompage, on obtient leau d'arrosage amnhtiurtes et1260 ha -.* I'aval iebarrages. 
d'une units de 2 ha. les lorages ,tant LNesprLalahlc- ain:nagelilenls simples de has-fonds permet
ment &qoip&s de muvCns d'exIaure, I'eqiiipcment tent 1,5 t ha I diepaddy. Ils sont constitus de 
hydroagricole se linite Lion raccordement entre diguects en terrc en courbes tie niveau, munies i 
l'existant et hit I'intot d'on epi de derivation et Lie caniux deione Liirriguer. I.e Inode de distribu-
tion vare en fonction de lhcharge statique dispo- drainage, avcc ou sans deversoirs. 
nible en tate tie rLbseai. lCs cultures sont essenticl- ILes aninagments am6iours qui permettent de 
lenent maraicheres. tine lois dLtduitcs les charges pa%,,er Li2.5 thia I 2onportent lne digue en terre en 
lies 'Ilacampagne agricle., I manrge a ,at ie prilcipc insbilnersible. llscolmportent atissi un 
20000 F CFA hl ' en cultures vivribres tradition- d'versuir literil en tnasonnerie de maniere Li 
nelles et 8401)00 F CFA ha een niaraichiage ie former tne r~servc ie20 i140000 tl, de prises 
contre-saison, soit 520000 F CFA ha I par cam- d'eao Iti;alimentent des diguettes en courbes de 
pagnc. Si on impute Ice risultat, l'amortissenent niueau. cnfin ties losses cullecteurs de roissellement 
des investissements physiques et les interventions lateral. 
d'ingniicur et de form:,tion, soit 370000 F CFA A I'aval des barrages, i vocation initiale d'hy

-ha ' par campagne, ilreste tine marge nette (iC 	 dratiliLltIC agricole ct pastorale, on lait une rcolte 
150000 F CFA h'a-par campagne. 	 tieri/et ii maraichage iecuntrne-saison stir 15 i 21 

( de lasurface agricolc wile. L.erendeient en 
paddv est ticI'ordrc (ie4 i ha 

Mali les hesoins en can i laparcelle sont d'environ 
7000 tll I 15 50) in' ha d'hiverli I Ipour des ri/ 

Suivant one ttilde de 1985, les surfaces irrigutes nage et tiecontre-saison, 3500 m ha-l pour Ic 
cuuvrent 183000,lii e potentiel etant de 496000 haricot vert, II 000 til ha I pour Ia tomate. Pour 
ha, mais ils'agit surtout tiegrands amlnagements. ti rescau gravitair rgule par modules i masque 
On relve cependant 7698 ha de petits perimetres elavec &1&nments principaux revleWs, IEG est de 
existants ou en Ctours de realisation et 5262 proje- 0,8. elle cst de 0,7 i 0,8 i laparcelle suivant le type 
ts. Ces derniers coniprenincnt 2090 ha existants t'irrigation. 
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Stir leplan des r~sultats financiers, on d~duit 
d'une dude du Comit& permanent intertats de 
lutte contre hi scheresse dans leSahel (CI1.SS) 
(1984) qI1'en passant d'un amdnagment iebas-
fonds simple, :itin anLnagient ame1ior& puis 'i un 
aval de barrage avec soul leri,lerevenu brut ,t 
l'hectare passait de 100 500 F CFA :i 167 500 F 
CFA. Le revenu net (coi'ts de production et rede-
vance hydroagricole d&duits) passait de II 451 F 
CFA "167250F(TAct 112 150F CFA,les charges 
nettes restant It I'Fat tlant dc 32650. 78000 ci 
145 000 F CF[A.amortissenent eientretien illbill-

rage excls. ]haque lois (tie Ie paysan pet fIlire 

Ltie culture miaraichdjre dc contitre-saisoln, soil
renCif 

s'aitdliore nettenment i(reenu net (C plus de 1300000 

F CFA ha I) ct il est en mesure d'assumer litou lit&
 
des charges.
 

Niger 

Fn 1985. les surfaces amtnages pour l'irrigation 

Iaielut (la
d'ensiron 10000 doni 5500 IadeIasieis 


classiques en bordture tin I leue. 3551) ha irrigu,.es
 
dcpitis tiesbariages dats lAder Ilottchi-Maggia
 
et 800(ha ali iIimnt& illC'lIorages plCrs d LaI'radi. 


.'tinces tineill&Its Piar ptilpage
tie peritne tres 

dans les nappes iti cutldi r&cCiitinnCiI. ('oniisIiin 

Lie parcellcs d'tilrigttion illd0pclltdalcs alimetlt&' 

ehactInc par Unl forat!C eqtlllp
diljItC pOmlpC d1cC-

triutU,sit surface tetic CS tie 512 1w. 


ILes iiilrmisrtlciutr,, cotpicintii :torages die 35 

Ina\ec ((hits de 1llit 22)1 ,c '. bs,sits Lie ,iockage 

ie650 In'. canltl\ Paritelicintot tes t ,.;IlintIttit-

liot par prises "tolt OilIIll" Cisillolls. l.a Col-
soinniat ion d'Caim no.clicnit ai parcelle cst ie 
12 500 in' halI :2500 finhla ,irsorglto ct4000 i Li 

hl I str coton en hicrnimage. 7(11) in, i1Ij stir 1l) ci 
II 50) i' lha I stir tonlate en contre-sa sion. I ."F(i 
ties r&seatixest de.9.I l'inlcnit&tcltir',ale tie 1.71. 

I.e rc\eniiu rit pr\it (ie.450 ii 500000 F.('FA 
ha I senible en fait nitoinls 1c\. ie)'ordre tie 
330000 F CFA. ICsiCiReIticitis Ctit pltis laibles. 
[es charges antielles inimputables anux pas,ans patr 
I'aminagenenni : ncrgic. clireteti des otilriges die 
base el Irseatix. tlllortissencnt des arlltres ci 
pollpes, traitenleits pih'ltsalnitaires. d~pllses ad-
tinistratives. s'd] \ct ii 2000)0 1:('A lii I 
Iains I'Ader l)oiichi .Maggia, ai p&rini'tre 

(i'lbohilnllale. l'eai est collcct&e derrirc till ba.r-
rage nunim ie delix d\ crsoirs. I.e rtseau td'irriga-

se fait par modules fimasque en tte des blocs. Sept 
cent qin/e hectiares ont ct,6quip~s et rLduits h611 
apris une rupture ripar~e--du barrage. L'ailu
vionnement de liretenue condanie Itculture tie 
cOtI-re-sai.ison. Restent en livcrnage lesorgho 
(5250) fi ha W'can depuis lcbarrage) et leCotoin 
(675) in' ha ).L.epilotage des irrigations se fait 'I 
partir d bhilan hy'drique. I.'IG dit riscau est de 
I'ordrc de 0.4. Les rendelrtents attcints sont, sui
vant lCscanipagnes. de 1,7 2,5 tcn coton, de 1,5 '1 
2,5 t en sorglo. soi reCIIt moven detill hrut 
210(O000 1:CTA ha i s clirgts dt'anwnagenent 
cilCt.Cs Sont dLe15(1110 F CA i I environ sans 

aiortissement. niprovisiot pont- reparation des 
cquipenlents hvdranlitLues. ni charges de cultures. 

Nord ('amerouln 

('it& icisurtout pour minioliie. ('irrigation Nycon
cerne 15 0011 hi IClong Lit) logone, inais en grands
pnl rlcs ticulture iniensikc, asse/ 0oigni's de la 
notion de p&rim tres \illacois. 

Conlparaison des cots 

11 ermtit sain diecomparer iciles oCois d'&tluipe
nli des diflerents specincns d'amnltagernents
 
nlll'Oll sp~cificit&
\ient dl'soqtuer, chalctin ayant sa 

et Soit histoire. On dl~l.seuleiltent (tie ces cotits
 
diiitintteit ltgelitlet si ol it title solution Igrc.
 
tine adleinodlestec lelrimnlr ci tine possibilit dc
 
participaliont pa\snine. Fncorc lut-il tenirccinpie,
 
horn t'c
,d'atdnhlgCalCIt . des deeSs concer-
It1t I'iitalliltit et l'&LtluipCineCni Liel'organisine 
e geCSction ctties exploiit . c es enSeS d'iil-IC t' 


lia"tlicittle gilrlilcs ikes aincIgi: ncil.
 
Illors tie gral(des sall cs. iechoix ICplus )rKquent 

sw place entre le barrag itLi Coilecte tiCseatX ie 
rttise)CinCent et ]e foragC LIi rCprCnd ties eaux 
illtres. line ctOMpaIraison (iCsLieux soltiittios aI
 
't cittdic \er,,s1980 )ilucta ei
- parle I11:11 
Iletitinoir 1980). 1 e cCtidilIll'd'eall souterraine 
icIt ICorage. Soitl .qtiiciln1t ci ICiinteriel ie 

pollipage. tentait cotolpc des dttees d'anlortissc
ilell el ies CI
(iPCtIlsS ,ergtiqts. (n af don11e 

conilpa Ic lcoit du in' loitnli Par tiCsharrayes 
contis iilt Burkina Faso en supposant pour ceuix
ci tillanitlriss~etlnt sir 3)1arts. a\ec tilltaUx d'in-
Iri( dutcapital tie8CI . ()tI inclus lescooits dentre

lion est gravitlire. Iesnaux res s.' tilultiolll tien ties Oil\ rageileC IeCOt'ii dI in' fourni pilltill
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ensemble de forages fournissant glohalement le 
m~me volume utile, avant une profondeur moyenne 
de 50m, und~bit de 10 m3j-1,unedur~edeviede 20 
ans et quip& en pompe aImain (done sans cofits 
d' nergie). 

On concluait que lasolution forage &tait plus 
avantageuse pour les volumes annuels ncessaires 
de 20 000 m3 au plus, donc pour de petits pbrim-
tres villageois tels qn'on les rencontre au Burkina 
Faso. 

Cette conclusion West qu'indicative. Les diffW-
rents l&ments de cofits ne variant pas identique-
ment dans letemps et litoi il v a dpenses d'6ner-
gie, celles-ci sont trbs variables suivant letype d'irri-
gation. 

Mise en oeuvre des ressources en eau 
et recherche :Situation actuelle 

Le d(veloppement de la maitrise de l'eau pour 
l'usage agricole s'appuie stir les acquis de lia 
recherche. Nous ICs Vqtclerons ai nivea d'abord 
de la connaissance de Ia ressource. Sont asset bien 
connus les pluies annuellcs, lesisohytes des pluies 
mensuelles, Ics pluies journaliires de frquence 
rare (10 et 100 ans). les pluies infricures -i 24 pour 
des durtes de retourjisqu'i 20 ans.Concernant les 
eaux souterraines. outre lostravaux citSs, chaque 
forage nouveau constitue une occasion d'amiora-
tion des connaissances. II faut souligner par ail-
leurs title, si les r~sultats sont plus al,(atoires stir 
socle, l'analyse systLtm atiquc de l'environnement 
morphologiqtie et gMogit~lc y.a pcrmis t'identi-
fier les facteurs liSsLil'obtention dc dbits ,devs. 
En cc qui concerne les eaux de surface, les observa-
tions poursuiics coipltent lesacquis. I'intL,.i 
de ces donn~cs est leur insertion dans tine d&-
marche de diffusion des syst~nes de cultures per-
mettant une valorisation optinale de I'can, comptc 
tenu des contraintcs du milieti. Ceci suppose des 
etudes thmatiques d'une part. des Ltudes concer-
nant les systlimes de eultures cttie production d'au-
Ire part. 

Eludes thimaliques 

Mesure, enregistrement, interpretation des para
mitres climatiques. Le fichier climatologiquc se 
complktedc ttudes syst.matiques de fr quence et de 

probabilit& de pluies d'int&rt local, qui d~bou
chent sur une meilleure dMfinition des potentialit~s 
hydroagricoles. La mise au point d'un modle de 
simulation de bilan hydrique des cultures donne un 
outil permettant d'effectuer tn zonage agropedo
climatique. l'optimisation des choix agronomiques 
en fonction de l'eau disponible, Iaproposition d'un 
programme d'irrigation de base et I'identification 
des facteurs de risque lis iI l'irrigation. 

Caract~isation hydrique et hydrodynamique des 
sols. Une mnthode aI tt mise flupoint pour la 
mesure au champ des stocks et flux d'eau dans le 
sol qui permet lacaract&risation hydrique et hydro
dynamique des sols, Ia dfinition de leur aptitude h 
l'irrigation et tin suivi pernanent. 

L'&tude du hilan hydrique a permis de montrer 
sur diffrents types de sol que lcnon travail du sol 
ne permet pits d'atteindre Iacapacite an champ et 
que lereservoir sol n'est jaiais rempli. 

Evapotranspiration et besoins en eau des cultures. 
Une mthode a ttmise au point de ddfinition de 
ces bcsoins pour les principales cultures vivrikres, 
par Iadktermination, au long des cycles v~g~tatifs 
dit"coefficient cultural k (I)oorcnbos etPruitt 
1975). 

Recherche de variitis iihaul potentiel ripondant i 
I'irrigation. : Pour les principales cultures vivri
eres, des varibts ilhaut potentiel rpondant aiI'ir
rigation sont disponlibles. 

Modes etparaiitrcs d'irrigation. Des exp rien
ces ont en liciu en vue de tester et diffuser en milieu 
paysan des mat&iels dWirrigation adapts an dave
loppement de lipetite hydranlique dans cc milieu. 

Irrigation el nergie. l)cs recherches ont t& 
entreprises en ue de I'utilisation nergetique des 
ressources du milieu (soleil, vent, biomasse) et des 
rsultats obtenus dans le domainc de libiomasse. 
Un crticau d'utilisation aLt dfini :petits pLrimn
tres riticoles tIe 20 Li40 ha pour les gazognes, 
petits primtres maraichers de 511I0ha en associ
ation agriculture levage. 

Les systmes de culture et de production 

Les r~sultats obtenus en stations doivent tre 
localement adapts, llsconstituent un r~frentiel 
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technique important qui de fat'on g~nrrale permet : 
" la dMternination des cultures et des, iri~tL's les 

mieux adapt es localement; 
* 	 l'&tablissement pr&cis di meilleur itin&raire tech-

nique pour chaque culture: 
" 	 I'enregistrement pr&cis des temps ie travaux 

pour chaque operation culturale; 
* 	 la proposition des variantes tie rotation. 

Ce rffreiltiel a servi tie base i tine &tide compa-
ree des svstemes ie culture periettant la valorisa-
tion des disponibilit s en eau, done d'appr&ier 
I'inttr~t des cultures irrigucs des points de vue de 
leur rentabilit& fininci.rc, de la valorisation des 
ressource en eau et de It valorisation de lia main 
d'oeuvre. 

Mise en oeuvre des ressources en eau 

et recherche : Perspectives 


ce 
il importe dc potirsuivre rapidiement l'araivse ties 
aptitudes a.iti ruissellement et lia vrification locale 
ie ha recharge des nappes. Pour Ce ti est tie lit 
recherche aIx plans tie li ColleCe des eaux cl de 
letir titilisation rentable, on retiendra Cini axes tie 
travail 

FE'n qui concercne Lit connaissance des ressources, 

l)ieiloppenient de la microirrigation de compli-
ment contrealeatoire des plies. I.'analyse fr, 
tiucntielle ties ,' iCments pluviMoiItriques ct la 
siuitilation tit hilall hydriiue peilettent en till 
endroit donnli li controntation statistique ties dis-
ponihilits hydriqtues ac les hesoins en ca.t des 
Cultures, d'ou oin &duit tine optimisation des irri-
gations pour la sMitrisation ties productions. Sot 
apoursuivre iicci efiet d'ti rence les statisttilies tie 
pluiCs ie 5 iours ct 10 jours, la cartographic ie 
ITTP Penman et tie I'Yv6aporation Bac A et lI 
validation locale ties coefficielts Ctilturaix. l.cs 
niotieles existants de simulation ie hilan hydrique 
p,)urroni tie anmliors en y inttgriant les corrpo-
slintes tCchnitilleS cllttirales cl ell diinissant tine 
mtithode tie diagnostic an cliamp ct err icrps reel. 
Cette dtimarche toilt &trecolpletcr par tine opti-
rnisation de I'efficience ties ressources en eati qui 
semble difficile I atcindre avec les s'stlnrcs t'irri-
gation gravitaire mis cn oeivre. 11est done urgent 
d'anialyser en vraie grandeuriainsi qlien en milieti 
paysan les contraintes techniques. economiques et 
organisationnclles de niouvelles techniques (asper-

sion, rampe pivotante ou i avancement frontal). 

Mise au point en milieu paysan de techniques de 
petite hydraulique. La valorisation des ressour
ces hydriques dispers~es deniande un dveloppe
ment tie la petite hydraulique en milieu paysan. En 
polVculture, un "panachage"des systmes d'irriga
tion permettra la rbalisation de Ieau et de la force 
de travail : irrigation localiste ou par goutte h 
goute, pair aspersion, gravitaire awec tuyaux A 
vanettes. Cctte inroduction s'accompagne d'un 
effort d'amlioration tie la realisation ties ouvrages 
dans certaines /ones (sables fins par exemple) et 
des moyens de pompage, les contraintes imposees 

tant line techlologie simple, tine fiabilit maxi
muim et tine maintenance r~iuite (ct facilities par
tine normalisation des pi;ces). L.es pompes ianu

liles actuelles d'hydratilique villageoise sont i 
adapter poti; ties d,,hits tie 3-5 mlitI : au tielii les 
travilx sont :i potirsiiivre stir I'utilisation des ner
gics renouvelables. Une recherche est menerr 
&galcirrcni stir li'anlorition ties nloyens tie stock
age ties eaux tie surfac,. 

I)s projets pilotes sont i pri3voir rapidement, 
tui iient tine dimension ct tine localisation sigit
ficatives. Cietc localisation doit tenir compte ties 
potentialitts dt milieu physiutie, des caractris
t tiques tie 'agrictlhture. tie I'orgarnisation sociale ties 
rncnages et de Il production et de l'environnment 
&Conomilque. 

Mise en valeur agricole des aimnargeients hydro
agricoles classiques. II n' a Pits ie solution iden
tique applicable it totilt projet. L+importance et la
 
diversil ties rsultats disponibles (technilques cul
turalCs. afri~t s, i(thItIdes et teClniqtues d'irriga
tion) font title dans Cha.lqte cS., tin ensemble de
 
sotlutions techniques petit trc propos& aux pay
saIs pour qu'ils &dahorenteux-fnimes letirs nou
caux syst ismcs de productirIon l.'action de la
 

recherche est indispensable pour les assister, rdfl.
lir Stil le'voltion :1long rerine ct prevcnir des
 

effet, secondaires ie l'irrigation. 
ILes thincs dont devra s'oCCiper li recherche 

seront orientes rs [le ronic ie I'cau : ainliora
tion des dispositifs tie rIgiulation ct distribution 
connaissance tuit ruissellement sur les ptrimLtrcs ct 
analyse tie l'intrt d'une rutipration d'eau iI 
I'aval de ceux-ci, misc ati point tie revterent co
rionilique pour ics caarUx. Ces preoccupations 
hyd rauliq ties ien exclueront pas d'autres telles 
tlute la lutte contre les parasites et les maladies des 
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v~g~taux qui connaissent tin dveloppeinent sp&ci-
fique sous irrigation, l'ajustement aux diffrents 
sols de varits r~pondant globalement bien iI l'ir-
rigation, lirecherche de varit~s r'sistant mieux au 
froid pour certafines cultures tie contre-saison. lit 
aussi I'intrt technique et I'impact potentiel des 
innovations en milieu paysan devra tre test avant 
diffusion i grande Mcielle. 

Mise en valeur des bassins versants etdes has-
fonds. On doit renforcer ls programmes pilotes 
de difense etde restauration des sols quLiont pour 
objet d'am, iorer lebilan hydrique an niveau de lhi 
parcelle et 'i celui du bassin \0-rsant. Ces pro-
grammes devront permetitre limise i point tie 
techniques d'am.thlagcelnet tc tie syst nLes de cul-
lure qii conduiront itrKduire I'L'rosion par limiii-
trise titi ruisslleecient, anludiorer l'infiltration ai 
niveat de hit parcelle cuhi,',e., ,;,ocker :c:;caux dc 
rLissellelcnt prclahlciienl nlaitris's eicanali-
sees, r~ttiliser les caux sto~ckes en p&iodc d'ali-
mentation hydrique d,2ficitaire. 
11V atira en corollaire idelopper Ic plus t6t 

possible :tine recherche stir hi limitation dans les 
bassins ticstockage ctatircs riscrolirs des pertes 
pir &vaporation. lcphnonunc conduisant itdes 
sti rd imncsionnemienis d'oiivriigcS done a1de;ure-
couts. Iaecent scra mis nilremnt stir li collete 
pnoi: 'es reeherchcs cttechnologies thnsdiltlntres 
portie,* d etles r 
partie II onde. 

Fn cc qti concerne ls hi,,-Itds, Ic programme 
ti'act ~ion. OW qt lite aiti leonit, (hills"titeo IC ii 
de lari/icuture compoitera t es qiie possible tiie 
caractrisation hsdrologiqtue ctmorphop&hologi-

(tiLc des has-fonds ainsi qtte I',tudc ctlht anmis 
point d'annagniints t.pes siiiplcs. Ceci sera 
accOnIpagnl, tie recheliCCs valiLtalcs e tie ntise an 
point tic syst mes de ciltures. 

Strat -gie d'aide it lidcision it partir de I'outil 

Igru.hut sonhaitableLe global 
est tic banaliser I'milisation agricole ties rclc ,.se 
agrtiiuietortilogitics, l.a titIiarclicu ial. 

ncessitera notainment Ic /oliagclgropetioclitlla-

tiqiic ainsi qiic tics aCtiOns tic IrcuCertlIC c s'-
riniclitatiol puturtestercie tjtaniitlilt ifllincetic, 
techniques culturales stii I'nilioraiii tii bihan 

hvdriique. [ile de\rait aboulit en patticticr :itine 

connaissance des sols dans Icurs relations avec 
i'eau (caractisation par lit cartoreser\,e utile), tie 

graphier et de completer cette connaissance.
 

Conclusion 

On soulignera l'importancc etIa varibt& des res
sources en eau existantes etponvani tre r&ctp&
rtes et ittilistes de iverses manires potr I'agricul
ture. I 'accent doit &tic mis sur leslimites techniques 
et coniomiqtics des &liiipcmenls habittiellenment 
uiilis,2sjusqu'.i prscnt pour I'utilisation ieI'eau, li 
nicessitt et I'importance tics trataVx tie recherche 
encOre LIexecuter. cl,tr 'ucatst abonlintrcll oli 
danic. son exploitation est onlrcuse, I'urgence 
elin d'unc meillettre perception des contraintes 
auxqUCiics cst souiis lepavsan. pour, d'abord, 
nmodulcr Iccoitint ticla irecherche en lonction de 
ces contrainics ci ensuitetimietix faire passer aIson 
niveau les resutats aCtitis. 
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Gestion conservatoire des eaux et de ia fertilite des sols dans
 
les paysages soudano-sahe'1iens de l'Afrique Occidentale
 

Eric Roosel
 

Rsunmi 

Depuisledbut dusicle,on observedanscette lone unedbgradation de la vcegtation. dusolet 
des ressources hYdrauliques. Cote degradation est en relation avec Iv dcveloppeinent de Ia 
population et sa concentrationen lone urbaine, avec l'extension des dtfrichtnentspourtliire 

iiee aux besoins en &nergieet en terres de culture. avec Iv surpituragedes parcours suite ) 
l'extensiondes troupeauxen pteriodeh nmide et ;ii rtdtetionties sni lacespJitura bles. L erosion 
temoigne du dts&uilibreentre Ia gestion du pa.vsage e.ses potentialit's. 

L 'analyse des rtsultats de trente anties tc recherche de 1Iinstitut lran','ais de reche,'ehe 
scientilhquc pour le dbeloppecient en t'ooptr.ttion(ORSTOAI)et du ( "entrede cooperation 
internationale en recherche agronotiniquepour /c dtvioppencnt ((IRAD)iontre que /V 
milieu est sensible ;i flnrgie du ventl e h t do rui.ssellenzent. I. 'intcnsitI pL de.s averses est 
largenent sup'rieure ;)iacapaciti d "inliltrationdes so/ls attant.s, in.stables et sol vent carenc s. 
Le coovert vr4,al.les techniques culturales t pernittantIapente sont les tprincipauxliteitur.s 

de rtduire Il rosion. L ,'anlIsedes projets d "Unenajencitctsantirosilt ahoutit gt~nraleinent 1 
un eonstatd pat'cqo 'on a aqrpliquc des nethodcs dtring,'rcs non adaiptesaux conditionsteie 

locales, trop eoiteuses, peu ellicaces el pen aCteeptablespar les paysans :on n'" observe ni 
I'entretien des dispositils par les hIcaIitiaires,ni l'extension en tache d'hile. 
L aeiur Propose one approche globale ("il'behele (i villae) et progressive (plan d 'amc

na, enitii str 0 ans)dc I mnc een d pay.Sage en roe d 'onegestion conservatoire de l'eau 
el de Ia Iertilit des sol.sct de I1tqoilibre dii* v.stine de production agro-seilvo-pastoral. II 
preconised 'aegnen icr/ 'nliltiation ci dedisperser I nvewgi des ca ux de ruisselletnentrtsidoelles 
par one seri ti tecthniquescultorales et de structures iolinposues de nie'rolrragespertllmables 
(connues dan.s lItradition afrieaine), I'intgraItion de / Ievage et do I 'agriculture (fourrage
litnier-attelagc),I 'lssotiaiiondes arbres :i ob~iectils multiplesstir ht one ciltive, le cloisonne
inentprogressil do pjYsage poor fiMner lonhotage .oitigl,. ent (it' coltort's intlnsiYes
 

nlecalni"s'es vt ]'anuf'nagenientdes has-tionds.
 
Les aninaeniitts seront kg'crtntent dilkrent. .slon Il' t*pe de cliniat et d population 

diser.sion de.s eaux e.xt'tentaires en milieu sodainien (plo ioinltrie..700 nit), absorption 
total en milie soudano-sat1)Hiene't'aptag' di ruissellenntpourl'irrigationd appointen zone 
sahllienne (pluvioniOtrie .,400 nun). Le traiteinentsiuiultan6 do INrosion olivnnv (rideaux 

d'arbres) de !l rosion en nappe et t'n ravine eide la dtgradation de ia fertilit des sols est 
indispensable pour rtablir 11quilibredu paysae. 

. I)irecteur de recherche, ORS"IOM, Montpellier, France. 

I(R ISA I( ResearcIt itheSerri-Arid lropics). 1X9. Soil, Crop, and Water Management Systems forInternationaI (rop,% Irstijiite for 
Rfained Agricuhrure in the Sudano-Sahelan Zone: proceedings of ain International Workshop, 7-Il Jan 1987. ICRISAT Sahelian 
Center, Niamey. Niger. Patancheiti, A.P.502 324, India:ICR}ISAI. 
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Abstract 

Soil and water conservation in the Sudano-Sahelian zone of West Africa: S'inec' the beginnii, 
of the -entrlllty. I tation., soil.antit ater iesoulces it this lone hatv deteriorated.As popula
tiols crew anlid 1t ratth't'tl/tIll' urestripptd to provide liretuodandiill b;ll 1leSt more lands it 

arable land. an1d exaInb!eI/ I
CIV'. c'C(ld to MiL'rIca/' Idlu.'e'l ranelands.lrosioi is the 
evidetnCe of lhe, inlbalant'' btM c the prc.etlll il/id p itV /; tI/eImlt.;llt m 

/ -ht' It 4ut30 v 4)INro.'/'.eal'h It )RSFMI/ !ilt] ( "IR. I) shot the extelt of 'rosion 
casled I.t tIn/d. rainl. at)d I I/t) ,1 I/ic uiiI..table ill/p) el/T.She)d .sol. Imt co slilitan in/iltration
cajllcitv to ab.so/b het iaI Stht arc ther/lot Ai,.t dll toItullolf Mla/ii litiCOrs i 'llurbineq 
eIOl i r ecci *01i4 i /i,,!prc ~'.1ad .4' 111emanaCinen t.

PrIt''/L.VIS i '/)t4tl eN'rou / c o tenll t'li/cdbeca'/ult Iletlclhod.s bolllt 'd Imitt oti'l re£,ivihs 
u ('c It fit d tellteitie h a/c) 41)41)1i . cithT'rliiCI* tea.S4/oIN0 cI ).Nt. /)t Ct-l/iciit' . i)''Ccptabil
it 	 to4the trl/e'..
 

li lt Jit ci ' lot.e.'.i
o I t1)'c/ln iI'/i lt hi tI.Scape iiia nagetent ba.sed on) the 
c'ol/>rl t/iI l iiiilliter 41)4j' feIrtn/il .d aIba/alt'd. stnltii't/ .1L.ricutllCt' fit.st) pastur' 
prod iut/II S.%N4114. Ieh'.4- ' SL, bettel 4/.NCo,f I/iltI 4a t l i ' .1 '4 .%tc'll it ti/laec. the 
I're ii/))t!ioii Sl .4/j'.h I.Npci itc'Ib/' Ii) Iit ,/ilt. (Jl r,/iii mn/ul Al icIn pr.uLtiCe).'/lace .iiL t'Ill/-C'N 

il.tiad lc't/t I/, lilt .1 n e/iaui ,lt lpt.' IlI.SN 0i,, t'C 	 . i 14 t /ti /'l' l/)'/ d . 4'ofaI/l c' 41o-inllildll)I tWllltl/l 1111t /i I 'litt'lLslt t, mcc'm ll/ etd t'IIlltatl l, anill ( dllt' t] l Wlltll oft/t 	 bl~'IOl

tt n.s. /Mh [p' ,i a ci )il.C'l I ill 1 a naptt' pr -,t . II II In)1/1 /tIccd to )c' at/ap I t I4to ) cima tes 
atill/(I Mde) el4 i. . ,diI e1 I 'it! C4t lIt' 't c'\ey'.' Stil1 liall lt'1) l it/ t c II a hir illIt/c /( ( r il/l'I/ 

) 7 111)/)'./tl lt/'M l- i) 1 i/lic' /i/'itll1 )lic' (I aIiil/I 4 m t4l1 /t 'l Cilllo.i Ol/())m1). 'id' . t') i 

I) iid. s/tic'c'. .111d Clll.', c / /Ol( t.1/ it s,,il tti/it .111' C,.i Ni .. 'ISsc'fli4/ to silabil//c. t/' I/t/t'.Sc'apC'. 

IntrodtldiOll h tlttNC. etc.). I a 'eccIIrc'sc 111ls 14JILLquc ha
hit)4) Ia ll tI)* c'clC ICl Ic &'&Lei ilihrble eull' li.t
 

I)cpt.i, I 4,tIill)'CCN'1 . tI' I h' . 'h p ''CIUNi cll te)I 44t4)'.s 
 itI~ lat sc it. )II c 1l Ititehc > 1Il+N , tI c' ll t)lsolli ltilH1 
l Ia lNletilt'. t~tl> ' 0 t ilItl)4 !'¢ il AtIllc t'\W1'I PC'\ IL dC' tI hrC'424LC5. fllk.ult .. ItantLiaIc 19S5,
I)It )fo )It IC(It ~i, ' I S'C Stt I I II It )-1,1 l t 	

I I 
11N d' I rI.\I t ' )cl'\\ JtlllC 19)73 . IC I 10 Il~ I 1tk 79t) larchal 198'.3). 

O 	 itlL lil).44 tIt' 1li'i ' c 1l, \CCtJI'. I I i1') it' t I (ldiSi .i I .4 'CC cLTC tI4..41 4tli'01 tLC c hI ,I llC t 1i1 Nht.t'C 
Il ll 'illtI L', C 14)14 tit' "I Ai1))Ii'Lt ti'Cl t Ill'. , Lit.'-" ONIi ,,,ItIClt' a l '. iL lti I Lilt'rcli\'' 4 c 1 lCII' j'll'44. &CCOdiIIN 
I 	 .cillOll. l 1cII . i' . '.CIllC I tl c'''.li' .t(i 'H" il- .OIitCIC'L C' c +CN t h lt 'c'. tlt\c.l II des I ll\ Lci'14t .sl

llliI Clcll' .tlt)l tli IUissc c it C Ill. I l IIi' tIC ll i C 'Cll tt' 141i 'c'sI 	 .l- ctdI'N . tlt C >l1 i ' cn Ii.a t 3),
 
\u l'NIl tl lc 'CHlt t I 't ''.'Illc.4ll ' 1'") . c
.l 	 tli'.L'htL- ll cI/ I uo'-. It)t5,,5 I I It SO). I'C\I.. 1C." 
I 1\ I C'IiN. 'l1NC1 (illLi\ It''l I lt"i)t4 I I h 1 t'L1 \I''hIIN I Iiti'' lhi'ht , ill C l .iV'h,111il CHt C1111lll; l killL'.1110 11 Lt ] IlllUIItt'[11111 ,,111 11 1 I , ll 

tic CClI c p 'ochi_IC' H i L-1 lh ' M\I totut,l-all lct;lill, tile_ ,l1lill\>t. ties 

( 'l t) '. Lt' el . ' *91 i 149'.IR 4-I I 44 ' i i \Ld h N 'l Nc I 	 I 1 C 41' N lf ., tic, I I'tlitcll lis IiN'lCci i's
it)re' ;I it)I i I l4 -ntli' t IvCCc'i &t-4i h Lti CIItIC. LL .I' t1',t'l\I t i 'I l i'1tc Nld 44I)Itc l ChI' t 'l"l t pLt11I' 1ii
)I11I++it 'l tt- II 1lL.' I' mli t!

tl'C\jl1[tltiIlOH IlM11l1.'C tIC"I A 
N, it" [[,il 111'HlC ( 11Cafl IC il l -t,¢hC i)ctI ItC Su12L' [&C Lui~ff ' . I :) 1-01l11Tht IC' s,';t11111 Nll Id I l M'1litLI C tt'atli i 	 clIcll des mlicro

' tit'\ C'l )JICIM-1' [)ill I At"t' I)'I MlCA lcS I IItLlCN Lie IM OIC Oil tie [+it.l'C, 
,I C"N t.'MtlNt' I+llIlIL'l 11.llCS ItsNI)l''[L-Nt.'ll C1 )-N')I1l tl h'+Zlltdt" c:llhcI bect+ . hilit', \1% ",. ILItC.MlX dl'ill Ill N,. 

I d1) t l N I 1 0lli I It I I I' k'll~11 t '!ll Ilt~lltll.N> tt Cll I!I t N IL',), litI I IIISMi IOit[ 2l ll IIttlt ItOCAlII0C. II Iflilllit.
hotlill I)Otll 1,1 t|title' 11tOlC1 h lltl Ile.', t*'rl-hI't. 	 IIt\ drnt I 	 I~ ~dtt'~ 'iOll L ;I- Itotll d CI I'alllih l altlol I NI &Ns h 

' Si l b I C) Ct S O Cti Ot C t C+ til0't t Ct ( . X I l~ l O l l tI t. ', t !- t i c s'>( R, ~) O N C I 1t 9 S i, I ) . 
I f-l e.tI I CIi CC., ,, Ct tnt. I l' tic NNtiut. hc Ah iab C1111.cll11- M lls It.', ploht'le.llit.s Lie. coll>Cl\altitln Lie I'Caut Ct 

l l \ t i t' ' N l l \ 1 t t l C ll l) C Il ei it 0 1 ll I't .Ott > l i I 1CC t \ t i e s t O k, l et. s otl t p l >, s,t ll t l l l etl d; l ll s It c c h t oix t i c 
.'lCS,. Si~pll ili!t. 1ItCtlt'tl1011 tit' 1;11 AI ~ll c , . ux Lit' IlII[]h des c'I~lacc .. IItlt Cl I'IC l1>'.llt'l iltdiIpttt'S MI 
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milieu physique (agres,;ivit, di climat, fragilit I des 
sols, topographie) et au milieu economiqte (moyens 
financiers, main-d'oeuvre disponible, rentabilit 
des amCnnagements): ilssont profondrments hu-
mains, enracinis dans les habitudes ancestrales 
(ex.travail intense duIsol C11i les Senoul'os, travail 
tr s superficiel chez les Mossi), lies aux relations 
entreagriculteurs sdcnt:-.ircs, ,cvCuis semi-nom-
des ct -III piOximit. LieII ville (conlmercialisation 
des produits et en partictlier du bois), 

])ans cetie note, oinprscntera rapideinent tin 
bilan dt 30 ans de rechlicchcs par le CIRAI) et 
I'OIZS'lOM stir lcroissellelent et I'&rosion dans III 
zone sot,dano-sahlietnne d'Afrique occidentale 
(S{ngal, Mali, Burkina Faso, Niger, nord l .in 
On analyserta cnsuite les catises ties &cllecs de bon 
ionibre de programmes classiLltlCs d'a,,enage nlentS 
antirosifs avant Lieproposer title itouvCllC strait&-
gic d'alnagerert partant des hesoits exprinlies 
par les pavsauS. Le I leCCSSite d'& 1 tilihier &e-dle 
loppetent tieI'agricuutire. e l'e1vagc etde i 
production lorcsti~rc et faisatit appel I diverses 
structures perviaiables ctpratittCs culturales bien 
coniues de i tradition paysann en 'LieLI'atigtlei-
tcrII capacit d'utilisation ies caux iesurface i 

I'&lhelle du terroir villageois. 

14 I,i " . 4 ,. 

\()I \K( i ll'ISI 

A-

-- I .... 


I I-,'I ''+ .1 Ii ......hI\P' )i 

Quelques rsultats de la recherche 

A lIFigure I on a situ les stations oilfurent 
cfleci ties des mesures ieruisselleruent et de I'&'o
sion (parcelles d'rosion, simulation de pinies on 
inicrobassins) on, des ,ttudcs sur l'cfficacit& des 
ainniagements autibrosils. Sir lefond g&ogra
phiqtC, on a raplorte cn oitre tone esquisse ieI 
repartition ieI'indicc d'agrcssivit Cliiuatique an
nel inoyen R ISA de Wischineicret Smith 1960) 
dilpl'S ine anlysi s dt neCs pt'viontriqties 
arrt'es en 1975 (avant hI fin des ann,:es s iehs). 

Le milieu soudano-sahiblien :fragile 
et diversifii& 

Sols cette appellation globalc. (oudet ( 1985) dis
tiiigtie I jtiste titte trois sois regions ecologiques 
les r&gions sahltn-soudanictine (plii de 30( i 600 
mnln, sotmdao-sht{liiine (pltic de 600 i 900 urn) 
et SOtidanIIo-gtiitntcine (piltiie de 900 a11200 trn). 

ILes precipitatins iuticlles d,,croisseit done de 
1200 i 300 iim Ners le Nord. uais cies out diilinu, 
Lie200 tiil en 111oVennie cos dix dernires annes. 
Les plies tombent en 3 it6 nitis aveetdes intensites 

it, 21j ?4 

"I,
 

IS, 

~-10
 

I ff'f I . 
I 

\ \, \
 

,I 401f1 IfI-

Figure I. [sqUi%% de III riartiliol ie I'in(ic d'agressisit cliatiquc aue! moven (i USA de Wisc',-
Heier) ellAfrique tie l'Ouest ei du (etre. Situation des plarcelle, el ils de lecherche-l)iveloppernent 
(Roose 1976h). 
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trbs lev es (55 h 80 mm h-I pendant 30 minutes) en 
comparaison avec la faible capacit& d'infiltration 
des sols battants. Les aversesjournalibrcs atteign-
ent 60 t 75mm tous les ans, 120 mm tous les 10 ans 
et 150 mm tous les 50 ans (Brunet-Moret 1963). 
L'indiced'&rosivit des pluies"RUSA"diminuede 
500 3.200 'smesure qu'on se rapproche du Sahel 
(Roose 1976b, 1978 et 1980) (Fig. I). 

Les paysages les plus fr<quents sur granite et sur 
gras (Tab. 1)sont formns d'un plateau cuirass&plus 
ou moins vaste, d'un court &boulis de blocs, d'un 
long glacis gravillonnaire recouvert d'un voile 
sablo-limoneux de plus en plus Lpais. d'un bour-
relet de berge et du lit mineur souvent encaiss&. l.a 
majorit des pentes sont faibles (0 i 3) mais tr~s 
longues. Ils peuvent trc envahis par des dunes plus 
ou moins anciennes oil C.trcplus raides sur roches 
basiques. 

l.es sols ferrugincux tropicaux plus ou moins 
lessiv~s et hydronlorphes en prolon0deur et les sols 
bruns plus ou m1ois hvd iromorplies oillertiqICs 
des bas de pente sont pauvres chimiquement (car-
ences NP, parlois K, pl! 6 -14) Ct de structure 
instable (pet de maicres orgaliqitel. beuIttcoup dIe 

Tableai 1. Amninagemenl tpt'en milieu soudano-s.!."Ien. 

ItCaieIi Talus Glacis Glacis 

limons et sables fins). M s qu'ils sont d~nud~s, ilse 
forme en surface une crofte (de battance ou de 
sdimentation) trs peu permniable (moins de 10 
mm h-1). Aprbs quelques ann~es de cultures (coton, 
arachide, niebe, ou divers haricots alternant avec 
.iorgho, ma's, mil, fonio) avec labour et deux 
sarclo-buttages par an exbcut~s avec latraction 
animale, ilse formevers 12-15cm unediscontinui
t¢peu p+nbtrablc aux racines (compacit , pH, car
ence oti toxicitV?). Le p doclimat est donc beau
coup plus sec encore pour les cultures. Lesjachres 
sont en voie de disparition, trop courtes et surpatu
roes pour rbg(ntrer efficacement la fertilit& des 
sols. 

L.es cultures laissent trbs peu de r+sidus. Les tiges 
de cotonnier sont brfl+es: les fanes d'arachide et 
autres tigurnineuses sont utilis(es comme four
rage. Les feuilles de ctrLales sont brouttes stir place 
ctles tiges restantes itilis es pour quelques travaux 
artisanaux ott briles. 

lLa vtgctation, tine savane arbore assez dense t 
I'origine, a t't serieusement dbgrade ces dernibres 
annbcs du fait de l'extcnsion des cultures, du ruis
sellement et dc la baisse de nivcau des nappes, des 

Bas-fond 
ctiirass t uhtilis gra\ illon. Sahlb-Iimtnneiix limono-argileux 

Sysi.lle de plhdOctitll 

rradit. tircur extensit .uilttircs cer-ales en see Fourrages de contre-saison 
Amitor :relrestatiin, d1else, (,r ales - conoil on archide .lardins potagers 

ailhustes tourragers Ri,iires, Vergers 

A n-Inagele11 

Roimutge pour augmnenter l'infilration I)iguettes ctlosses de diversion II seau d'irrigation

Bariages collinaires etdemi IhmiCs po Ur Fxitoires aitnagts po Ur 6vactier le R seau de drainage
 
lehMtal ruissellement
 

lExutoire :murettes en Iiierres
 

Suggestions 

Rcforestatin par enrichissement en Agroforesterie 

fourragers etfrutiiers )iversificatin 


+'ultures associCes 

i SCgmentation dII versant par 


l.ignes de cailloux * litire
de cordons de pierres, Iaies vives. 
branchages arbres ii Laible densit et 'Iobjectifs 

lmnpluivium +citerne familiale multiples
 
Mise en d,2fens pfriodique Augmenter 'infiltration par gcstin


des mat. organiques, travail du sol en 

Rizires + Fourrages 
contresaison 

Jardins (potagers, vergers) 
Microbarrages, Gabions en 

cascades 

sec, hilhmnage cloiso nlel 
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6normes besoins en bois de feu et du surp~iturage. 
Les troupeaux se sont beaucoup d~veloppbs durant 
les ann~es humides dans tout le Sahel; aussi durant 
ia p~riode s/che, la biomasse produite en diminu-
tion, n'arrive plus h nourrir i la fois les troupeaux 
du village et les troupeaux transhumant du Sahel 
vers des zones plus humides (Hallamm et Van 
Campen 1985, Bus 1985, Quilfen et Milleville 
1983). 

Perception par les villageois 

de la degradation d'un terroir 


et strategies d'adaptation 


L'exemple sch~matis& au Tableau 2 est issu d'une 
enqute aupr~s d'une quarantaine de cultiva-
teurs/&leveurs Bambara du village de Kaniko situ6 
A 25 km de Koutiala (Mali) dans une zone dense-

ment peuplke, de production cotonni~re intense oi 
l'1nstitut d '&conomie rurale (IER, Bamako) et l'n
stitut royal des regions tropicales (IRRT, Amster
dam) collaborent dans un projet de recherche-d6
veloppement int~gr6 (y compris la conservation 
des sols) avec la Compagnie malienne des textiles 
(CMDT) (Roose 1985a, Kleene et Vierstra 1985). 

Faceitlapouss~ed~mo,..,aphique(lapopulation 
double en 25 ans) et A la degradation du milieu, 
quatre strategies sont mises en oeuvre plus ou 
moins successivement : 
I. 	 L'extension des cultures: la m~canisation gritce 

itla traction animale a permis I'extension des 
surfaces cultiv~es et une meilleure maitrise des 

adventices. Cependant on constate aujourd'hui 
que la majorit des bonnes terres sont d~ji cul
tiv~es et qu'avec I'augmentation de la dure de 
culture et le d~frichement des terres plus 
fragiles, on aboutit rapidement h une augmen
tation des probl:mes de dgradation de la ferti-

Tableau 2. Perception par les villageois de Kaniko, situi A25 km de Koutiala au Mali de Is digradation d'un terroir 
(+40 ans). 

Vers 1940 souvenir Vers I'an 2000 
Epoque source (±mythiques) Observations en 1984 Extrapolations 

Pluies 900 mm 650 mm 900 mm 

Vgtation Savane arbor~e dense Savanne arbustive Sols nus cultiv~s ou surp.itur6s 

Cueillette Fruits sauvages, poisson, Quelques vergers disparus/ Vergers en extension pisciculture 
gibier, Bois Hlevage se rar~fient pros Elevage, plantation d'arbre 

des villages 

Terres Riches fertiles D~grad&es, ass&ch~es Erod~es ou restaur es 

Jach re Longue Courte ou nulle Nulle 

Rivi re Permanente 6 mois sec, creusement puits Les puits s'ass~chent sauf plant 
am6nagement (barrages, 
diguettes d'infiltration) 

Population 200 habitants 1020 + 1600 au rythme actuel (3%) 

B6tail 50 bovins > 80 bovins En croissance 
> 800 ovins, caprins Limit6 par manque de 
+ les transhumants fourrage en saison sbche 

Surface cultiv&e 1-3 ha 5 At20 ha si traction 20 ha si motorisation 
par Unit6 paysanne animale 

Syst me Culture itinrante extensif Semi-intensif d6s6quilibr6 : Extension limit6e, Intensi
6quilibr6 si <25 hab. km- 616ments nutritifs, matire fication 

organique, fourrage-bois Diversification + Migration + 
chauffe longue 
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lit&des sols, de ruissellement et d'&rosion. 
2. 	 L' migration :solution tr~s largement utilis6e 

dans le Sahel pour mieux rentabiliser le travail 
soit durant la saison s~che, soit pendant des 
p~riodes plus longues. Mais cette strategie 
aboutit i vider le pays de ses forces vives. Ceci 
constitue une limite sup~rieure Al'extension et it 
l'entretien des dispositifs antirosifs dans le 
Sahel (Marchal 1983). 

3. 	 L'intensification :pour les paysans, il s'agissait 
jusqu'ici de raccourcir la jachre et d'amnnager 
en rizibre les bas-fonds (lieu de concentration 
des eaux, des 61lments nutritifs et des mati res 
organiques) traditionnellement utilis~s pour la 
production fourragire en saison siche. 

11faudrait dor~navant quilibrer les exporta-
tions par des apports d'W1ments nutritifs orga-
niques et min raux, grer au mieux les matikrcs 
organiques, maitriser la densit&et lapr&cocit& 
des semis, am~liorer la disponibilit en eau par 
l'irrigation, forcer toutes les caux pluviales i 
s'infiltrer "Rain Farming", ou m me capter le 
ruissellement venant d'amont pour assurer une 
irrigation d'appoint "Runoff Farming". 

4. 	 La diversification :pour faire face aux risqucs 

clima:iques (s~cheresse A un moment crucial), 

aux risques 6coiomiques (effondrement des 

prix) et biologiques (maladies, insectes), la 
diversification des productions permet d'am&-
liorer la stabilit des revenus. Le coton et I'ara-
chide ne sont pas les seules cultures rentables. 
Les vergers, les cultures lgumires ou fourrag -
res, 1'61evage, lecommerce du bois et I'artisanat 
assurent des rentries substantielles. 

Les besoins en bois de feu (0,5 M3 h2- an-
soit I / 3 du budget des families AOuagadougou) 
croissent paralllement i la population. Or, la 
production des for~ts naturelles est trs faibles 
(0,1 i 0,5 m3 ha- an-'). Pour augmenter cette 
production, il faudrait am6liorer la gestion des 
for~ts existantes (taillis Acycle court et enrichis-
sement) et associer les arbres (en ligne i faible 
densit&) aux cultures dans les bonnes terres 
pour aboutir A.un bocage iAproduction diversi-
fi~e (Banque Mondiale 1985, Bertrand 1985, 
Goudet 1985). 

L'O1evage, une fois le problkme de la divaga-
tion du b6tail rigl&, a un r6le important itjouer 
dans le developpement rural (traction, fumier, 

valorisation des r~sidus). 

La solution aux ?,roblmes d 'rosion ne passe 


done pas uniquement par la sd1ection des struc-

tures (DMfense et restauration des sols-DRS) les 
plus efficaces, mais aussi par I'6quilibre du syst~me 
de production agro-sylvo-pastorale et par la levee 
de contraintessocio-conomique(Lovejoyet Nap
ier1986). 

Les types d'rosion les plus frequents 
et leurs causes 

Ces paysages semi-arides sont sensibles h l'rosion 
6olienne, ainsi qu'A l'6rosion hydrique, mais Atdes 
dfgr~s divers. 

l'Arosion iolienne. Elle ne devient dangereuse 
que lorsque les prcipitations annuelles sont inf6
rieures ii600 mm,que lasaison scie dure plus de 
six 	mois, que les sols sont poudreux, riches en 
limons, en sables fins, mais pauvres en mati~res 
organiques et instables, lorsque la vig~tation est 
clairsemte et que les vents soufflent Aplus de 20km 
h- 1. 

On observe alors des brumes sbches (suspension 
de 	 mati~res organiques et min~rales fines), des 
vents de sable (qui d~truisent les jeunes semis) et 
des tourbillons (saltation et suspensions instables 
de sable fin), la formation de nappes de sables plus 
ou moins rid6es "ripple marks" et de petites dunes 
piL'g es dans lestouffes de v~g~tation basse. 1t 
existe tr s peu de recherches sur l'rosion olienne 
en Afrique occidentale, mais les mthodes de lutte 
sont bien connues et souvent semblables it celles 
utilisbes contre 1'&osion hydrique, i savoir aug
nenter la stabilit&et la rugosit du sol, &viterde 
pulvriser lelit de semence, couvrir lesol et rduire 
la vitesse du vent au sol par des haics et des arbres. 

L'rosionennappe. Elleprovientdel'6nergiedes 
gouttes de pluie qui d~truit les agrigats, forme une 
pellicule de battance tr~s peu permeable et pro
voque un ruissellement en na,'pe abondant 6volu
ant en griffes et ravines. Un' carte des indices 
annuels moyens d'rosivit6 de! pluies (R index de 
Wischmeier et Smith 1960) muntre que l'agressi
vita des pluies augmente rapidement des zones 
arides (R = 100 i 500) vers les zones tropicales 
humides (R = 500 itplus de 1500) mais qu'elle est 
d6jA consid6rable dans la zone soudano-sah61ienne 
(R = 200 A600). On y observe des averses violentes 
mais avec une fr6quence moindre qu'en zone tropi
cale humide; pourtant les manifestations d'rosion 

60 



y sont plus nombreuses qu'en zone humide oix le 
couvert v6g6tal est beaucoup plus rigoureux 
(couvrant). 

Le ravinement. Tant que les eaux ruissellent en 
fine couche sur l'ensemble de la surface du sol, leur 
vitesse est faible, ainsi que leur capacit de trans-
port et leur competence (taille max. des sediments 
charri s)car les forces de frottement Ala surface du 
sol sont 6normes. Mais ds que le ruissellement se 
concentre (foss&, billon, rupture de pente, etc.), et 
quel'eauprend delavitesse, son nergie(M xV2)/2 
devient capable d'arracher des particules, de creuser 
des rigoles qui, sans intervention, voluent en 
nappes ravinantes (dcapage d'une nappe de 5i 20 
cm de profondeur sur I At4 mtres de largeur), en 
ravines (sapement de berge, effondrement de tun-
nel ou simplement surcreusement du fond et &ro-
sion regressive). 

Le ravinement transporte beaucoup de sdi-
ments, diss~que les champs, coupe les routes et 
peut entrainer la dgradation de l1ensemble du 
paysage (badland ou ravinement g~n~ralis& ou 
rubine). 

A chaque cause de l'trosion correspondent des 
m~thodes de lutte diff rentes. 

Cause Traitement 

Energie du Vent Augmenter la rugosit6 du sol 
et du paysage (haies) 

Augmenter la stabilit du sol 
et le couvert v~gtal 

Energie des Couvrir le sol 
pluies Augmenter la stabilit&et la 

rugosit de la surface du sol 

Energie du Ralentir la vitesse du 
ruissellement ruissellement, donc la pente 

Diminuer le volume ruissel&et 
surtout les debits de pointe. 

Comme il y a tr s peu d' tudes en Afrique occi-
dentale sur I'6rosion &olienneet que les processus 
d'trosion en nappe sont i l'origine des processus de 
degradation et d'6rosion en ravines, nous attache- 
rons Ar~sumer les r~sultats de la recherche sur les 
facteurs qui permettent de modifier ['importance 
de l'6rosion potentielle en nappe et rigole i l'chelle 
du champ. 

Les facteurs modifiant I'irosion
 
en nappe potentielle (quantifi~e par
 

le facteur C)
 

Quatre facteurs modifient l'6rodibilit&d'une terre: 
le couvert v6g~tal associ& aux techniques cultu
rales, l'6rodibilit&du sol, la pente. 

Le couvert vigital-variation possible 
de I A 1/1000 du facteur C 

Le facteur C (Wischmeier et Smith 1960) diminue 
de I sur sol nu i I/ 1000 sous for~t et savane non 
d~grad&e, ou terre paillke i 80%; 1/100 sous 
prairie, savane claire pature non d~grades; 0.9 h 
0,01 sous diff~rentes cultures en fonction de leur 
dentsit&, date de semis; 0,2 it 0.8) sous coton, mil, 
sorgho, mais, arachide, ni~b&. 

C'est donc un moyen de lutte trs efficace que de 
couvrir le sol. I1est donc recommand de : 
0 planter t6t, trs dense quitte i &claircirplus tard 

en fonction des besoins en eau; 
0 ne d6fricher que les surfaces n~cessaires, inten

sifier et diversifier la production; 
0 fertiliser et gfrer les r sidus de culture et appor

ter du paillis, du fumier; 
0 associer des cultures dans le temps et dans Ies

pace : agroforesterie. 

Les techniques culturales conservatrices
variation 1 A 0,1 du facteur C 

Ce facteur a des interactions 6videntes avec le cou
vert v~g~tal, mais on peut proposer toute une srie 
de techniques culturales conservatoires adapt~es h 
diff&rents niveaux : 
0 	 Labour minimum avec r6sidus de culture ou 

paillage en surface avec pi ges de ruissellement 
et mati~res organiques attirant les termites (zai 
des Mossi sur glacis battant). 

* 	 Travail grossier (socs ou dents) + affinage loca
lis6 du lit de semence. 

0 Billonnage isohypse cloisonn& sur sol perm a
ble et pente faible (sols sableux) (Roose 1967). 

0 	 Planches isohypses avec r~seau de drainage vers 
une citerne (syst~me ICRISAT sur Vertisol en 
Inde). 

0 	 Travail du sol en sec : simple grattage i deux 
dents sur 15-20 cm apr~s rcolte sur glacis bat
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tant, labour de fin de cycle aprs r&olte (zone 
Soudano-guinenne) (Charreau 1969, Charreau 
et Fauck 1970), routage en courbe de niveau 
(40-60 cm) pour clater les horizons compacts 
sur terrains stables (Herblot 1985) (carapace 
ferrugineuse, crofite calcaire ou argileuse). 

Moyens de lutte 

* 	 Augmenter la stabilit des agrigats (mnatikres 
organiques, CaCO.I, R,10, travail du sol en sec). 

* 	 Augmenter la profondeur d'enracinement et la 
rugosit& de surface (mottes, billons, croissants, 
croissant associ& d pression--Zai). 

* 	 Gestion des matibres organiques (r~sidus, 
racines, fumier) et des Ikments nutritifs orga-
niques et minfraux. 

La pente topographique-vari. tion 
de 0,1 A5 du facteur C 

Lorsque le sol n'est pas totalement couvert, la 
pente est le facteur qui influence le plus l'brosion 

Forme. Les pentes convexes apportent plus de 
sediments A la rivikre que les pentes concaves oij 
l'on observe des pikgeages de sediments d('tach s 
d'o6i les sols colluviaux. 

Longueur. l.a longeur des pentes a en g~nfral 
peu d'effet sur le ruissellement et l'&rosion en nappe 
car les frottements sur les rugositis du sol emp&-
chent I'acclkration des nappes ruisselantes. Par 
contre, la masse du ruissellement concentr& en 
rigole peut s'accumuler le long d'une pente et avoir 
un impact exponentiel sur l'rosion lin~airc. 

Inclinaison. L'inclinaison du versant n'augmente 
pas toujours le ruissellement, lequel peut tre trbs 
fort sur des pentes faibles, par exemple sur les 
glacis battants (Roose 1967). Par contre la charge 
solide et l'6rosion augmentent de faqon exponen
tielle et I'exposant peut varier de 1,2 Aplus de 2si le 
sol est mal couvert (Roose 1980). 

Moyens de lutte 

* 	 Evacuer latralement les caux pluviales non 
infiltr~es pour &viter d'accumuler 1'6nergie du 

ruissellement (voir plus loin terrasses de 
diversion). 

9 	 Cloisonner le paysage pour freiner les eaux 
ruisselantes (obstacles perm~ables) et provo
quer une perte de charge et de competence des 
eaux. 

0 	 Rduire ]a pente, au moins localement, pour 
provoquer la sedimentation (voir plus loin les 
terrasses progressives). 

L'irodibilitides sols 

L'rodibilit6 d'un sol (k) depend de propri&ts 
analytiques des horizons superficiels (texture, 
matibres organiques, cations 6changeables, R20 3 
et de; caract~res morphologiques du profil (agr6
gation, capacit d'infiltration, discontinuit~s, 
hydromorphie) (Wischmeier et al. 1971, Roose 
1980). Les sols sont d'autant plus fragiles qu'ils 
sont riches en limons, sables fins, Na 6changeable 
ou hydromorphes, et d'autant plus r~sistants qu'ils 
sont coh&rents, stables, riches en argiles, en sables 
grossiers et cailloux, en calcaire actif et en fer et 
alumine libres (Tab. 3). 

Notons qu'iI n'existe pas encore de m~thode 
simple, rapide et fiable permettant aux p6dologues 
d'valuer la rLsistance des sols aux divers types 
d'&rosion (test de stabilit&structurale, de r&sistance 
au cisaillement par le ruissellement) surtout s'il 
s'agit de pr~voir leur evolution avec d~frichement 
et culture mcanise (perte de 50 % de Mati~re 
organique en 2ans, et de 50 it 90 %de leur capacit& 
d'infiltration). 

Moyens de lutte 

* 	 Augmenter la cohesion et la stabilitY des agr6
gats : ciments organiques, fer, gypse, CaCO 3, 
pH >5; 

0 	 Augmenter la profondeur de ['infiltration par 
sous solage en presence d'amendements. 

Strat gie classique 
de lutte antikrosive 

Mithode 

11s'agit g~n~ralement de combiner trois approches 
compl~mentaires 
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Tableau 3. Classification des sols frequents en zone soudano-saliIienne en fonction de leur irodibiliti croissante 
(Source :Fauck 1977, Roose 1980). 

Sols ferralitiques 
gravillonnaires argi-
leux et riches en fer Sols dunaires sableux Vertisols argileux 

S,)lN ferrugineux 
linioneux 

Sols solonis6s, sols 
arides limon eix 

poudreux 

El Nappe Ravine Event Ruissellement 
Ravinement 

Ruissellenient 
Nappe Ravine 

Rtissellement 
Nappe Ravine 

K2 0.01 0,20 

I. E = Erosion 
2.K= Erodibilit&du sol 

* 	 une definition du milieu physique : agressivit6 
des pluies, carte de stability gComorphologique, 
carte d'utilisation des terres et carte de con-
traintes et potentialit6s des terres (ex. les 8 
classes du Soil Survey USA): 

* 	 une definition des structures de mise en valeur 
et de protection : villages, routes, ponts, bar
rages, drains, terrasses et exutoires, etc.; 

* 	 unedefinition de l'utilisation nouvelle des terres, 
adaptation des cultures et des techniques cultu-
rales (Bennet 1939. FAO 1967, Hudson 1973, 
Heusch 1977, Kilian 1974, Roose 1978 et 1980). 

Exemple d'un am~nagement type en 
milieu soudano-sahdiien 

Au Tableau I sont prLsentcs les productions, les 
am~nagenents classiques et les suggestions d'am&(-
nagement acttelles en face de chaq ue segment de a 
topos quence classique en particulier dans la zone 
de Koutiala au Mali et de Ouahigouya au Burkina 
Faso. 

Analyse de cette approche technocratique 

Marchal (1979, 1983) a analys6 en dMail I'amL'-
nagement effectu& par le Groupement europen de 
restauration des sols) dans la region de Ouahi-
gouya (Burkina Faso). Ces projets proposent sou-
vent une approche technique int ressante et bien 
diversifi~e en fonction du milieu physique, mais ne 
tiennent pas assez compte des aspects socio-eco-
nomiques et de lh resistance du gestionnaire tradi-
tionnel de ces paysages face it ces nouvelles pro-
positions. 

0,10 0,05 0,30 

Cc genre de projet qui exige tin fort investisse
nient en sp&ialistes 6trangers, en mat~riel lourd et 
terrassement et en capitaux pour avoir un effet 
tnarquant sur tine surface significative en un court 
laps de temps, aboutit tris g~niralement I un chec 
pour les raisons suivantes 

Sur le plan humain. Les gcstionnaires tradition
nels se dcsint ressent de lIalutte anticrosive puis
qu'on leur dmontre qu'elle exige des moyens con
sidrablesdont ils nedisposent pas. Celasetraduit 
par une absence d'entretien des dispositifs, par tine 
absence d'extension, par tin abandon de ces terres i1 

I'Etat (qui aconsenti un investissement en vue de 
leur ani:nagemnent) ou mme par une tentative d
scsp&re de reappropriation des terres par la des
truction svst,.matique des anhnagemenis visibles. 

Sur le plan &conornique. L'amnagement clas
sique en terrasses oti digucttes dc diversion aboutit 
ii tine perte de 5 't 15%' de surface cultivable sans 
assurer une quelconque amlioration des rende
ments, ni dans l'immdiat, ni mme Along terme. 
Ces terrasses sont done real accept~es par les 
paysans. 

De plus ces projets sont co6teux (en hommes et 
en mat&riels) et sont tr~s rarement justifies par une 
culture rentable. Stocking et Peake (1985) ont Ai 
m me montr& qu'il &tait plus rentable de prot~ger 
les bonnes terres que de restaurer des terres margi
nales puisL'es. 

Ces projets seraient ventuellement justifiables 
s'ils servaient d'exemples indestructibles faisant 
t~iche d'huile. Or on n'observe gnbralement aucune 
extension spontane en milieu paysan: par ailleurs 
la dtr~e de vie des dispositifs est souvent trbs limni
tre (2 A6 ans) par manque d'entretien. 
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Sur le plan technique (Fig. 2). La m~thode clas-
sique consiste h 6vacuer vers des exutoires am&-
nag~s les excis d'eaux pluviales qui n'arrivent pas it 
s'infiltrer. Or cette m~thode exige une protection 
ant&rieure efficace des exutoires, l'entretien r~gu-
lier des foss~s et diguettes de diversion et l'absence 
de phlnom~nes importants d'&rosion entre les 
diguettes : hypotheses g~n&ralement non v~rifi~es 
en milieu paysan. De plus, les dispositifs sont 
dimensionn~s en vue d'bvacuer le ruissellement 
caus&par une pluie dcennale. Or les coefficients 

0 	l.'erosion est fonction de : 

l.pluie l'energie des pluies (constante tout lc long 
de la pente) 

E.ruis.: 1'&nergie du ruissellenient (qui croit avec la 
pente) :MV 2 

1: :- longuetlr)n , (pente) 1 

Re l usF .r l ie._. pe ntuis 


pnic 0.2l'in a 0.4((' 

... °.. . *....

IrIcollelients 

I. Necessite d'equipes de topographes experts. 
2. Important travail d'installation et d'cntretien, 

d'ofi gniraleinent : 
- digues non proteges 

- CnIIaU, s
cnlhirs de dilinents 

- exutoires non enherb&s. ni prtgis 

(surcreuses ou ensahics) 


3. Perte de 5 7i20(' de la surface cultive sans aug-
nientation de rendement. 

4. 	 Perte d'cau et Ihninents nutritils pour les champs 
cultiv~s en aval. 

de ruissellement sont mal connus et la pluie 1/20 
ou I/100 peut arriver demain. On constate en d&
finitive de nombreux d~bordements, destructions 
des diguettes et ravinements sur le versant qu'on 
voulait prot~ger et sur les exutoires qui reqoivent 
brutalement une masse considerable d'eau. Les 
paysans eux-mines ouvrent des brches dans les 
diguettes aux endroits o6 I'eau s'accumule et 
engorge les terres cultiv~es. 

A hi Figure 2 on peut voir les principes et les 
critiques de la m~thode des diguettes de diversion. 

l.es terrasses 

- peuvent vacuer l'energie du ruissellkment 
acCUiiulke 

- ne peuvent pas rlduire l'energie des pluies ni a 
dgradation du sol 

l)igue de diversion (H 30 ii 60 cm) 

5. 	l.'amtnnagement doit rompre siI advient une pluie 
de fr~qucnce infftieure i I 10 ans. 

6. 	 Variation de largeur des champs cultiv-s (mcan
isation difficile). 

7. Narr~te pas I'crosion en nippe ni la degradation. 
8. Iinalenient, risques graves tie ravinenient s'il N,a 

rupture des digucs (I lbis en 4 1110 ans). 
9. 	 Acclration du temps de concentration des caux 

(gros d(hits de pointe, erosion marigots et ravine
ment rtgressil). 

Figure 2. il{Ihode des fossis, diguettes ou terrasses de diversion. 
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Si celle-ci semble mal adapt~e aux conditions co-
logiques, socio4conomiques et humaines de I'Afri-
que, que peut-on proposer comme alternative? 

Strat gie nouvelle : la gestion 
conservatrice de reau et de la 

fertilite des sols 

Principes 

Le ruissellement et l' rosion tant consid&r~s 
comme des signes d'une gestion d~s~quilibrante du 
paysage, il s'agit avant tout d'&carter les pratiques 
les plus dgradantes, de favoriser les techniques 
am~liorantes et de dfinir un syst~me d'exploita-
tion permettant la gestion conservatrice des eaux 
disponibles et la fertilit des sols (Roose 1984). 

Cette nouvelle strat~gie s'appuie sur trois prin-
cipes : 
I. 	 Partir d'une enqu~te sur la perception du pro-

blrme par les paysans concern~s, ainsi que sur 
les types d'&rosion et leur extension dans le 
paysage. Choisir avec eux des mthodes con-
servatrices simples, adapt~es au milieu phy-
sique et au contexte &conomiquelocal; qu'ils 
puissent experimenter sur leurs champs, en 
6prouver les avantages imm~diats et les con-
traintes. Pr~voir un systbme souple, des possibi-
lit~s de correction aprs quelques ann~es et dont 
les b~n~ficiaires restent totalement maitres. De 
cette d~marche int&ractive entre les r&alit~s de 
terrains, les gestionnaires et les sptcialistes nait 
une confiance et une formation rciproque tr~s 
enrichissante. 

2. 	Choisir des dispositifs efficaces permettant 
d'6taler les eaux Ala surface d u sol, de les ralen-
tir, de disperser leur &nergie, de rtduire leur 
capacit de transport et leur comp tence, plut6t 
que de les concentrer aux exutoires. Nous 
proposons de cloisonner le paysage par des 
microbarrages perm~ables en vue de pifger les 
sediments et la majorit&des eaux pluviales sur le 
versant (Fig. 3). Ces structures serviront de base 
spatiale pour l'introduction des m~thodes d'in-
tensification de la culture et de I' levage. Ces 
m~thodes sont connues dans la tradition pay
sanne, observ~es dans quatre continents et ont 
fait leur preuve depuis des si~cles (Roose 1986a 
et b, Roose et Piot 1984). A la Figure 4 sont 
pr~sent~s trois exemples d'am:lioration de 'in-

filtration d'un sol colluvial limono sableux bat
tant situ&prs du Lac de BA M, environ 100 km 
au Nord de Ouagadougou. 
0 	 Le piochage superficiel du sol (B) a permis 

un gain d'infiltration de 46 mm par rapport 
au sol battant (A)mais aprs 100 millimitres 
de pluie sur cc sol assez peu stable, le ruissel
lement est devenu plus fort que sur sol trop
travaill&, lequel b~nfficie des macropores 

stables cr6s par la m~sofaune 
0 	 Le paillage sur un sol pioch&(C) retarde le 

d~marrage du ruissellement et maintient 
longtemps un bon niveau d'infiltration (de 
30 mm i-I). 

0 	 Le billonnage cloisonn& permet le stockage 
des 60 premiers millimitres de pluic. Mais en 
cas d'averse exceptionnelle (60 mm) ou de 
degradation des billons, les i.iux boueuses se 
d~versent d'un billon au suivant et provo
quent un ravinement qui peut tre dange
reux sur les pentes en absence d'entretien. Le 
taux final d'infiltration (26 mm h-1) est net
tement superieur a ceux des sols battants (4 A 
12 mm h-i). 

3. 	Etablir un plan d'am~nagement global asso
ciant les arbres, les cultures et l'levage ii 
l'chelle d'un bassin versant, d'un terroir ou 
d'une surface occup~e par une communaute 
paysanne. L'am~nagement doit Wtre progressif 
en fonction de l'&volution de la perception des 
paysans et dqs moyens disponibles. Dans cc 
plan s'inscrira l' volution dans le temps et dans 
l'espace de la maitrise par I'homme de son 
environnement. 

Exemples d'aminagements en cours 

Au Mali. Dans le cadre des recherches-d~vel
oppementdel'lERencollaborationavecl'IRRTet 
Ia CMDT dans les regions de Sikasso et Koutiala, 
les enquites et les discussions avec les groupements 
villageois ont fait ressortir les voeux des paysans 
concernant la lutte contre I'&rosion dans I'ordre 
suivant (Hallam et Van Campen 1985, Van Campen 
et Kebe 1986) 

Se protger des eaux ruisselant d'amont 
0 	 cordons de pierres, haies vives et bandes enher

bies sur le glacis gravillonnaire; 
0 	 exutoires stabilis~s tous les 400 m6tres, qui ser
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Microbarrages perm6ables aboutissent ii des terrasses progressives. 

- Cordons de pierres, de paille
 
- Bandes d'arr~t enherbees
 
- Hale vives
 
- Lignes d'arbres
 

Labour en courbe de niveau vers I'aval
 
- Erosion hydrique + Transport mtcanique
 

Labour 

Labour pierres 

• '"renforcant 

.~.- ,, 11l0 ans plus tard-4 

, Sens altcrne des techniques Talus enherb& 

4 .. ,9--- Cut rae 

Im 
I I ii 2 inl 20 ii 50 m I" 

Culture associze Bande culture principale
Taille des branches et racines 

* Processus 0 ,vantages 
Reduction de la vitesse du ruissellemnt par les bar- - La nature fait le travail 
rages permeables - Efficacit6 maintenue lers des fortes averses 

- Mise en place facile, sans spfcialiste topographe 
- depots de sediments grossiers +mat. organiques - Bon marchU, facile i entretenir, pas de place 
- augmentation de l'infiltration perdue 

- Les risques d'rosion diminuent avec le temps
Erosion m&canique par le travail du sol - Formation de terrasses horizontales 

-(I 1 10 1ha-' an I de terre deplacee) - )iversification de la production : bois, fourrage, 
fruit 

- Reptation lente du sol - Maitrise de I'&rosion &olienne 
- Accroissement des interactions biologiques racines, - Le ruissellement n'engorge pas I'amont et irrigue 

litii~rcs, mesofaune. I'aval 

Figure 3. Mithode des microbarrages permiables. 
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70

60-PneI 
Sol colluvial brun subaride Pente 1% 

E 50-

E 

S30

20- .. 

a-10- /- "" 

rA7 ...... 

0
10 20 30 40 50 60 70 80 90 100 110 120 130 140 

lemps (minutes) 

Coetf. ruiss. Ruiss. max. Infiltration 

(I (1m h-) (rm) 

A Sol nu, non travaillh hattaint 71 50 36 
B Sol nu. pioche sur 10 Cmnl 33,5 58 82 
C Sol nu piOch. paill, • 16 29 104 
D Sol nu pioch&. billonn&. cloisonn,: 22 36 97 

Figure 4. Evolution du ruissellement en function des traitements sous une averse simulie de 62 mm h-1 
pendant 2 hAlPouni, Burkina Faso. 

vent de chemin d'exploitation en saison des re- en complkment tous les25 m sur les parcelles, 
coltes : cordons de pierres en bande enherbbe; 
* 	 soit digue de protection en amont des blocs 0 techniques culturales en vue de I'am~lioration 

de culture (S noufos en milieu soudanien); de l'infiltration et de l'enracinement; 
* 	 soit cordons de pierres filtrants (Bambara et 0 grattage en sec, labour isohypse apri:s la lre 

Mossi si pluie 600 mm). pluic, buttage cloisonn&. 
0 soussolage tous les 4 ans, 

Se protbger contre leb~tail et les caux rejet&s par le 0 rotation (coton, c&rale, Ikgumineuse ou culture 
voisin fourragbre), fertilisation, pesticides, 
* 	 haies vives + arbres-piquets verts autour des 0 gestion des r~sidus de culture :paillage ou fu

exploitations. On notera les implications sur le mier pailleux, branchages de I6gumineuses de 
statut foncier des terres am~nag~es. brousse non app{t~es. 
Protger les parcelles cultiv{es contre lad~gra
dation de la fertilit& et de l'infiltration Am<nagement des bas-fonds 

* 	 haics vives + arbres entre parcelles (densit * digues en terre (H <2 m) avec exutoires lat6
finale 20 A40 arbres/ ha-'); raux revEtus de bloc de lat6rite :succession de 
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mares peu profondes (riz flottant) et dejardins 
potagers, 

" organisation du fond de vallke en un chapelet de 
casiers rizicoles h sec, maitrise du plan d'eau et 
du drainage, 

* 	 microbarrage en gabions pour effacer le lit 
mineur et transformer le fond de vallke en une 
succession de mares et, par sedimentation pro-
gressive, de terrasses avec cultures de contre-
saison (puits). 

Dans le Yatenga (nord-ouest du Burkina Faso). 
Les Mossi pr~f'erent commencer par organiser 
leurs parcelles individuelles (cordons de pierres ou 
diguettes en terre) souvent dispers~cs dans le pay-
sage avant d'amnager les zones communautaires 
(bas-fonds et parcours des hauts de versant) (Dugue 
1986, Faho 1986, Serpentie 1986, Reij 1983, lledu 
1986). Le ravinement des chemins d'exploitation et 
des exutoires fait aussi l'objet de tentatives plus ',u 
moins heureuses pour limiter les dbgits ou mnme 
pour rfcup~rer les eaux (petits scuils en blocs de 
lat~rite avec ailes isohypses sur les parcelles voi-
sines). Mais I'aspect le plus original r~side dans la 
capture du ruissellement issu d'un impluvium en 
tate de versant (2-5 ha) i l'aide d'une digue en demi 
lune pour stocker l'eat) pour le btail et pour l'irri-
gation d'appoint de quelques milliers de m 2 de 
culture prfcoce assurant la soudure. 

Dans le Sine Saloum (S~n~gal). Valet (1986) 
rapporte que l'effort principal du CIRAD et des 
paysans porte sur la plantation de lignes d'arbres 
(bandes cultiv~es sipar~es par des barrages perm-
ables), la mise au point de techniques culturales 
permettant d'infiltrer on apport d'eau ruisselant 
d'amont et la fixation des ravines (empierrage des 
tates de ravine et diffrents types de scuils en blocs 
de lat~rite ou de fascines vivantes). 

Dans les Vallies de Keita et de la Maggia (Niger). 
Les paysans ont demand& une aide pour maitriser 
les vents de sable qui dgradent les jeunes planta-
tions et pour fixer les kori, oueds qui modifient 
sans cesse I!ur lit. Birat et Galabert (1967) ont 
montr& qu', I'&chelle de champs, des m~thodes 
simples permettaient de riduire le ruissellement et 
d'am~liorer les rendements. 

Le projet CARE (Dennison 1986)a mis en place 
un r~seau de brise- vents (double rang de neem et 
divers acacias) distants de 100 m;tres qui cut pour 
effet d'am~liorer les rendements du mil d'environ 

15% malgr& une perte de surface cultivable du 
m~me ordre et de produire en outre une masse non 
n~gligeable de bois de feu et de feuilles (liti/re, 
fourrage, m~dicaments). 

Le projet de d~veloppement int gr&de la valise 
de Keita (FAO) (Grail 1986, Carucci et Cupers 
1986) intervient Aplusicurs niveaux pour r6pondre 
aux besoins exprimns par les paysans 
* 	 pi~geage des eaux (foss~s), fixation des ravines 

scuils galionn s et reforestation des versants 
raides; 

0 	 rtcup~ration des glacis battants et des plateaux 
abandonn~es par des segments de terrasses 
empierr es avec exutoires empierr~s tous les 65 
metres et lignes d'arbres; 

0 	 brises vents, puits, reforestation des berges, 
vergers et potagers irrigu~s; 

0 fixation des dunes; 
* 	 construction de routes, &coles, dispensaires, 

formation technique. 

Remarques 

Cette nouvelle stratbgie de conservation des eaux 
et de la fertilit&des sols fait intervenir une m~thode 
simple et connue dans la tradition paysanne, mais 
elle d~borde largement les interventions classiques 
de la DRS pour intgrer la gestion intensive du 
systnme agro-sylvo-pastoral i l'chelle d'une coin
munaut& rurale. 

Elie demande aux autorit~s politiqucs une r ac
tualisation du droit foncier (proprit des terres 
amninag~es), du droit forestier (propri;-t des arbres 
et de leurs fruits) et du droit pastoral (maitrise de la 
divagation du b~tail), une evaluation de leur 
impact sur le dbveloppement et une volont& de 
former les paysans, seuls agents capables d'6tendre 
suffisamment vite les tnithodes conservatoires 
d crites. 

Conclusion 

• 	 Les recherches sur lrosion ont bien montr6 
l'importance en zone soudano-sah~lienne des 
risques de ruissellement et des pertes en eau, en 
terre et en 6l6ments nutritifs s I'&chelle du 
champ, mnmc si la pente est faible; en effet les 
sols sont sensibles A la battance et les pluies 
agressives. 

0 l.esam~nagements antifrosifs classiques visaient 
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A &vacuer les excs d'eau en minimisant 1'&ro-
sion. La plupart des projets ont abouti ,tun 
6chec : 
0 I'absence d'entretien a rtduit A2-6 ans leur 

dur~e de vie, 
• 	I'extension des surfaces amnnag~es par les 

paysans n'a pas eu lieu, 
* on n'a pas constat d'amelioration nette desrend emen ts.Br 

* 	 Les principales causes des checs resident dans 

l'usage des techniques de diversion real adap-
t6es aux conditions tropicales et surtout dans 
l'absence des b~nbficiaires au niveau des d&ci-
sions et de lamaise en oeuvre. 

0 l.a nouvelle stratigie tient mieux compte des 
besoins exprimns et des possibilitts (ies villa-
geois :elle met en oeuvre lamlthode des micro-
barrages permnables, connute (fans les traditions 
paysannes de nombreux pays et maitrisable 
entibrement par chaque individu. 

* 	 !1a fallu passer par l'&helle des champs indivi-
duels pour sensibiliser les pasans; iais il lie 
faut pas perdre de vue Ic plan d'amnnagement 
progressifde l'ensemble du paysage pourassurer 
led&veloppement harnionicux des productions 
animales, forestibres, ','vriireset industrielles.
 

0 Rtamnager lepaysage en vue 
de 	sa gestion
conservatrice prend du lemps (5 i 10 ans) et 
depend en definitive de lavolont paysanne et 
de contingences socio-&conomiqties. 
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Measurement and Characterization 
of Soil-Water Relationships 

D.J. Mulla' 

Abstract 

The measurement ofsoil content and soil-water potential are critical for efficient management 
ofagricultural lands. A knowledge of these soil-water relationships facilitates improved irriga
tion scheduling and cropping decisions. In this paper, methods for measuring water content and 
water potential are discussed. A brief description of instrumentation is given along with a 
discussion of the principles upon which each method is based. Recommendations are made 
regarding the types of operating conditions in which each technique can be used, and the 
advantages and disadvantages of each method. For measuring soil-moisture content the 
methods discussed include gravinetric, neutron probe and microwave techniques. The mea
surement of soil-twater potential using tensiometers, pressure chamber apparatus, hanging 
water columns, moisture blocks, and thermocouple psvchrometersis discussed. It is shown that 
the wetting treatment applied prior to determining the moisture release curve can significantly 
affect the pore size distribution of the soil and the relation between water content and water 
potential. 

Resume 

Mesure et difinition des relations sol/eau : Mesurer de fa'on precise le contenu en eau et le 
potentiel hydrique du sol est essentielpour unegestion efficace de l'agricultureen zones arides. 
La connaissance des relations eau-sol concourra h amdliorer les dbcisions prises pour les 
cultures et la conservation dessols. Dans cette communication, on discutediverses ,nthodesde 
mesurc du contenu en eau et du potentiel hydrique. On donne une brbve description de 
I'instrumentation;de meme. on discute les principes sur lesquels chaque mcthode se fonde. On 
6met des recommandations pour l'utilisationde chaque technique et on 6numbre leurs avan
tages et inconv~nients. En cc qui concerne Ia mesure du contenu en eau du sol, on aborde les 
mathodes ayant recours aux donndesgravimtriques, A la sonde A neutron ou ]Ia technique A 
microondes. Les mthodes du potentiel hydrique du sol par tensiom~tre, presse A membrane, 
colonnes gravimbtriques et psychromtres h thermocouples sont discut6es. On dbmontre qu 'un 
traitement d'humectation pr~alable A la determination de la courbe de dbshydratation peut 
avoir un effet significatifsur Ia r6partition dimensionnelle des pores des sols trs 6rodibles ou 
gonflants. A terme, ces modifications ont une incidence sur la relation entre le contenu en eau du 
sol et le potentiel hydrique. 
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Introduction 
It is important to estimate soil moisture accurately 
and the energy with which soil water is held in the 
soil matrix. Soil water is essential for the germina-
tion of seeds, the growth of microorganisms, and is 
a major factor in determining crop yields in semi-
arid regions. 

Water stored in the soil is only one component of 
the dynamic water budget. Water is partitioned 
between that stored in the soil, draining through 
the profile, evaporating and transpiring to the 
atmosphere, or running off at the soil surface, 
Without a proper understanding of these soil
water relationships, it is likely that a poor under-
standing of the entire water budget including soil, 
plant, and atmospheric processes will result. Water 
in soils also affects physical properties such as soil 
conductivity, strength, aeration, and temperature. 

Methods for measuring water content and poten-
tial in soils have been reviewed in several texts and 
papers (Gardner 1986. Holmes et al. 1967, Mar-
shall and Holmes 1979, Hanks and Ashcroft 1980, 
Papendick and Campbell 1981, Schumgge et al. 
1980). In this paper, a comparison and contrast of 
selected techniques for measuring water content 
and potential will be presented. The emphasis will 
be on general principles, instrumentation, and 
advantages or disadvantages of the techniques. 
Gravimetric, neutron probe, and microwave tech
niques for monitoring soil-water content will he 
discussed. The use of tensiometers, pressure plates, 
and hanging water columns for measuring soil-
water potential will also be discussed. 

Methods for Measuring 

Soil-Water Content 


Gravimetric Methods 

The gravimetric method is the simplest and most 
accurate method to measure soil-water content. 
Two types of gravimetrik measturements may be 
obtained, depending upon the method used to col-lect soil from the field. 


lectsoifro
itube sle, wcontent 
For disturbed samples, water content is usuallydeterminated on a mass basis (kg ha-I). The mass 

of the sample is determined when it is collected 

from the field and after over drying to a constantweight at 1050C (12 24 h). The mass wetness (w) is: 

w = [(Mw + Ms)-Ms]/M s (I) 

where
 
Mw = the mass of water in the sample, and
 
Ms = the mass of its solid particles.
 

The mass wetness is thus equivalent to the quantity 
(wet mass-dry mass)/dry mass. 

When undisturbed soil samples are collected 
using a core sampler, the water content also may be 
expressed as a volumetric water content or m3 of 
water m-3 of soil. Volumetric water content (0) is 
determined by the loss of water on oven drying at 
105'C, and the knowrp volume of the undisturbed 
core sample before drying (Vt): 

0 [(M s + Mw)-Ms]/pwVt (2) 
where Pw is the density of liquid water (approxi
mately 1.0 Mg m-3 ). Alternatively, if the mass wet
ness and soil bulk density (Pb) are known, the 
volumetric water content can be calculated using 
the relation: 

0 = (pb/Pw)W (3) 
The salient features of the Gravimetric method are 
given below: 

soig 
soils. 

Not suited for :Fequent sampling or work in 
rocky, gravelly soils. 

Advantages : Accurate and inexpensive. 
Disadvantages :Destructive sampling required. 

Care must be taken to take repre

sentative samples from each soil 

layer in heterogeneous profiles. 

Time consuming to adequately 
characterize field variability in 
water content. 

Radiation Methods 
Two useful radiation methods for measuring waterToueu aito ehd o esrn ae 

are the gamma-ray attenuation andneutron-scattering method. The latter is far easier,nurnsatrn ehd h atri a air 
cheaper, and safer to use in the field than the 

gamma-ray method. For an explanation of thegamma-ray method the reader is to refer to articles
by Nofzigei and Swartzendruber (1974), Schmugge 
et al. (1980), and Marshall and Holmes (1979). 

i 
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Neutron scattering. In the neutron-scattering 
method, a probe containing a source of fast neu-
trons is lowered into an access tube to a desired 
depth in the soil profile. The access tube must have 
good contact with the soil. As fast- or high-energy 
neutrons collide with, and are scattered from, 
protons on water molecules in the soil surrounding 
the access tube, their kinetic energy is reduced. 
After approximately 18 elastic collisions the neu-
trons will be slowed down (theimalized) suffi-
ciently to be detected, 

Since protons on water in the soil are the main 
agents to thermalize neutrons, the sphere of influ-
ence of the neutron probe measurement depends 
on soil-water content. As soil-water content in
creases, the distance traveled by neutrons before 
thermalization is reduced so that the sphere of 
influence decreases. Typically, the sphere of influ-
ence ranges from 16 cm at saturation to 70 cm at 
near-zero water content (Gardner 1986). 

Typically, the source of radiation consists of 10 
milliCurie (mCi) of a mixture of Americium and 
Beryllium. Neutrons emitted from -uch a source 
have an energy of approximately 2 million electron 
volts (MeV) and a velocity of 1600 kms - 1. The 
detector is suspended on a cable which transmits 
the resulting signal to an amplifier, discriminator, 
and counting device at the soil surface. 

The rate of counts obtained with the neutron 
probe in the field is used along with a calibration 
curve to compute volumetric water content. A cal
ibration curve usually can be described using linear 
regression expression of the form: 

(4) 

where 
Rs 
Rstd 

b 
j 

= counting rate in the field, 
= counting rate for an access tube placed 

in soil of known water content, 
= slope of the regression line, and 
= a constant that accounts for back-

ground corrections and instrument 
dead time. 

Manufacturers supply calibration curves with 
their instruments, but a researcher should establish 
new curves in order to correct for variations in soil 
properties. Special precautions are required to 
construct calibration curves in swelling soils (Jay-
wardane et al. 1983). For measurements near the 
soil surface (within about 15 cm) neutron probe 
measurements are inaccurate, and should be re-
placed by gravimetric measurements or the time 

domain methods discussed in this paper. 
The salient features of the neutron-scattering 

method are given below. 
Works best for Uniform-, coarse-, or medium

textured soils. 	 Long-term ex
periments at fixed locations and
 
depths.
 
des.
 

Not suited for 	 Measurements near the soil sur
face or in shallow soils without 
specialized equipment. Rocky or 
gravelly soils. Soils containing 
appreciable boron or chloride. 
soils. 

Advantages 	 Frequent sampling at one depth 
or position possible. Measure
ments are made in situ and are 
nondestructive. Results do not 
vary with temperature and 
pressure. 

Disadvantages : Radiation hazardous to opera
tor. Limited, variable spatial 
resolution. Expensive equip
ment. Unable to measure soil 
water separately from water held 
in dense root systems or tubers. 

Time Domain Reflectometry 

Water is a polar molecule which exhibits a large 
dielectric constant as a liquid. The dielectric con
stant is a measure of the capacity of a medium to
absorb electromagnetic energy, such as that at 

infrared or microwave frequencies. Whereas the 
dielectric constant of liquid water is 80 at room 
temperature, it is about 3 in dry soil or ice. Hence, 
small amounts of liquid water in the soil dramati.
cally increase its dielectric constant. 

Time domain reflectometry (TDR) uses the 
variation in dielectric constant to measure the 
volumetric water content of a soil. The time 
required for a pulse of microwave energy to travel 
down and back, tip the soil, between two parallel 
probes inserted into the soil will increase as the soil 
water content, and consequently the dielectric con
stant increases. 

The dielectric constant (K) can be computed 
from the transmission time (t) and the probe length 
(L) 	 using the relation: 

K = [ct/(2L)]2 (6) 
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where c is the speed of light. A calibration curve is 
constructed to relate soil dielectric constant and 
volumetric water content. Topp et al. (1980) and 
Mulla (1985) have shown that this calibration 
curve is given by the relation: 

,-5.3,, 10-2 + 2.92, 10-K - 5.5, 0-K a.3 -K (7) 

A plot of Equation (7) is given in Figure I. The 
TDR method is advantageous because this calibra-
tion curve is unaffected by factors such as soil 
texture, salinity, bulk density, temperature, or 
organic matter content. Recent investigations by 
Dalton et al. (1984, 1986) have shown that the 
TDR method can also be used for simultaneous 
measurements of soil-water content and electrical 
conductivity. 

Physically, the TDE=R unit consists of a signal 
generator for the broadband microwavepulse(I to 
500 Mhz), a sampling head and an oscilloscope to 
display the reflected waveform (l)alton et al. 1984). 
This unit isconnected via coaxial transmission line 
and an impedance matching transformer to two 
parallel stainless steel probes inserted into the soil 
at a distar of 3- 7 cm. The length of the probes 
may vary from 15 to 50 cm, with a length of about 
30 cm being optimal for measurements in the root
ing zone. Good contact between the probes and 
soil is essential as the method is sensitive to the 
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Figure I. lime l) omain Reflectoniet r. (I)R) cali
bration cur' e from data of Topp et al. (1980) and 
Mulla (19N5), %ho ig the relationship et'een 
soil-Aaler content and dielectric cinalt of tlhe oil 
medium. 
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dielectric properties of the medium between the 
parallel probes, including air. Hence, the method 
yields an average value for watercontent of the soil 
volume contained between the probes along their 
entire length. 

The probes are easily inserted into moist soil and 
reading may be obtained with some commercial 

instruments in as little as 5 s. Measurements in 
rocky, gravelly, or exceedingly dry clayey soils may 
be difficult due to problems in inserting probes into 
the soil. For research applications in which an 
accurate determination of soil-water content is 
needed at a specific depth, the TDR probes can be 
inserted into the soil horizontally from a soil trench 
(Topp and Davis 1982). 

Soil Moisture Corporation is a commercial 
supplier of a portable TDR unit (IRAMS unit). 
This unit automatically calculates, displays, and 
records soil volumetric water content at each field 
sampling location. Tektronix, Inc. supplies a TDR 
unit (model 1502) suitable for laboratory use. The 
salient features of the Time Domain Reflectometry 
are given below: 
Works best for : Measurements in uniform soils. 

Not suited for : Highly stratified soils. Rocky or 
gravelly soils. 

Advantages : One calibration curve applies to 
all soils. Rapid, easy technique. 

Nondestructive, in situ inea
surements. 
Can measure water content and 

electrical conductivity simul

taneously. 

Separately measures liquid
water content when ice and un
frozen water are present. 

Disadvantages : Probes inserted vertically cannot 

used for measurements of 

water content in small depth in
crements. Expensive equip

ment. Limited testing in field 
experiments. 

Soil-Water Potential 

Whereas soil-water content is a measure of the 
amount of water held in soil, soil-water potential is 



a measure of the potential energy with which a unit 
mass, volume, or weight of water is held in the soil 
matrix. The SI units for water potential are joule 
kg-', when expressed per unit mass, megapascals 
(MPa) when expressed per volume of water and 
meters when expressed per weight of water. Tradi-
tionally, soil scientists have used the units of bars 
to express water potential. The relation between 
the above units is 100j kg-' =0.1 MPa= 10.24m = I 
bar. 

Plant-water stress is dependent primarly upon 
the water potential in the soil. Under conditions in 
which water potential and other atmospheric 
demands are equal, water stress may be equivalent 
in a coarse-textured soil having a volumetric water 
content of 0.05 and a fine-textured soil having a 
volumetric content of 0.15. 

Water potential is measured relative to the 
energy of a reference pool of pure water at a speci-
fied elevation, pressure, and temperature (Papen
dick and Mulla 1986). Conventionally, this refer
ence pool is assigned a potential energy of zero. 
When water flows from one depth to another, it 
flows from aregion ofhighertolower(more nega-
tive) total water potential. Traditionally, field 
capacity water content corresponds to a water 
potential of -0.01 to -0.03 M Pa, while the perma-
nent wilting point corresponds to a water potential 
ofabout -1.5 MPa. Hence, water potential is often 
used as an index of the ability with which plants 
can extract water from the soil. 

Total water potential (i) refers to the total poten-
tial energy of water in the soil. In unsatured soils, i 
is a negative quantity, since energy must be ex-
tended to remove the water from the soil. The total 
energyofthe cilwaterisdetermined by the several 
different types of forces acting upon it, including 
gravity, ion solvation, hydrostatic pressure, absorp-
tion. and cohesion between water molecules. Each 
force provides a measurable component of the 
total water potential as expressed by: 

41 = 41g + 1f0 + Vm + 1#0 (8) 

where: 

'g = gravity potential, which iszero at the ref-
erence evaluation, positive above it, and 
negative below it; 

OPp = pressure potential, which results from the 
hydrostatic pressure ofwater and is posi-
tive below the water table and zero above 
and at the water table surface; 

='m matric potential, which results from the 

attractive forces between soil surfaces 
and water. It is negative in unsaturated 
soil and zero in saturated soil; 

qio = osmotic potential, which results from the 
forces between water and dissolved solutes 
in the soil, and is always a negative 
quantity. 

Methods for Measuring Soil-Water 
Potential 

Most methods for measuring water potential eval
uate only the matric component of the total water 
potential. The discussion below will deal only with 
these methods. Note that it is convenient to refer to 
the absolute value of matric potential, which is 
always a positive quantity. The absolute value of 
matric potential is known as matric suction. 

Tensiometer 

Tensiometers are widely used in situations when 
soils have a water potential greater than -0.08 
MPa. This corresponds to conditions in which the 
soil is relatively wet; hence tensiometers are partic
ularly useful in helping farmers to schedule crop 
irrigation (Hanks and Ashcroft 1980). A tensiome
ter consists of a ceramic cup connected via a con
tinuous column of water to a vacuum gauge which 
usually indicates matric suction on a scale ranging 
from 0to 100 centibars (0.1 M Pa). The cup must be 
in contact with soil. Equilibrium between the ten
siometer and the soil water is established by the 
movement of water and ions through the porous 
cup. The suction established inside the tensiometer 
is read using the vacuum gauge. When the gauge 
reading is in centibars, the matric suction can be 
computed using the expression:

1qm = 0.001 x (gauge reading) + gzo (9) 

where zo is the distance in meters between the 

gauge and the middle of the porous cup and 'm is 
expressed in units of MPa. For short tensiometers 
(<50 cm), the last term in Equation (9) is small and 
can be omitted with little loss of accuracy. 

Air bubbles inside the tensiometer column must 
be completely elininated for the system to work 
properly. To achie-c this, the column must be filled 
with de-gassed water obtained by causing water to 
boil for several minutes. Tensiometers are effective 
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only in relatively wet soils having a matric suction 
less than 0.08 M Pa. Above this suction, air bubbles 
begin to pass through the porous cup, and the 
hanging water column may break. The exact suc-
tion at which this occurs can be computed using 
Kelvin's equation and the radius of pores in the 
cup. Hence, the range of operation for tensiome-
ters is limited to 0-0.08 M Pa. This range is charac-
teristic only of fairly wet soils. Another limitation 
of tensiometers is that they are sensitive to temper-
ature fluctuations (Taylor et al. 1961), and read-
ings at different times of the day may vary. For 
automated recording of tensiometers, the vacuum 
gauge may be replaced with pressure transducers 
sensitive to pressure changes in the water column 
(Schmugge et al. 1980), and a datalogger may be 
used to record the measurements, 

Work best for : Moist soil. 
Irrigation scheduling,Iread eation fixedulin. tent is obtained using Equation (I). New sampleslocations, 

Rapid survey measurements. 

Not suited for :Dry or sandy soil. 

Advantages :Inexpensive and easy to install, 
Rapid and accurate measureme n ais 
ments. 

Measurements are nondestruc-

tive and in situ.
 
Automated readings possible
 
with pressure transducers.
 

Disadvantages Limited to a range of 0-0.08 
Ml1a. Water in column must be 
refilled periodically. 
Readings are sensitive to tempera-
ture fluctuations. 

Pressure Plate 

The pressure plate is used in the laboratory to 
study soils that may be much drier than those 
studied with tensiometers. Commercial pressure 
plates allow a wide range of matric suctions to be 
established for the soil, but usually these values 
range from about 0.005 to 1.5 MPa. 

The pressure plate method involves the follow-
ing steps. A dry disturbed soil sample or an undis-
turbed soil core is placed on the pressure plate and 
very slowly wet up to saturation. The porous plate 

is placed in a sturdy steel chamber which can with
stand as much as 1.5 M Pa of applied pressure. The 
chamber is sealed, and air or nitrogen gas is applied 
to the chamber under controlled pressure. 

Pressure in the chamber forres water and solutes 
from the soil through the plate into a body of free 
water at atmospheric pressure. When equilibrium 
is attained, water ceases to flow through the plate, 
and the total water potential of the soil water is the 
same as that of the free water below the plate. 
Hence, the matric suction at equilibrium is given 
by: 

Im (Ii) 
where P is the applied (constant) gas pressure ., 
MPa. Attainment of equilibrium generally requir-s 
at least one and usually two or three days from the 
onset of pressure application. When equilibrium is 

reached the gas pressure is released, the soil sam
pies are removed, and their mass basis water con. 

can be prepared to determine their moisture content 
The 

at other matric potentials.
relationship between water content and 

matric suction is easily determined as outl .ed 

above using a pressure plate. This relationship,
known as the moisture characteristic curve (Fig. 2), 

an important, fundamental relation in soil 
science. It can be used to estimate the amount ofplant available water in a soil. Also, once a field 
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Figure 2. Moisture characteristic curve for a 
Palouse sill loam that ssas initially oven dry and was 
-tAct%em slo.vi using a hanging Aater column. 
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measurement of matric suction is made for a soil 
whose moisture characteristic curve isknown, the 
water content of the soil at that suction can be 
estimated (or vice versa), 

The salient features of pressure plates are given 
below: 

Work best for Both disturbed and undisturbedWoth isted ais 
soil samples. 

Not suited for Rapid measurements, 

Advantages : Used for determining soil mois-
lure characteristic curves.Large range of matric suctions 

(0.005-1.5 M1a). Many samplesmay be analyzed simuhaneously 

Disadvantages :Destructive sampling required. 
Time consuming measurements, 
In situ measurements not possible. 
Moderately expensive equipment 
required. 

Hanging Water Column 

A hanging water column can be used to obtain tile 
low suction portion of the moisture release curve 
(Collis-George and Figueroa 1984). The apparatus 
has been described by Childs (1940) and Day et al. 
(1967). It consists of a Buchner funnel with a sin-
tered glass plate connected to a tygon tube filled 
with water. The tygon tube is connected to a grad
uated pipette supported by a ring stand. The dis
tance between the meniscus in the hanging water 
column and tile middle of the soil sample on the 
sintered glass plate equals the soil-water suction. 

In practice, the moisture release curve is deter
mined by initially placing a 5 - 10 nn layer of oven-
dry or air-dry soil on the sintered plate with the 
meniscus at a distance of about 20 cm below the 
sample. The mass of the oven-dry soil placed on the 
plate must be known. The meniscus is raised by one 
cm every two minutes until the distance between 
the meniscus and Ilhe middle of the soil layer is 
zero. At this point, the soil sample becomes satu-
rated, The distance is increased by about I cm and 
the volume of water released by the soil measured 
using the pipette. The maximum suction possible 
using this technique depends upon tile air entry 
suction of the sintered glass plate. At this point the 
soil sample is oven-dried for determination of the 

final gravimetric water content. Based upon this 
value and the measured volume changes, one can 
compute the gravimetric water content of the soil 
at every applied soil-water suction. The procedure 
described above was used to determine the mois
ture characteristic curve for Palouse silt loams as 
shown in Figure 2. 

Conventionally, the moisture characteristic curvedetermined from a desorption experiment using 

a presaturated sample, as described above. For 
highly erodible or swelling soils, the form of the 

moisture characteristic curve is extremely sensitive 
to the rate at which the sample is initially wetted.Figure 3 illustrates the moisture characteristic 

curve for a highly erodible, swelling Palouse siltloam subjected to a moderate fast-wetting treat

ment. This involved initially positioning the menis
cus of the hanging watet column at 8 cm and 
decreasing the distance by 2 cm each time until 
saturation occurred. A change in the distribution 
of pore sizes isevident in comparison to the results 
for the slowly wetted sample (Fig. 2). As a result of 
aggregate breakdown, the proportion of small 
pores is increaseu relative to the number of larger 
pores. The moisture characteristic curve for the 
moderate wetting rate treatment rellects an in
creased proportion of small pores as evidenced by 
higher water contents at suctions above 8 cm. 

Wetting the Palouse silt loam sample by pouring 
it directly into standing water causes virtually 
completeslaking of aggregates and drastic changes 
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Figure 3. Molisture characteristic curve for a 
Palouse silt loan that sas iniliallsoven dr. and Aas 
iset at a moderate rate using a hanging water 
column. 
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Figure 4. Moisture characteristic curve for a 
Palouse silt loan that "as initially o en dr. and "as 
wet at aver, fast rate b.%pouring soil on the sintered 
glass plate into standing ,,ater. 

in pore size distribution. The corresponding effect 
of this fast-wetting rate treatment on the moisturecharacteristic curve is shown in Figure 4. The 

charcteistccuve s sownin Fgur 4.The 
results in Figures 2-4 are a striking illustration of 
the profound effect the rate of initial wetting has on 
the moisture characteristic curve. Researchers 
should always take extreme care in slowly wetting 
soil samples prior to determining the moisture 
characteristic curve, especially if the soil is highly 
erodible or swells, 

Some salient features of hanging water columns 
are given below: 

Works best for : Disturbed or undisturbed soil 
samples. 

Not suited for : Analyzing many soil samples 

simultaneously. 

Advantages : Used for determining soil mois-
ture characteristic curv 
tUedchracterisicg cur "I 
Used foraspnseig ang in 
bility in response to changes in 

rateof iitiaweting.Americanrate of initial wetting. 

Inexpensive equipment. 

Disadvantages : Destructive sampling required. 

sible. 

Limited to matric suctions less 

than 200 cm (0.02 MPa). 
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Water-Use Efficiency of Crops in the Semi-Arid Tropics
 

P.J. Gregory' 

Abstract 

Vater-useefl cienyci( I1'UE) can be delined in several ways hut lor the seni-aridtropics,it is best 
viewed in terms of the total shoot-dry matterproduciin (N) and the various wais in which 
water can be lost: 

N TW U-F 
I + (I+R+I)) T 

where Fis evaporation. R "srunoff. I) is drainage.an tis transpiration. Ihis e.pressionshowis 
that IVUE can only be changed in three ua.v.s. 1irst, bY chatine the tiaction N T (the 
transpiration el'icienc' ):second. by increasingthe totalsuppy ofltaterto increa.se T' and third. 
if the supply is limited. by alterit2 the balancebet ceon land the other pathtaivs of loss: F. R. 
and I).

In this reviews, it issho tun that N%li 5 a lhinctionoft/icsaturatiotncelicit and the biochemistry 

of the photosynthetic pat/iutay so that there are currentl h'it" practiCal neans of altering it 
substantially. Hoieer.there is a variety /nianagetient practicesavailabletorchaning WIE 
hi' the other two nethod.s. R unol is an important componwent of iater balance in semi-arid 
regions, and appropriate cultivativn and crofpin, patterts that encouraceinfitrationcfwater 
will increase WIIl: marked/lv. Optimizingplant populationsand tcrtilizerapplicationswi/la'so 
increase 1VUE by increasing 1"relative to the other pathua'.s ot'loss. 

However, because rainf1ll A frequentlY erratic iii both amount and distribution, maximizing 
WI IiE ta vnot be a najorconsideratiotiofsubsistence Idrtners. D/ie desire for predictable, more 
stable yields may lead to underutilization of water in the years iwthen rainall is high. 

R~sunu 

Efficaciti de l'utilisation de I'eau pour les cultures dans les zones tropicales semi-arides 
Plusieurs dbfinitions peuvent ftre donnoes de leficacit6 de Iutilisationde 1eau (EUE) mais, 
daos les tropiques senti-arides, Ia ineilleure est celle qui consiste ; 6tablir un rapport entre Ia 
production totale de matikres s&ches des pousses (N) et les diverses voies possibles de perte 
d'humidit6 : EUE =[N, T1[l(E+R+D),TI oi) E est 116vaporation. R Ic ruissellentent, D le 
drainage et T, la transpiration. Cette formule niontre clairement que /'EUE ne peut etre 
modifie que de trois fa -ons. La prenikre consiste ;) modifier Ie rapport N/ T (efficacit de ]a 
transpiration), la deuxibnei augmenter / approvisionnennent total en ean pour accroitreTet la 
troisibme h modiier, au cas ou cet appro visonnement serait limit6, 1'quilibreexistant entre Tct 
Ics autres facte'wrs entrainant uoe perte d'umnidit E, R, on D. 

L I )eparIfneti of Soil Science. 1r1 ertity ol Reading, l-ondon Road, IReading. RG 15A0,. [ingland. U K. 

ICRISA' Ilnternaiional ('ops Research Iisitule hlr the Semi-Arid Iropicsl.198q. Soil, Crop. and Water Management Systems for 
Rainled Agriculturc in tie Sudirriu-Salhel an zone: proceedings ol an Inlernational Workshop. 7 II Jan 1987. ICRISAI Salielian 
Center, Nianiey. Niger. Palancherti. AlP. 502 324. India: ICR ISA I. 
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On tiontre dans ceite ctude ,te N I est lonctiii du del)cit de saturation et du processus 
biochiniq tiede photos,vni 'se et quil existepeu de nt ',etspratiqunesde in odilier.sensiblient 
ce rapport. Parconire, pisicurs techniques permetient de modifier I'lFl l. en aissantstir les 
detix ant res hlIcrirs de ipertetC 71nnidit. l)ansle. tripiqluessemi-andes, Ie rtissellenentest tn 
elennt itntortantdt bhilan h'vdriqueet I 'l scn, erandeinent anelorce ardes traval. du sol 
tin aicnna ,'enist cultural 1;n lri.Sant / infiltration de 'au. L 'optifnisationdes populations 

• ItC;,tals pplwic:otn 'e'n erai.s atuenicntcront aussi 1'!F1 en t;'levant I, part relative de IaL I / I; 

transpirationlr raippIt au \ ,itres IaciCLrs de per(TIC Xhtnidit. 
Neannflmns. itiat dilinnt /'irrccalitci dc/a hantcuret de hi repartitionde pr&cipitations, ilse 

pourrait quc Ia m.a insanilndCl '1: ' tOI insIitlie /);.sPtin des eknent.s l.s plus iniportantsde 
/ ',cricultatt de subsi.sIancc. I aI rC/Ctht'trh' itc icndcinn plt.us phetiihis et plus stablespetit 
mnine entrainer ime s ,us-ti/Sali in Ie 'ca pendaIni les annees h,.s plus plutieuses. 

Introduction 

'lhe Scini-atrld Ithe %% contaill abulltIeolls of illit 

)00 million petiple %%ho ale depetdcnt tplon sca-
stinal raintall lot all itl Hllost iii thell tood. Atitals 
ma iiccup\ a kC piisilio in tile aL' icctttnlal s.%,-
ttlll Illaillt\ wsoiilk il\llIc 'lils (mpllcttitlit I 
ill Altica). it the [)aNt. ct lsl\e cila/illl! anti 
Ilt\ IlCItII ot polptiill lolls h,\C Iltc lll tllit ttll t 

hib . d ill 0 %C isLtCdutoltt tile t11 ,tlt) be andt) 

Iettttttetf to Ill etititi ,cls I t\e ll .hctC 1i1111tias 
\elc tot tilte lltlltti iL!t ICtItht .1 pititit'ts., sieletiC s 

hIta c iirettl ,tltfipt \tett \ c'tllIll o ti shittit cul-

likiltiOlt to all,+\M soiIs 10+ IL Ctl thItII Ilettlht\
 

IIltS+c\\e , l 0 (Ilet II itl It SCIll t Ill ittoll atlld 
fte pltes'tlics t Illi pettI,ttclt setIttlerents. t iltct 
IS it I!ICzitt'l CLe hICI I 111r1C I eCIINI\C ClOI)ldtiltlel l 
r al Itt.'tittItctettll tl.\ Itillt rl i ill tt , ime titias e 

Setli-,idtt teellt~t ,itc \tithitlt ;iittaiil Itt it least 
' a pIat of tilte \ear. (i e (i)77 stats a liltll 

attlttl iataittall il 210-500)mi)n hut a Ilet usclttI 

gelcrahttii is tItat ise ic ttliti\lh pleclitt-
lion C\Ccct.fs tite pioctliial e, pllllilll t lest least 
tO il lill os seti ttiltlt N. ill tilte IIIt,ll 

tnial t ellllet tlt lte c\CCcti %sC,( ()t 1c ltetl 
Hlll10ltilI)Ce, thot1lh, Ipa l ulI~tll\ Ill ICl,0ll0I1 Ili 

iltlltlf.\Itl/ agtiittll tll. iN tilte ilt.' .:,soit, ill-
felellce )olth tilte Mlid t tIll iIIll01111t L111, IlliIt11l 

lillitl ii. I'tt C\MitiCp . ait ',,AeC tsl ittIlCis Itit 
tS\\dIllii, tile' IIIt HII illillllll lalliI~ ll[ 1,111I-T'd !l0111 ),-,N 

it tto 737 tttt ei t 7-s eat peiiott) l IRS 1,S5. 
,

r) 10t) antll he dill li lltH (d lailli !l \\thli tile 

Clopl~pi~li! 1ettiod \%its %el\kli el le l (1 11". 11 1 iittt 
dillcil inces Ill itlIl~llll id disillhilttoll lesitllte t lilt 

watel Ste duttillitg illvI glto\tIll it I98) Sibill Ill 

atcrloggil dur'ing the same g rowth period ill 
I982 83IRees 1980). Similarly,tlicirgent pattcnis 

t lainf all have becn showi il West Africa (Vir
inan et il. 1980) and India(Virmaniet al. 1978). It 

it agntiltls bahilckgrtild that aItempt, to [Ian1Iage 
\illtcl ani to ilt CilSe [ tItitLCtiOtt atIe Se. Ill this 
pilC I shallllb cfl otttiltile thet lrclical basis ol 
(Iti 'Clatiott betm\eeti gio li lld water Lse: and 
smtI2l l l \t I llvlu cl ll Catill eatlt ed to clltlge 
tlfil t t llot \ naltet per nit oflltitlli iroduced 
%\iitet tised. 

Relations between (rowth
~tl e s 

Vater-Use Efficiency 

lite carl\ %%otkil I ases (i 85)) aittd Briggs and 

Siatll l.iestabiishi tiat crosilhand transp~i
tlot s titkt bitlt a tile ittttttolcellotttehos 1 

to stlet trattspitd h\ pattts to prOti Ce dtl t lattet 

(iitcicd \ ith spli leN. sItes,. ;ttiL Scasolls. I tic tert 
'\\;lit'l-Ilst eilit'-Iit :\"IV ' t f~t e I tslf to dle

st't be tilts b st Iteitltil t t e ti ' tilt, h ater 
Use lih M O VI INtl ILJI,t .Clt~ltl~ 1 9 t1, )l' itlttl ~ IliN 

"Ih Used ltItlIII i bt'L-lI ts i lttt tiitittgeI \is to te l t 
b,' i ltis llllL111 I h ll I vasI t'xfhilliget 11%\1ttdi

\iitiil Itea'es 1r ita Iiit I0titllt s I rtill \ild 
It slioHli.etto III 1 tltI1 ll lllte lls thIl, )Illh ill)Clliiv 

lttl tis 
')I] KI .\ tile_ \\%Old lC " I t.l l1 III..lIll is 

cottest . Isilctllitlilt ti\ e ClrtN11CC tirtle elficitllt m 

80 

http:C\Ccct.fs


80 
198(0,XI 

S H 

40-


S H 

I 1 II1981 82
 

1982 83
 

S H
 
80
 

-

-3 

40
 

0-I I i I
 

01 I I I , II I 84
 

20-


I Nov 10 l)cc 19 J.ain 28 Feb 9 Apr 

)ate 

Figure 1. Seasonal patterns of rainfall at Sebele, Botswana. The time of sowing (S) and harvest (I1) of 
sorghum crops is shown (Rees 1986). 
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anti is dimensionless, requiring a knowledge of the directly related to the evaporative demand of the
theoretical maximum value. Sonic workers, !here- atmosphere. The theoretical basis of this relation 
fore, prefer to use the term "water-use coefficient". has recently become clearer and is worth exploring

To the agronomist, WUE is often a seasonal since it helps to indicate the effects that different
value defined as: management practices may have on WUE. 

Vield per unit area 	 The stomata in the leaf epiicrmL, allow CO, to
WUE = (I) enter the leaf and sip ultineousl, provide a path-Water used to produce yield way for water vapor to f sout of the leaf into the 

Both the numerator mnd the denominator may atmosphere. Transpiration (TI_) and photosynthe
be expressed in several ways. Yield is frequently sis (NI) of individual leaves can be described in
given as grain yield but for many rainfed envirun- terms of the vapor pressure difference and the dif
ments, the grain straw has an economic value as ference in CO, concentration between the intercel
great as that of the grain because it is used to lular spaces and the ambient air outside and the
sustain livestock. In this conteXt, therefore, total resistances to diffusion (Penman and Schofield 
shoot biomass is appropriate although it ignores 1951. Bierhuizen and Slatyer 1965): 
the dry mass of the root svstem.
 

The root mass of cereals grown in semi-arid 
 ei ca

regions 'e.g., milict) as a fraction of total plant TI. -rS +ra
 (3)1 
mass is typically 0.10 0.15 at maturitv (Gregory 
and Squire 1979), but in lcgunc. it is frequently Cl - ci 
gieater (Gregory 1987) at 0.15-0.20. The denomi- N[I (4) 
nator may also be expiesscd in a ,umber of ways. where 
Generally it is ey pressed as the total water use el = saturated vapor pressure in the sub
[evaporation (EF)plus transpiration (i)] during the stomatal cavity.
 
growing season, but it may also be expressed as ea = vapor pressure of the ambient air,

transpiration alone or may 
 take account of the Ca = the concentration (strictly the partial

total water input to the svtetn. For example. B3l- pressures) of the CO, in the air
 
tot, (1981) expresses WUE in reli ) the rain- = concentration (strictly the partial presci 

fal! within a fallow-barlc crop k-. on of ,;vo sure) of the CO, in the intercellular spa
years duration. A more detaild review of these ces, aid
 
various methods for defining WUE is given by

Sinclair et al. (1984). 
 r. and ra are the stonmatal and boundary laye: 

resistances to water vapor (r'and ra for CO,).s 

It follows that the ratio of photosynthesis to 

transpiration can be written as: 
Growth and Transpiration 

NI. (ca -c i)(r - ra1) -- (5)

De Wit (1958) reviewed several experiments Irom T- (e- ca) (r(
i s r'a) )

around the world and established that crop yields

and water use could be empirically related by: This expression can be simplified in several ways.
 

N = roT. EOn (2) 	First, the stomatal and boundary layer resistance 
to both CO, an" water transfer are related to thewhere diffusion coefficients for the two gases which are

N = dry matter yield, approximately inversely related to the square roots 
T = amount of water transpired, of their molecular \weights. This means that the 
E0 = averaged rate of evi-poration from an ratio rs +ra,+ to r'+ r' is approximately constants a 


open pan, 
 wi;h a value of 1.6. Secon, the gradient of CO, is 
.,.
m = constant depending upon the crop, and often maintained by stomata at an almost constant 

n = a constant depending upon the location, value depending upon the species (Wong et al. 
1979, Pearcy and Ehleringer 1984). Finally, because

In temperate regions, n was 0 but in more arid overextended periods of time the leaf temperature
environments, n was I indicating that WUE was is frequently close to air temperature, ei-ea can be 

88 

http:0.15-0.20


approximated by the saturation deficit of the air to-year differences in transpiration efficiency (dry 
(es-ea), where es is the saturation vapor pressure of matter production per unit of water transpired). 
the air. Making these assumptions and further Table I shows values of k found in field experi
assuming that crops and individual leaves behave ments and Table 2 shows values of transpiration 
similarly (Sinclair et al. 1984), Equation 5 can be efficiency for some crops. 
simplified and rewritten for crops as: Three aspects of practical importance follow 

N k from this analysis. First, it is clear from equation 6 

(6) that transpiration efficiency will be higher in 
T es-ea humid regions than in arid regions because es-ea 

where k is a crop-specific constant. Further work is will be lower. Moreover, in semi-arid regions with 

needed to test the validity of this expression for a rainy season, changes in saturation deficit be

crops but Tanner (1981) and Rijtema and Endrodi tween seasons can have a marked effect on transpi

(1970) have shown for potatoes that differences in ration efficiency. For example, Monteith (1986a) 

saturation deficit between years may explain year- has shown that for India and West Africa, satura
tion deficit decreases from a maximum of 3-4 kPa 
in the dry season to 0.5-1 kPa in the rainy season 
and that this decrease accounts for about half to 
one-third of the response of dry matter production 
to the rains. Second, equation 4 shows the impor-

Table I. Values of the crop constant (k) found in field tance of the CO2 gradient. For a range of condi
experiments, tions, several workers have shown that the fraction 

Author Crop Location k(m bar) ci/ca is approximately constant (Goudriaan and 
van Laar 1978, Wong et al. 1979). The fraction is 

Gregory (1984) Barley Rothamsted, UK 0.016 almost constant at 0.7 for species photosynthesiz-
Rijtema and ing by the C 3pathway and 0.3 for those with the C4 
Endrodi (1970) Potato The Netherlands 0.009 pathway. This means that C4 plants will have a 

Tanner (1981) Potato Wisconsin, USA 0.065 greater transpiration efficiency than C3 plants. The
 

Tanner and greater transpiration efficiency of C4 plants does
 

Sinclair (1983) Sorghum Kansas, USA 0.138 not however mean that they are more drought
 
Soybean Kansas, USA 0.040 tolerant because the ability to withstand low water 

potentials is not direcly related to the photosyn
thetic pathway. Finally, because equation 6 is phy
siologically based, it shows that transpiration effi
ciency will only be influenced slightly by variety, 
water stress, and agronomic practice. Farquhar 

Table 2. Values of transpiration efficiency (N/T) for and Richards (1984) have shown, however that 
some crops. carbon isotope discrimination may provide a raeans 

NiT of selecting the most efficient varieties in C3 plants. 

(kg ha-' 
-Author Crop Location mm 1) 

Day et al. (1978) Barley Rothamsted 30 
Gregory (1984) Barley Rothamsted 43 Growth and Use of Soil Water 

Cooper, Gregory, 
Keatinge, and Water is used by crops directly by transpiration (T) 
Brown (1987) Barley Syria 4045 from the leaves and indirectly by evaporation (E) 

Squire et al. from the soil surface; this is commonly referred to 
(1984) Millet India 39-45 as evapotranspiration (ET). Although the transpi

Azam-Ali et al. ration efficiency for a crop species does not vary 

(1984b) Millet Niger 21-47 widely, the WUE based on ET will vary considera

bly because it depends on the crop, climate, and
Tanner (1981) Potato Wisconsin, USA 36-55 
Tanner__(1981___otatoWisconsin,__SA__-55 soil factors. If equation I is expanded considering 
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transpiration and evaporation, WUE may be writ-
ten as: 

W+E/T 

Because N/T is constant for a given saturation 
deficit and crop, improved WUE can result only ifthe fraction E/T is changed so that more water i 
transpired. Equation 7 was developed for Mediter-
ranean regions where E plus Tare generally equal 

to the annual precipitation; they are then equal to 
the input of water C ooper, G regory, T ully, andHarris 1987). 

In semi-arid regions, both runoff(R) and drain-
IneDmiaybegonsub othc neoff thetotra-

age (D) may be substantial components of the total 
water balance so that, in the long term, W UE 
might best be expressed in relation to the input of 
water: 

N!/T 
W+(E+R+D)/T 

This equation indicates that to produce dry matter 

with the greatest WUE, T should be maximized 

with respect to all the other losses. It also shows 

that increasing the total amount of water available 

to a crop will only increase the WUE if T is 

increased proportionately more than (E+R+D). A 

range of agronomic and management practices is 

used to change either the total water available or 

the balance between T and other losses. Tie precise 

form of practice will depend upon local conditions, 

Table 3 summarizes some of the most commonly 

used techniques that contribute to increased WUE. 


Table 3. Some agronomic practices used to improve

water use efficiency (WIE)in semi-arid regions. 


Increasing water supply available to plants: 

Rain harvesting and supplementary irrigation, 

Cultivation to improve infiltration and reduce runoff, 

Fallowing. 

Selecting varieties with deeper roots; multiple cropping.
Aprilication of fertili/er.
WeIed controlf 


Increasing transpiration relative to other losses: 

Mulching. 

Modifying spacing and numbers of plants. 

Application of fertilier. 


Increasing Water Available 

to Plants 
Water Harvesting ind Supplementary 

Irrigation 

In many arid areas, water harvesting is used toincrease the total water supply available to crops. 
Water is allowed to run off the hiTher slopes where 
soils are generally shallow and crop growth poor,onto the terraced valley bottoms where soils aredeeper and able to store water. In these circum
d e r n o s toreb wately n ct e d Si l stances, runoff is deliberately encouraged. Soil 
depth must play a major role in determining the 
effective length of the growing season although
there appears to be little information available forthe s e ars to sol det h a i e has 

e si-arid tropics. A :;oil depth gradient has 
been established recently at ICRISAT Center on 
an Alfisol though results from this are not yet 
available (J. M. Peacock, ICR ISAT, personal com
munication). Soil depth can have marked effects 

on the length of the growing season in Mediterra
nean regions (Smith and Harris 1981). in dryyears, 
tile maximunm water-holding capacity of soils is not 
fully utilized so there is little effect of soil depth but 
;- wet years, the length of the growing season may 
be extended by up to 17 days as the water stored is 
doubled from 76 to 150 mm. 

Water available to crops may also be increased 
by supplementary irrigation. However, as Mon
teith (1986b) points out, in a monsoon climate, 
rainfall affects both the supply of water to plant 
roots and the saturation deficit, which is a measure 
of the atmospheric demand for water from the top. 
In practice, this means that when crops are irri
gated to sustain growth during dry periods in the 
rainy season, tile marginal response to irrigation 
will be smaller than the response to rain btcause
saturation deficit will be greater during irrigation
than that during rain (Monteith 1986a). In vry 

small crops where leaf area index (LAI) is <1, this 
conclusion might not apply because evaporation 
from the soil surface may keep the saturation 
deficit small (Ritchie 1983). Nevertheless the anal
ysis is important also because it highlights the diffi
culties of extrapolating responses to irrigation 

from one season to another. Irrigation trials fre
quently employ either rain shelters to keep out rain 
in the rainy season or are conducted in dry seasons 
when there is no rain. Both of these practices 
change the balance of supply and demand from 
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that pertaining in open fields during the rainy 
season, 

Cultivation and Fallowing 

On deeper soils, the control of runoff is important 
in increasing infiltration of water and improving 
crop growth. Cultivated soils are frequently left 
fallow during the dry season and are therefore bare 
when the rains commence. Studies at ICRISAT 
Center (Kampe,' and Burford 1980) have shown 
that up to 60% of the rainfall during tile rainy 
season can run off the fallowed Vertisols; this is 
reduced to 19% if a crop can be established during 
the early rains. Similarly on Alfisols, 35% runoff 
was measured even when the soil was cropped. 

Kilewe and Ulsaker (1984) working on Alfisols 
at Machakos, Kenya, wcre infiltration is reduced 
during the early part of the rainy season by surface 

sealing caused by raindrop impact, also showed 
that cultivation could reduc, runoff' substantialiy. 
Cultivation in wide furrows decreased runoff and 
allowed infiltration to continue long after the rain-
fall had ceased. This in t'tin increased maize yield 
and WUE (Table 4). However, in practice, animal 
draft power is poor during thecarly rains because 
animals are weak after the dry season. Mulches of 
straw might improve infiltration (if not used for 

fodder by grazing animals or eaten by termites) 
and may also reduce evaporation directly from the 
soil surface, 

Fallowing is an important feature of many semi-
arid regions and affects the chemical and physical 
properties of soils (Jones and Wild 1975, pp. 
125-132). However, postharvest aband-amlent of 

Table 4. Effects of cultivation on maize yield and WUIE 
grown on an Alfisol at Machakos, Kenya (from Kitese 
and Ulsaker, 1984). 

Maie Nield WU]L 
(kg ha 1) (kg ha 1mm 1) 

SIoLong S hot Long 

Cultivation rains rains rains rains 

Flat 3722 256 7.1 0.7 
Widnentn furro 5428 10.7 2.0s 72
Wide furro~ss 5458 844 l1).7 2.4 

Mini bench 468(0 643 8.9 1.7 
_-

. )efined as grain yield raitall 

land to grazing and weed growth exhaust the 
remaining water in the root zone and frequently 
render the surface less penetrable by heavy rain. 
These factors also restrict the possible cultivation 

time. Work in Botswana (Jones 1987) concluded 
thi periods of bare fallow between crops were 

essential to accumulate water so that crops were 
not planted into superficially wetted soils. How
ever, the low water-holding capacity of the soils 
(50-120 mm in the top I rn) indicates that whole
season fallows are probably inappropriate. This 
practice, together with the adaptation of cropping 
to suit tillage operations and not vice versa, should 
allow for greater productivity. Much woik is still 
required to develop cropping and cultivation sys
ters appropriate for semi-arid environments. 

Exploitation of Stored Resources 
of Water 

In many seni-arid regions, deep percolation is a 
significant component of the water balance, and 
water frequently remains in tile soil profile at the 

end of crop growth. For example, during the rainy 
season at ICRISAT Center, depending on the 

amount and distribution of rainfall, up to 10% of 
the rainfall may be lost as drainage (ICRISAT 
1978), and substantial amounts of the water may 
remain in the soil profile after harvest of the rainy 
season crop (Fig. 2). These water reserves might be 

exploited in two ways. First, Oy effectively extend
inp the growth period by planting another crop 

that extends the period of water extraction. This is 
achieved by relay cropping, intercropping, and 
agroforestry although there are few published 
examples quantifying the amounts of water util

ized by each component of these typically mixed 
cropping systems. The second way is to have plants 
with de '0 root systems. Many trees in tile savanna 
regions have deep root systems that allow tile 

exploitation of deep water reserves during the dry 
season. 

In crop plants, greater rooting density and 

deeper rooting depths would increase the anount 

of extractablc soil water (Taylor and Klepper 
1978). Variation in rooting depth is known for 
several species including millet. sorghum, and rice 

(Chang and loresto 19,86) so that improvement in 
root systems might be possible. However, in cereals, 
most of this additional rooting would have to be 
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Figure 2. Water contents beneath a maize crop
grown on a Vertisol at the beginning (B) and end (E) 
of the rainy season (ICRISAT 1978). 

achieved before anthesis, afterwhich carbohydrates 
are primarily used to fill the grain, 

Larger root systems would require more car-
bohydrate for growth and maintenance in seasons 
where there are early rains, but if the rains fail later, 
they might utilize water early at the expense of 

grain growth late' on. The severity of this problem 
will depend upon the timing of drought relative to 
plant development and whether or not carbohy
drate stored in stems can be translocated to grow
ing grain. 

Increasing Transpiration Relative 
to Other Losses 

Evaporation of water directly from the soil surface 
is an important component of the total water use of 
crops. For several crops grown on a Vertisol atICRISAT Center, evaporation ranged from 19
46% of the total water use during the rainy season 
but was about 18% during the postrainy season 
(Table 5). Similarly, for a rainfed pearl millet crop 
grown on an Alfisol in the postrainy season (Squire 
et al. 1984), evaporation was 21% of the total 
evapotranspiration. 

Mulching 

Mulching is a means of reducing E. Mulch may
have other desirable effects assuch reducing
r'inoff, increasing infiltration, and decreasing sur
','ace temperatures, but it may also harbor plant
diseases. The main disadvantages are the non
availability of suitable material and, frequently, 
the operation is uneconomic. Both the cost of labor 
and of nitrogen fertilizer needed to overcome 
immobilization may make this technique unprofit
able for anything other than kitchen-garden plots. 

Table 5. Components of the water balance for crops grown on a Vertisol (ICRISAT 1978).
 
Precipitation Evaporation Runoff 
 Drainage TranspirationCrop (mm) (mm) (Im) (mm) (mm) 

Rainy seasonMaize * Pigeonpea 466 172 0 0 212Maize 466 174 0 0 208Maize 408 66 3 36 241 

Postralny seasonPigeonpea 122 28 0 0 220Chickpea 47 35 0 0 162Sorghum 72 40 0 0 176 
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App.icaion of Fertilizers and Manures 

Where soil nutrients are deficient for maximum 
growth cf cr ;ps, application of fertilizers and 
manures may result not only in increased growth 
but also in increased WUE. Fertilizers may increase 
the total amount of water used (see Brown 1971, 
for an example with wheat in the USA; and 
Cooper, Gregory. Tully, and Harris 1987 for 

examples ,ith bailey in northern Syria), but the 
principal effect is to allow more rapid growth of the 
canopy and a larger canopy that shades the soil 
surface and so reduces the proportion of the total 
water that is evaporated (Gregory et al. 1984, 
Cooper, Gregory, Keatinge., anl frown 1987). 
This is particularly beneficial in Mediterranean 
climates where rain falls mainly during winter and 
saturation deficit is small, but may be less benefi
cial in summer rainfall regions where rapid early 
growth may resr.:t in insuffficient water being avail-

ible later in the season. There appears to be little 

published work on the effects of nutrients on WU I-
of crops in the semi-arid tropics. However, trials 
over a year, with millet at two locations in Niger 
with below-average rainfall show that application 
of N, P, and K fertilizers increased total Thoot dry 
matter production, grain yield, and WUEF (Table 
6). The larger plant canopy of the crops where 
fertilizer was applied, apparently helped to reduce 
water loss by evaporation from the soil. The inca-
surelents Of total shoot dry matter at Sador sug-
gest that the crop with fertilizer ceased growth 
before the crop without fertili/er, indicating that it 
may have run out of water slightly earlie. 

It is not definitely known at present that fertili7-
ers change the transpiration efficiency, although 
evidence is against any substantial effect (Tanner 
and Sinclair 1983). Kallsen et al. (1984) grew spring 
barley or,a sandy loam in New Mexico, USA, with 

rates of nitrogen fertilizer ranging from 30 to 300 
kg N ha-I in 2 years and found that grain yield and 

transpiration were linearly related irrespective of 
the rate of nitrogen application. Similarly, Walker 
and Richards (1985) have shown that potassium 
deficiency did not affect transpiration efficiency of 
alfalfa and maize. However, transpiration effi
ciency may be affected if the duration of crop 
growth is altered, so that the mean saturation 
deficit experienced by the crop is changed. In 
northern Syria, for instanLe, where soils are highly 
P-deficient, applications of phosphate fertilizer 
generaliy advance the date of anthesis and tnatu
rity by up to 10 days, depending upon Jhe season, 
Lrid result iri slightly higher transpiration efficien
cies, probably becaiuse of the lc'ver saturation 
deficit (Cooper et al. 1987). 

Plant Spacing and Population 

Establishing the optimum plant population is 
another way of maximizing yield and WUE. In 
temperate regions, it has been established that the 
production of dry matter by crops is largely 
dependent on t,c interception of radiation which, 
in turn, largely depends upon the size of the can
opy. In more arid regions, the growth of a large 
canopy may prove disadvantageous (particularly 
to grain yield), because of the increased amount of 
water that niust be transpired to sustai it, for the 
balance between the growth of roots supplying 
water and the growth of shoots transpiring water is 
crucial. This balance between water supply from 
the soil and the demand for water by the atmos
phere has been discussed by Monteith ( 1986b) and 
has been the ';ubject of several recent intensive 
studies. 

Azam-Ali et al. (I984a and 1984b) grew millet on 

Table 6. Effects ofN, P, and Kfertiliier on total %hootdry matter (SI)I), grain yield (GY), and W\UE for crops of pearl 
millet (CIVT) grown at tIwo sites in Niger during the 1984 rainy season, ICRISAT 1985. 

-Sl)M (Y WUl (kg ha- I mm 1)
Raintall Water use 

Site 01ram) lreatment (flint) (kg ha-r) SI)M GY 

Sadore' 260 	 Fertilizer 165 4750 410 28.8 2.5 
No fertilizer 163 2417 290 14.8 1.8 

I)osso 380 	 Ferlilizer 247 5000 1120 20.2 4.5 
No fertilizer 270 3100 480 11.5 1.8 
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stored soil moisture at three different row spacings 
(0.38, 0.75, and 1.5 m) with constant within-row 
spacing (0.2 m) in sand at Niamey, Niger, in the 
postrainy season. The rate of dry matter produc
tion per unit ground area was different in the three 
spacings and was initially slowest for the wide spac-
ing (Fig. 3). Between 31 and 59 days, however, the 
rate of growth at the widest spacing was almost 
constant and by 73 days, the widest spacing had the 
greatest dry mass. The dry mass of the medium 
spacing stopped increasing after 59 days and of the 
narrow spacing after45 days. Differences in growth 
above ground were accompanied by differences 
below ground (Azam-Ali et al. 1984a) so that roots 
in the narrowest spacing penetrated rapidly down-
wards and branched profusely in the top 20 cm 
while roots in the widest spacing were less numer-
ous deeper in the profile and exploited the interrow 
space of the upper 10-15 cm. The amounts and 
timing of water use were also affected so that the 
narrow spacing used less water than the other two 
spacings; it also used less water after anthesis at 
about 40-45 DAS. The widest spacing continued 
to use water until close to final harvest (Table 7). 
This experiment illustrates the principle that when 
crops are grown on stored soil water, yields are 
determined not only by the total amount of water 
available but also by tile rate at which water 
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Figure 3. Shoot dry mass for pearl millet grown at 
0.38m, 0.75m, and 1.50in row spacing (from Azam 
Ali et al. 1984). 

Table 7. Effect of row spacing on water use by pearl 
millet grown on stored moisture in the postrainy season 
at Niamey, Niger, 1980. 

Water use (mm) 
Row spacing 

(M) 
16-29 
days 

29-43 
days 

43 days 
harvest 

16 days 
harvest 

0.38 56.6 41.3 5.1 l03 
0.75 43.2 53.4 33.4 130 
1.50 27.9 29.4 65.7 123 

becomes accessible to the roots. The availability of 
water during grain filling helps to delay leaf senes
cence so that the duration of this phase is longer
than when metabolites are drawn from resources in 
the stem. The maintenance of the plant during 
grain filling may be of even greater importance in 
indeterminate crops such as legumes. 

The importance of below-ground competition 
for water supplies as a limitation to yield in semi
arid regions complements the importance of 
above-gr( und competition for light as the chief 
constrain, to yield in temperate regions. The size 
and shape of root systems as affected by plant 
population will therefore be crucial. Simmonds 
and Azam-Ali (1989) analyzed results from an 
experiment in which groundnut was grown on 
stored water on an Alfisol at ICRISAT Center in 
tile postrainy season. Their work shows that as the 
density of plants was increased, tile plants had a 
substantially smaller root system relative to the 
shoot system (Rao, et al. 1989), and consequently, 

limiting soil-water deficit (soil water content at 
which transpiration falls below its potential rate)
also decreased. Because plant spacing altered the

demand substantially but had little 
influence on the size of the root system (and hence 
access to water), plants grown in rows 70 cm apart 

a limiting soil-water deficit 30 mm more thanthose grown in rows 35 cm apart, and were able to 
maintain their potential rate of transpiration (2 
mtn d-1) for 2 weeks longer than the denser crop. 

In some regions, skip-row planting systems are 
used to make available soil water from fallowed 
rows. However, in a 2-year study with cotton on a 
clay loam in Texas, Hons and McMichael (1986)
found that yield, fiber quality, and WUE were 
unaffected by row spacing but their measurements 
of root length and water extraction suggested that 
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root length may be insufficient to extract all the 
stored water, particularly if multiple skipped rows 
are used. 

The need for long-term research when proposing 
alterations to traditional planting patterns is illus-
trated by Rees (1986). In a series of trials with 
sorghum in Botswana over a 4-year period (see Fig. I 
for seasonal variations in rainfall), he found the 
highest overall average yields with plant densities 
in the range 40000-80000 plants ha 1,but coeffi-
cients of variation increased markedly as density 
increased from 10000 to 80000 plants ha - 1(Fig. 4). 
This meant that although a low density did not 
yield as much or as frequently as high density in 
favorable conditions, it did not fail in harsh condi-
tions, and yield was stable, though at a low ',vel. In 
regions with highly variable rainfall, extensive 
planting at low density is a means of ensuring yield 
stability at the expense of more variable, higher 
yields achieved with intensive planting (see also 
Weatherwax 1954, for an example of maize plant-
ing by American Indians). 
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Figure 4. Grain yield (a) and coefficients of varia
tion (CV) of yield (b) for sorghum averaged over 
several years. Crops were grown at 0.38m (e), 0.75m 
(0), and 1.50 rn( A) row spacings (Rees 1986). 

Conclusions
 

Theoretical considerations of the components of 
what is commonly referred to as crop water-use 
efficiency make it clear that changes in WUE can 
only come about in three ways: 
I. 	Changing the transpiration efficiency. 
2. 	 Increasing the total supply of water to increase 

the quantity transpired. 
3. 	Altering the balance between transpiration and 

other pathways of loss. 
Because the transpiration efficiency is a function 

ofthe saturation deficit and the biochemisty of the 
photosynthetic pathway, there are currently few 
practical opportunities for radically alto.ring it 
except possibly by decreasing the saturation teficit 
by sheltering, interrropping, or modifying the 
length of the growing season. 

Several management options are available for 
increasing WUE by options 2 and 3. In contrast to 
winter rainfall regions of the Mediterranean, the 
reduction of runoff and deep percolation by appro
priate cultivation and cropping practices may 
prove to be tne most rapid way to increase WUE. 
The interaction of fertilizers with the use of water 
appears to have received little attention in semi
arid regions and, in combination with appropriate 
tillage, should result in increases iun WUE. 

The interaction of WUE and yield stability is 

another major subject worthy of further investiga
tion. Changing from extensive agriculture with low 
plant populations but relatively stable yield to 
intensive agriculture with higher populations but 
more unpredictable yield may improve WUE but 
may not improve the lot of the farmers. Attention 
needs to be given to long-term investigations of 
how yield and WUE can be increased without 

sacrificing yield stability. 

I am grateful to my colleagues at the O.D.A. 
Microclimatology Group, School of Agriculture, 

of Nottingham and at the Department 
of Soil Science for access to their results. I thank 
the Overseas Development Administration of the 
UK fr financial assistance. 
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Soil Fertility Management and Water Relationships 

A.B. Onken' and C.W. Wendt 2 

Abstract 

In man'larid and scmi-arid regions. rainlfall is the primairy or onlly source of i ater Cultural 
practicesthat reduce runoll'and evaporation and ellhance inliltration are inportantin making 
the nxinum aiount of itateravailabic to a crop. It is equally importantloithe crop to ilililc 
wtaterellfciently once it is nddtaat ailahic. An inmportant 1factor is the chemical natlre of the 

soi.%, includine, hut /lot linited to. soil lertiiv which in West Africa isa major consideration. 
be'alust'1ost .soilsoft/i, cionlt'nutrient dc nl capaWitiCs. ildicIeni[ hait' lCow Ct'Ion-xNCh;lL' 
a loitp/I. l)ata pr scntcd . tthte importancc of sclecting the proper viarictv for lertilier 
I'spon.S and nutrit't sufiie'it'ti. and collinin,, farious othl' cultura1il pratcticesC ha 'inek, a 
po.ititc flectl onl ticid a1nd Itcttr-n' cliCit'nctl(l( l"). Ilt'c is a/stO evideT to show that 
lh'rtili'crand ata ilahic it atcr in cract Such that at Simc nc.V.tahished point. 1tt"r ltcIolCs 

appcamiin ii/otinlithlg and iv Il'rti/i.'r inc'rc.c ,itht or IVI'.L I at-r-conservin, practices 
that incrca.sc alailaft/ch Itatcr hi t*Ildtcin, 1'iif reducinetlt inIcreasinL! inlitration,. and 

ev;porationl Can1? on1i
/ tconc CCinloll/i;,11v f/ca.ih ld 1 hen nutricnt defi-it'ncit's ;te corrected. 
"iht is diOtht thatt rtCac;'hon thct-cmiRstv and fcrtility of soils inSahelitin Airica is one of'ilO 

the ke /At.' R' Sl1lditili'tn ts0a0nt'rop prodlt'ion? tht'r. 

Rsutnil 

Gestion de lafertilit des sols etrelations hydriques : Dans uti grand nombrv des rI-eions 
setni-arides,It's pluies constituent /asource tretnii'rc.voir uniqute, d etau. Les pratiques cultu
rales lititatit It ruissel'lement t't 1lvaporationet accentuiant I'infiltrationsont essenti/ ts pour 
mettre I's quantits inla.xiiales d 'tau ) Ia dispositiondt's cttulrt's.I/ est aussi important que It's 
cultturt's utilisent 'ieaczt't'nt /'t'a1tnie Al/cur dispositin.l; chitnie' usol est /'nin des tcteurs 
(itcluatit Ia krtilitO, maz is n s liinlitantpas A)'etatSt'ct) qIliIlcncent notablemtent I 'leit'cacitiin 

dc 'utilisationde I eau parIts ctulturt's. I:n A friq c'dt I"Ouest, Ia fertilit9 rc rit
tine importance 
primordialt' Ili sols dt rtgion manqucnt! i1plusicurs lntmtlit tl.? Ia phiutart tit's lIa d'1nt nts 
nuitritil et soul frt'tt dt' f"'ih/'s pt/ t't de ntdiotcrt'.S cd'aftcits d 'C'han,g' dt'.s bases. 

II r'ssort ties donnt?'s prt.sctt's qi "ilcst cssentit'l dt' sc/ectionnerdes vari&tbs adaptes A 
IP"pplicatitond 'n'ngra is. de ren tdicr aux car'ncestn lt/ztnts nntritilf' ct dte conhiner diverses 
autrespratiques cultura/es avantun ll't positilfsur le rtndntltpouratccroitrelaprodictivit 
et Icficalcit? i/c I'tnti/isation dt' /'tan (lF). On,apnld/tinontrerqelitihniditt disponibleet/lat 
kfrtilisa tion rt'agisstntde'telic sortc 'ut sutr/'autrt ic I'tai de'vient un lacteurlimitant , un 
certain point et qut' Iapplicationdl't'tyrais nt I'vera plus ii les rt'ndinentsiniITIE.L's 
prattiquesde conservaition c/.I't'ai/niugeilt~ ctcnt It's i/nantitbs d 'Pt ilisponiihlt'si'n lint t tt It' 

ruissel/emenvt, en tIevant Ic taux dinhfiltratitOn et en rtudisant /'tvaporation iesont conomi-

I.Iexas AgrcilItial I xp(I Iitnunt taitii.IAio Ii ccsAt \. II 3. 1ox 21).Lihtock. IN. I.'SA.n l c.\ds 
\Vest
2. Ph.D). (Candidate, Puiduc hmscisit.\.I aliociie. IN. UTSA, 

I(Cj In,lluil1i I rtipic.s 199. Soil. (Lop, t 
Rainlcd Agriculture in tire Sutdano -Salichan; /one.:plocectdllg,of!;n Inteillatitonal Workshop, 7 11 Jan 1987. ICRISAT Sahielian 
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quement r~alisablesqu apr~s compensation des carences en d61nents nutritifs. En d6finitive, 
I'augmentationde ]a productionagricoleet sa stabilit6en zone sah~Iiennepassentforc6mentpar 
une connaissanceapprofondie dc la chimie et de la fertilit6 des sols de la r~gion. 

Introduction 

Population growing at a rate greater than food 
production in arid and semi-arid regions of the 
world emphasize the need for improved use of 
limited water resources. In many arid and semi-
arid regions, rainfall is the primary or only source 
of water and each increment must be utilized to the 
fullest extent to increase food production. Cultural 
practices that redtuce runoff and evaporation and 
enhance infiltral:on are important in making tile 
maximum amo,,unt of the water resource available 
to a crop. However, this is only one component of 
the system. It isequally important that once water 
is made available, the crop utilizes it efficiently to 
produce the desired results. 

A factor that significantly affects efficient water 
utilization by crops is the chemical niture of the 
soil, including, but not limited to, soil fertility. In 
West Africa, soil fertility is a major consideration 
because most soils of the region are deficient in one 
or more nutrients (Bationo et al. 1986, p. 39, and 
Christianson et al. 1986, p.40). However, other soil 
chemistry problems exist, such as aluminum toxic-
ity, that restrict yield in some areas and are not 
fully understood (Wendt et al. 1986, p. 45). This 
paper only considers the effects of soil fertility. 

Climate and Water 

The influence of climate on water use has long been 
a subject of investigation. Briggs and Shantz 
(19 13a) reported that the evaporation from a free 
water surface was 18 higher in northern Texas 
than at Akron, Colorado, and that tilewater 
requirement of wheat was 36% higher in northern 
Texas. The summary of de Wit (1958) further 
emphasized the effect of climate on water. He 
stated that in arid and semi-arid areas, water 
requirement also depends upon plant species and 
evaporative demand and has suggested that crop 
yield in dry climates is related to water use as 
follows: 

Y =mT/Eo 


where 
Y = total dry matter, 
T total transpiration, 
E0 = mean daily free-water evaporation, and 
m = a proportionality constant characteristic 

of the crop. 

This relationship allows for correction ofevapora
tive demand. Experimental support for this rela
tionship has been shown and m values of 141 and 
150 calculated for sorghum and millet under 
limited water production conditions (Hanks et al. 
1969, Hanks 1983). Values of m are apparently 
affected by genotype and year-to-year climatic 
variability. Tanner and Sinclair (1983) suggest 
using vapor pressure deficit for E rather than 
evaporation. Through such corrections tie authors 
suggest that the in values be the same in all 
climates. 
Total dry matter (TDM) for grain sorghum has 

also been found to be linearly related in a positive 
way to evapotranspiration (ElI.) as well as transpi
ration (J) tinder limited water conditions (Hanks 
et al. 1969). Relationships between grain yield and 
ET are frequeotly less well defined, presumabl3 
due to more complex interactions between factors 
affecting grain yield. 

Water-use efficiency (WU I) is defined as either 
yield per unit of transpired water or yield per unit 

of evapotranspiration and is expressed as follows: 

WUF. = YiT
T 


or
 

WU FElT 1-1' 
Yield can be the total biomass or a usable product 
such as grain. WUET is knownas the transpiration 
efficiency while WUEET is known as the evapo
transpiration efficiency. W[JE-1 is important in 
basic studies of crops while WIJEET is tilecom
non parameter evaluated tinder field conditions 
(Power 1983). 

In the extensive review by Briggs and Shantz 
(!,
J3b), the effects of soil moisture content, soil 
type, cultivation, cropping, soil temperature, cli
mate, parasites, plant treatment, leaf area, age, and 
plant species on water requirement were discussed. 
Since the review, climate, soil (type and water re
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tention), plant species, and leaf area characteristics 
in relation to WUET have received considerable 
attention. Early studies were concerned with the 
WUET of different plant species (Briggs and 
Shantz 1913a, Shantz and Piemiesel 1927) at dif-
ferent locations. Crops such as wheat, oats, barley, 
and rye had lower WUET than corn, sorghum, and 
millet. Hanks (1983) points out that the C3 plants 
(wheat, oats, barley, and rye) have a lower WUET 
than C4 plants (corn, sorghum, and millet). 

Viets (1962) has proposed six possible models 
for relationships between yield and ET, and yield 
and Y/FT. Published container and field data for 
several crops and forages suggest that yield rela-
tionships to ET and Y/ ET most often fit two pos-
sible mcdels suggested by Viets (1962), shown in 
Figure I (Viets 1962, Hanks et al. 1969, Hanks 
1983). The case in Figure la is where a positive 
linear relationship exists between Y and ET, ET 
being a positive value when Y is zero. This results 
in a positive curvilinear relationship between Y 
and Y/ET since evaporation bec, mes a smaller 
proportion of ET as ET increases because evapora-

A 

tion, when Y is zero, is wasted. The case in Figure 
l b is where ET and Y are independent and is rele
vant after a substantially complete crop cover has 
been established. This results in a positive linear 
relationship between Y and Y/ET. 

Fertilizers and Water-Use 

Efficiency 

Past reviews demonstrate that water requirement 
of crops grown on poor soil may be reduced by 
one-half to two-thirds by the addition of fertilizers 
(Briggs and Shantz 1913b, Power 1983, Viets 
1962). Many studies have been conducted to show 
that fertilizers increase yield, but there has been 
little emphasis on tle use of fertilizers to increase 
WU E. M anagement practices can increase the effi
cient use of water, but the influence of nutrients on 
WUET is difficult to assess under field conditions 
because of the variation in water loss to soil evapo
ration among treatments (Ritchie 1983). 

1) 

0 0
 

Figure I. 'Toof six possible models of the relationships between evapotranspiration (ET) and dry matter 
yield (Y) and water use efficiency IY(E'I and Y proposed by Viets 1962. 
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Since these studies were conducted, cultivars 0 
have been found which differ in nutrient-use effi- 2 =0.96
 
ciency. Further, as pointed out by N alker and 0.96
r 

Richards (1985), little consideration has been given 175
to the effects of specific nutrients on WUET. Also,
 
there i- little quantitative data on the influence of - 150
different moisture levels on WUET.
 

We investigated the relationship between yield 125
 
and ET, and yield and Y/ ET for grain sorghum 125
genotypes differing in nutrient-use efficiency (kg 
of grain kg-' of nutrient available) on nutrient- loo- 0 SEt12.5 
deficient soil.. Four genotypes were grown rainfed . *
 
on nutrient (N or P)-deficient soils at three "7
 
locations.
 

The data show a significant positive linear rela
tionship between grain produced and ET (Fig. 2), 50
and fits the model suggested by Viets (1962), shown
 
in Figure IA. The linear model in this case, how- 25
ever, was not as good as the one shown in Figure 3 
between grain yield and WUEET which had a 
highly significant positive linear correlation. 0 1 2 3 I I 

Factors that affect grain y'eld in sorghum also 0 I 2 3 4 5 6 
affect ET and WUEET. Table 1, for t:xample, Grain vield (kg ha-' 101)
shows the effects of fertilizer response of different igure 3. Relationship of water use efficiency 
sorghum lines. The four breeding lines were grown (Vt'EtHl) and grain ,ield for four sorghum geno
on low- and high-N soils under rainfed conditions. types grown under rainfed conditions on nutrient-
The lne R6956 had the highest yield response to deficient and nutrient-sufficient soils at two 

locations. 

40I- %= 17.6 - 4.13.\ 	 applied N and SC325 the lowest, with SC630-1 I E 
and 77CS I being intermediate. ET increased with 

r 0.70 increasing yield due to the breeding line or N appli-
S35- cation in some cases, but changed little or decreased 

in other cases. Increased yield due to N application 
or the breeding line resulted in increased WUEET. 

30 The greatest increases in WUEE F occurred with301- 0 
_ breeding lines most responsive to N application. 

- Sl" 3.53 Thus, if WUEET is to be increased through fertil
25. 	 izer application, it will be necessary to select 

.	 *_ sorghum varieties most respoasive to fertilizer. 
In another study it was fiond that grain yield of1 .0 rainfed sorghum increased with increasing N levels 

0I i iand plant populations (Welch et al. 1966). Sorghum 
0 I 2 3 4 5 was grown in a factorial combination of 11.2, 27.4, 

Grain e fk 44.7, and 67.2 thousand plants ha -' with 0, 56, and 
112 kg N ha-'. Yields increased with N level and 

Figure 2. Ielalionshipi of esalotranspiration and plant population with little increase in water use 
grain ield of foursorghunl genotyj)esgrown under due to the limited supply available. Thus, any 
rainfed conditions on nutrient-deficient soils at treatment of N or population that increased yield 
three hocation%. increased WUEET. 
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Table 1. Grain yield (kg ha-i), ET (cm), and WUEtFT (kg ha-i 
levels under rainfed conditions.' 

Grain yield 

Genotype Low N Iigh N 

R6956 2989 5837 
SC630-1 IE 3107 5469 
77CSI 2531 4786 
SC325 2354 3206 

I. Low N = 4(1kg of residual nitrate-N ha I in top 90 cm. High N 

In order to more carefully deiineate the relation-
ship between sorghum genotype, water level, anQ 
nutrient level on WIJ'EI- we conducted a con-
trolled study in minilysimeters tinder a rainout 
shelter. There were two water levels one, where 
100(,% of the transpired water \%as added weekly. 
and the other, where 50"i of the transpired water 
was added weekly. Fertility levels were 0, 10, 20, 
40, and 80 tmg N kg-1 ol soil. SC630-1 I F and 77CS I 
were the two sorghum1 cultivars evaluated. Two 
ph nts of each sorghum cultivar were grown in75 1. 
minilysimeters cotuaining a N-deficient soil treated 
as indicated above. To prevent soil-water evapora-
tion. tie surface was covcred with plastic and 
gravel leaving two holes through which water was 
added. These were covered with styrofoam. Ihe 
containers were weighed twice weekly with a load 
cell-electric chain hoist system. At the end of the 
study, the water transpired, dry mass of' shoots, 
and dry mass oI roots were determined. From these 

data, the water requirement (WR g H,0 used per 
g d1ry matter produced) and in valtcs were 
determined. 

Table 2. Crowth and development of sorghum cultivars 
S(630-11 E and 77CSI. 

Planted 8 .Ain 8 .tn 
Lmergence II 13 thm II 13 .hn 
7 leal stage ol gromth 10 .ul 10 fil 
Water requirement study 
initiation 17 .tul 17 ul 

Maximum leaf area 6 Aug 21 Aug 
ttill bloom 10 Atig 26 Aug 
tlarvcst (black layer) 25 Sep 14 Oct 
Average pan evaporation 9.4 mm 8.6 nm 

cm-1) for four grain sorghum genotypes grown at two N 

ET WUEti: 

LtOw N IHigh N l.ow N Iligh N 

27.7 28.5 108 205 
3o.5 31.3 85 175 
29.8 34.9 85 137 
31.5 29.9 77 107 

IX)0kv ol krtili ei N applied ha 

The pertinent data for the growth and develop
ment of sorghum are listed in Table 2. It can be 
seen that the average daily pan evaporation was 
less for 77CSI because of the longer growing 
season. 

Tanner and Sinclair (1983) corrected data by 
lriggs and Shanti (191 3b) for differences in eva
porative demand using pan evaporation (Table 3). 
Even after the correction, there were tip to 16% 
differences in W\R pan. Such differences could be 
important in crop production. 

The water requirement ol the different treat
ate nts in outr study are listed in Table 4. it can be 
seen that ifonly shoot mass isconsidered, differen
ces dte to treatment are not well delineated. Ilow
ever. when roots and shoots are included, there 
\were significant differences in water requirenent 
bet\ecn cultivars (SC630 .77('SI), fertility level 
(0 20 -.80 tug kg-'), and water level (high -,ow).
Ihese data indicate that roots as well as shoots 

should be included in W I T li iggs and Shantz 
(1913a i)inchtided oit lyshootniiassesiitheirsttidies. 

The same was true for in valucs. lhe higher the 
in value the more efficient the treatment (Table 5). 
The i values obtained are much higher than those 

Table 3. Water requirement (\VR) of Grim alfalfa at 
different stations in tIhe Great Plains (Briggs and Shantz 

19 3h). 
\VR Patn 

(g 11,0 average Wit 
1location g I)M) (am day-1) Pan 

Williston. Norith Dakota 518 4.04 128 
NeselI, South IDakota 630 4.75 133 
Akrom, Colorado 853 5.74 149 

alhart, lexas 1005 7.77 129 
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Table 4. Water requirement (WR) of grain sorghum 
genotypes as influenced by fertility and water levels, Lub-
bock, Texas,1985. 

WR (g H20 g-i DM) 

Genotype Shoots Shoots and roots 

SC630-1 IE 318 a' 277 a 

77CSI 305 a 221 b 
Fertility level 
(mg N kg-i) 

0 316 a 258 a 
10 317a 
20 312ab 256a 
40
80 317 a 

293 b 233 

Water level 
3
High 15a 265a

Low 307 a 233 b 

I.Means followed by the same letter in the same column do not 
differsignificantly
attheP< 0.05. 

Table 5. Estimate of m for two sorghum genotypes as 
affected by water and fertility levels, Lubbock, Texas, 
1985. 


in values 

Genotype Shoots Shoots and roots 

SC630-1IE 30.0 at 34.3 b 
77CSI 
 28.2 a 39.3 aC 

WaterHigh level 
28.5 a 34.3 bLow 29.6 a 38.4 a 

eL 29.6 a 38.4 aing
Fertility level 

(mg N kg-')
0 28.6 a 35.6 b 

20 
 29.0 a 35.7 b 

40 
 28.3 a 
80 30.7 a 39.2 a 

i.Means followed ytle same letter in the sate colutn do not 

calculated by Hanks (1983) and de Wit (1958) but 
were lower than those calculated by Howell and 
Musick (1985). 

As previously ;icated, treatment differences 
were due to significant changes in dry matter, 

Table 6. Dry matter production of two sorghum geno
types as influenced by fertility and water levels, Lubbock, 
Texas. 1985.
 

Dry matter means (g) 

Root + Root/shoot 

Shoot Root shoot ratio 

Genotype 
SC630 201 bI 25 b 226 b 8.0 a 
77CSI 224 a 79 a 303 a 2.8 b 

Water level 
High 256a 55a 311a 4.7a
 
Low 169 b 49a 218 b 3.4 b 

Fertility level (mg N kg-J)0 187c 46 b 4233c 
 .1a

20 216 b 49 b 265 b 4.4 a 
80 
 235a 61a 296a 3.9a 

I. Means pairs or triplets incolumns followed by the same letter
do not differ significantly at the P< 0.05. 

These data are presented inTable 6.Cultivar
 
77CS1 had 10% more shoot mass and 300% more 
root mass than SC630. Different water levels 
caused significant differences in shoot masses,while the different fertility levels caused significant 
differences in both shoot and rot masses. 

The reported data show the importance of selectthe proper variety for fertilizer response, correcting nutrient deficiencies, and combining var
ious other cultural practices having a positiveeffect on yield for increasing yield and WUE. There 

is also evidence to show that fertilizer and available 
water interact such that at some point water 
becomes limiting and fertilizer applications will 
not increase yield or WUE. Water-conservingpractices that increase available water by reducing
runoff, increasing infiltration, and reducing evap
oration can become economically feasible only 
when nutrient deficiencies are corrected. Establish
ing the level of available water in a soil for which 
fertilizer applications or other cultural practices 
will have no effect is important and needs to be 
demonstrated experimentally since it will depend 
upon soil, crop, and climatic factors. 
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Conjunctive Use of Rainfall and Irrigation 
in Semi-Arid Regions 

B.A. Stewart' 

Abstract 

Supplemental irrigation can be beneficial when there is sufficient rainfallto sustain, but not 
necessarily to increase crop production. The efficient use of such water, however, requires 
understanding of the relationship between transpiration,evapotranspiration,and water 
applicationratesto dry matterandgrainyield. The objectives of this paperare(1) to .,sessthe 
likelyyield increasethat canresultfrom supplemental irriga:ion, and (2) topresentstiategiesfor 
applicationoflimited amountsofirrigationwater. When irrigationsuppliesare adequate, water 
is generally added in sufficient quantities to ensure the production of high yields. If water 
supplies are limited, operators must choose between cutting back or; the amount of land 
irrigated or on the amount of waterappliedto each unit of landirrigated.Datapresentedfor 
grain sorghum show that limited amounts of irrigationwater can be used more efficiently by 
applyingsmall amounts to more landthan by fully irrigatingless land. However, the extent of 
the benefits and economics of the practicedepend on many factors. 

Risumb 

Utilisation conjointe de 'eau de pluie et de i'irrigation dans les regions semi-arides: L 'irrigation 
d'appointpeut 6tre bbn~fique dans une situation ot elle comp!te l'apportde precipitations 
suffisantespourassurerune stabilitedo ]aproductionagricole mais o) l'eau continued tre un 
facteur limitant. Toutefois, I'utilisationefficace de cette eau depend d'une bonne compr6hen
sion des relationsexistant entretaux de transpiraton,6vapotranspirationet apportd'eau d'une 
part, et rendements tn mati&rc s&che, en grain, d'auire part. Les objectifs de cette 6tude 
consistent : (1) h 6valuer I'augmentationprobable de rendement d6coulant d'une irrigation 
d'appointet (2) h ddfinir quelques strat6giesd'apportd'eu d'irrigationen quantit6slimit6es. 
Dansle cas ot) la r6serveest satisfaisante,l'eau est ajoute en quantit6ssuffisantes pourassurer 
de hauts rendements. Si elle est insuffisante,les exploitantsdevront choisir entre la rsduction 
des surfacesirrigu~esou celle des quantit6s d'eau apport6esparsurface unitaireirrigu&. Les 
donnes recueillies pour le sorgho montrent que dans le cas o) l'apport d'eau est limit6, 
l'applicationde petites quantitEs sur une plus grandesurface assurera une meilleure efficacit6 
d'utilisation qu'une irrigation complte pratiqL'6e sur une surface moindre. Toutefois, les 
avantageset la rentabilit6de l'op6rariondependent d'un grandnombre dautresfacteurs. 

I. Laboratory Director, USDA-ARS, Conservation and Pr duction Research Laboratory, P.O. Drawer 10, Bushland, TX 79012, USA. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics).1989, Soil, Crop, and Water Management Systems for 
Rainfed Agriculture in the Sudano-Sahelian Zone: proceedings of an International Workshop, 7-i1 Jan 1987. ICRISAT Sahelian 
Center. Niamey, Niger. Patancheru, A.P. 502 324, India: ICRISAT. 
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Introduction 
Rainfed 	 agriculture has not received adequate 
attention in the past because many policymakers 
feel that irrigation is the key element in food secu-
rity. Irrigated cereal production in the Sahel region 
received almost three times more donor assistance 
than rainfed cereal production froir 1975 to 1983, 
even though 95% of cereal production comes from 
dryland farming or traditional irrigation systems 
(Club du Sahel, CILSS 1985). Debate continues 
regarding the priority that should be given to irri-
gation development, but with costs for bringing 
new land under irrigation exceeding $10 000 ha-' in 
some cases, there is a clear need to give added 
attention to rainfed agriculture, 

This paper deals with the conjunctive use of 
rainfall and itrigation, with emphasis oil rainfall, 
In the semi-arid regions, several times, limited 
amounts of water from runoff or groundwater are 
available for supplemental irrigation to increase 
crop production significantly. The efficient use of 
such water, however, requircs a good understand-
ing of the relationship between transpiration, eva-
potranspiration, and water application rates to dry 
matter and grain yield. The objectives of this paper 
are (I) to assess the likely yield increase that can 
result from supplemental irrigation, arid (2) to 
present strategies for application of limited 
amounts of irrigation water. The discussion will be 
limited to grain sorghum (Sorghum bicolor (L.) 
Moench), and examples will he based largely on 
studies at the USDA Conservation and Produc
tion Research Lahoratory, Blnshland, Texas, car
ried out on a Pullman clay loam soil (fine, mixed 
thermic Torrertic Paleustolls). 

Relationship Between Yield 
and Evapotranspiration 

Strong correlations usually occur between cumula-

tivc seasonal dry matter and cumulative seasonal
 
transpiration (de Wit 1958, Arkley 1963). l)e Wit
 
showed that for dry climates with high radiation,
 
yield and transpiration were related as 

y/T =n'Tmax, 
where 
Y = total dry matter mass per area, 
T = total transpiration per area from emer-

gence to harvest, 

Tmax =	mean daily 'free water evaporation' for 
the same period and 

m = a constant governed mainly by species, 
and is largely independent of soil nutri
tion and water availability unless plant 
growth is seriously nutrient-limited, or 
soil water is too high, causing lack of 
aeration or leaching of nutrients. 

Since transpiration is difficult to separate from 
evaporation from the soil surface, the total evapo
transpiration (ET) is most often measured. 

Transpiration and evapotranspiration are closely 
correlated, particularly after a plant canopy has 
formed. A theoretical representation of dry matter 
yield as a function of evapotranspiration is shown 
in Figure I. Assuming linear extrapolation, the 
intercept on the evapotranspiration axis represents 
evaporation from the soil surface. Also, for crops 
that have a relatively constant harvest index, the 
harvestable portion of the crop can be substitnted 
in the relationship. For grain sorghum, the yield of 
grain can be used on the Y axis. 

Figure 2 shows a compilation of data from the 
Conservation and Production Research Labora
tory, Bushland, Texas, for grain sorghtim. The 
data of Jones (O.R. .Jones, personal communica
tion, of unpublished results, 1958-1983) represents 

'
 

Seasonal evapotranspiration 
Figure I. Representation of the relationship 
between dry matter ,,ield and seasonal 
evapotranspiration. 
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Figure 2. Relationship between yield of grain sorghum and seasonal evapotranspiration at the USDA 
Conservation and Production ResearLh Laboratory, Bushland, Texas, USA (0 = O.R. Jones, personal 
communication; I = Musick and l)usek 1971; 2 = Stewart et al. 1983). 

26 years ofdryland grain sorghum production. The Israel locations. As vapor-pressure deficit increases, 
data of Stewart et al. (1983) were collected in maximum evapotranspiration increases, and it 
1979-1981,and those of Musick and Dusek(1971) requires a greater evapotranspiration level to 
are from the years 1963-1965. There is a very good maintain a given yield level. As a 'first approxima
linear relationship between grain yield and evapo- tion', the relationship presented in Figure 3 can be 
transpiration, with 15.5 kg ha- 1 of grain produced used to estimate the benefit that can be expected 

-for each mm (1.55 kg m 3) of evapotranspiration from supplemental irrigation of adapted hybrid 
above the estimated threshold value of 126 mm. grain sorghum in semi-arid regions of the world. 

Figure 3 shows a similar relationship, but in Certainly the actual yield increase for any specific 
addition to the Bushland, Texas, data used in Fig- location and year will vary, but this relationship 
ure 2, it includes data from the United States, can serve as a guideline until data for specific con-
Israel, and several locations in India. rhe relation- ditions are obtained. 
ship found using these data showed that 15 kg ha-1 The data in Figures 2and 3represent avariety of 
of grain was produced for each mm (1.50kg M-3) of conditions with respect to the amount of water 
evapotranspiration above an estimated threshold supplied by rainfall or irrigation, and the time of 
value of 94 mm. ' he relationship was surprisingly water application. Although grain sorghum does 
good, considering the diversity of the data used. show a remarkable ability to compensate and 

There is a tendency for a majority of the data adjust to stress conditions, there are growth stages 
from Bushland, Texas, and Israel to be below the that are more critical than others. Based on a large 
regression line, and a majority of the data from number of irrigation studies in the Southern High 
India, Kansas, and College Station, Texas, to be Plains of the United States, Musick (1984) con
above the line. This is probably because vapor- cluded that good yield responses and efficient use 
pressure deficits over the growing season are of water are achieved when water is applied at the 
generally greater for the Bushland, Texas, and mid-boot and flowering stages, and that the 
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Figure 3. Relationship between yield of grain sorghum and seasonal evapotranspiration for various
locations (0= O.R. Jones, peronal communication, Texas, USA; I = Musick and Dusek 1971, Texas, USA;
2 =Stewart, et al. 1983, Texas, USA; 3=Owonubi and Kanemasu 1982, Kansas, USA; 4=Bielorai et al. 1964,
Israel; 5 = Howell and Hiler 1975, Texas, USA; 6=Stewart et al. 1975, California, USA; 7=Seetharama et al.1982, compilation of India studies; 8 = Stone et al. 1978, Kansas, USA; and 9= Chaudhuri and Kanemasu, 
1982, Kansas,USA). 

response and efficiency are much lower when water 
is applied at the 6-8 leaf stage and at the milk to 
soft dough stage. Similarly, Doorenbos and Kas-
sam (1979) stated that where rainfall is not suffi-
cient and irrigation water is limited, irrigation 
should be based on avoiding water deficits during 
the periods of peak water use, from flowering to 
the early yield formation period, 

The timing of irrigation or rainfall can certainly 
influence where particular data points fall when 
plotted as shown in Figures 2and 3. Timely addi-
tions will result in points above the fitted line, while 
untimely additions will result in lower than pre-
dicted efficiencies, 

Relationship Between Evapo-
transpiration and Applied Water 

The relationship between yield and seasonal eva-
potranspiration is linear; the relationship between 

evapotranspiration and applied water is usually 
not. The general effect ofapplied water(which can 
be rainfall, irrigation water, or a combination of 
the two) on evapotranspiration (Y axis) is shown in 
Figure 4. The amount on the left-hand side of zero 
on the X axis represents the amount of stored soil 
water utilized by the crop during the growing sea
son. Some of the water added during the growing 
season from either rainfall or irrigation may be lost 
asrunoffordeeppercolation, or may remain in the 
soil at the end of the growing season. Small 
amounts of water added early in the growing sea
son are lost through evaporation and may not 
increase transpiration or yield. 

The extent to which the curve in Figure 4 
deviates from a 1:1 slope indicates the extent of
runoff and percolation losses or the amount of 
applied water that remains in the soil at harvest 
time. While it may be beneficial in some situations 
to have considerable quantities of soil water 
remaining at harvest time, it often lowers water-use 

800 
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efficiency, because the storage efficiency of rainfall plant available soil water remained at harvest, 

during the fallow period will be reduced if the morethan40%oftheprecipitationreceivedduring 

profile is already partially charged. Musick (1970) the non-growing season was present in the 1.2-m 

showed a significant negative relationship between soil profile at seeding time of the next crop. When 

more than 90 mm remained at harvest time, lessthe antecedent soil water after harvest and presea-

son storage efficiency. When less than 20 mm of than 15% of the precipitation that occurred during 
the fallow season was stored as soil water. 

The amount of water lost by runoff or deep 

percolation varies greatly depending on many site 
factors. Where rainfall occurs along with or closely 
following an irrigation, runoff can be very high, 
resulting in low water-use efficiency and high 

losses of soil by erosion.~Lo'.ses 

-Relationship Between Water-Use 
Efficiency and Yield 

,,, The term water-use efficiency (WUE) is used in 
many ways. It is generally defined as Y/ET, and 
the highest WUE will always be at the highest yield. 

Available 0--*, This is necessarily so because the relationship of 

soil water Growing season rainfall and irrigation Y-ET, generalized in Figure I, is linear, and the X 

Figure 4. Generalized relationship between increas- intercept (evapotranspiration) is greater than zero. 

ing growing season water inputs and seasonal I herefore, the greater the yield, the greater the 

evapotranspiration. WUE. Figure 5 shows the data presented earlier in 
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Figure 5. Relationship between water-use efficiency (WUE) and yield of grain sorghum at the USDA 

Conservation and Production Research Laboratory, Bushland, Texas (0 =O.R. Jtones, personal communi

cation; 1I- Musick and Dusek 1971; and 2 =Stewart et al. 1983). 
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Figure 2, plotted as a function of WUE against of limited supplies of irrigation water for grainyield. WUE values were calculated as follows: sorghum production. The objective of the LID 
WUE (kgm-3)--yield (tha-1) x100/seasonal ET (mm) concept is to maximize the conjunctive use of the 

growing-season rainfall, which varies for any given-
The WUE value was about 0.7 kg m at a yield year, with a limited supply of irrigation water,level of 2 t ha-' and about 1.1 kg rn- at a yield level which is fixed for a given year. The unique featureof 5 t ha-'. The line drawn through the points was of the LID system is the flexible adjustment, durcalculated from the regression line in Figure 2. ing the crop growing season, of the amount of landSince there is a linear relationship between irrigated, allowing more land to be irrigated duringevapotranspiration and yield, yield can be substi- above average rainfall years than during dry years.tuted forevapotranspiration on the Y axis (Fig. 4). Risk is low with the LID system, and response isIn this case, WUE is defined as: good in favorable rainfall years.WUJ =:yield/,vater available during growing season. The 1.11) system concept is illustrated in Figure6. A graded furrow field, 600 m long on a 0.3-0.4% 
It reaches an optimum level and then generally slope, was divided into three water-management

decreases as available water increases during the sections. The upper half of the field was the 'full),growing season. To achieve maximum yield, irri- irrigated' section. nextThe one-fourth was thegation applications must be sufficient to meet max- 'tailwater runoff' section that utilized furrow runoffimum crop water demands, but this greatly in- from the fully irrigated section. The lower onecreases the chance of deep percolation or runoff. In fourth was the "dryland'section capable of receivaddition, considerable soil water will likely remain ing and utilizing runoff from irrigation or rainfallin the soil at harvest time, thus reducing WtI_. oil the wetter, fully irrigated and tailwater runoff
Supplemental irrigation can be beneficial when 

there is sufficient rainfall to sustain crop prodtic
tion and when lack of water still limits crop
growth. If the irrigation source is adequate, %%ater 
should be added in sufficient quantities, particu
larlv at critical growth stages, to ensure production Irao,..
of high yields. If water available for supplemental 
irrigation is limited but the amount of drvland 
grain sorghum that must be irrigated is large, man
agenent decisions become more difficult. Should a" 
small amount of land be irrigated for high yields or 
should the irrigation water he spread over more 
land'! Figure 4 indicates that, especially with 
sorghum, a limited amount of water can be used 
more efficiently (in terms of evapotranspiration) 
by spreading it over more land becaose losses to 
runoff and leaching are less. 

Plant densityv. ,, 

Strategies for Applying Limited 
Irrigation Amounts " 

Limited Irrigation-Dryland Farming - " "-
Systems Furrow dams - '" - _ 

Stewart at al. (1983) developed a limited irrigation-
dryland (LID) farming system for the efficient use 

Figure 6 Schemalic drawing of 
Irrigation-Dryland (1.11)) System. 

the Limited 
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sections. Plant densities were reduced down the 
field to alleviate stress because irrigation water was E 400
decreased as the distance down the field increased. "a 
Furrow dams (Clark and Jones 1980) were placed T,3oo
almost every 4 m throughout the length of the field. ", 
Alternate 76-cm furrows were irrigated, and the 
dams in the irrigated furrows were notched to cv- 139 Lix -545 
ensure that irrigation water moved over dams and 
down the furrow rather than across the beds. The 100
remaining furrow dams on the lower part of tile 
field and the dams in the nonirrigated furrows for , 0 
the entire length of the field prevented rainfall E 0 100 200 300 400 500 600 
runoff. A predetermined amount of irrigation Irrigation water applied (mam) 
water was applied at regular time intervals. The 
extent to which the entire field was irrigated Figure 8. Increase in evapotranspiration of 
depended on the rainfall received. The wetter the irrigated grain sorghum over dryland grain 
year, the greater the advance ofa fixed applicatn sorghum as a result of the amount of supplemental

irrigation iater applied by the Limited Irrigation
down the field. The objective was to prever i r ryh, (1,11)) System. 

from rainfall or irrigi-tiun
minimize any water 

from leaving the field. More recent studies with the 
ID system have utilized a medium-seeding rate 

throughout the field, and furrow dams in only 
alternate furrows that are not used for irrigation. tionship was found, which is in consonance with 
These changes make the system somewhat easier to the earlier discussion of Figures I, 2, and 3. There
manage, and the benefits are similar. Removal of fore. the highest WUE, defined as yield of grain/ 
dams from irrigated furrows also minimizes deep seasonal ET, was obtained when the yield was 
drainage at the upper end of the field, highest. Tle highest yields were obtained by full 

Results from using LII) for three years are irrigation of every furrow to supply sufficient 
shown in Figures 7 and 8. When grain yields were water to meet evapotranspiration demands. The 
plotted as a function of seasonal FT, a linear rela- lowest yields, shown in Figure 7, were from dry

land plots, and tile remainder of the yields were 
from the LID system plots that r,:ceivcd either 125, 

185, or 250 im of irrigation water during the 
growing season. The amounts of water were based 

It) 	 on the entire field, but, as shown in Figure 6, the 
utpper end of the field received a greater a rount 
and the lower end of the field received none or very 
limited amounts of water. The values presented are 
the integrated yields and El amounts for the entire 

- - field.
 

" Figure 8 shows the increase in ET of the various
 
4- .. plots as a function of the amount of irrigation
 

- Ott 15 water applied.
 
-vapotranspiration increased with increasing
 

0.86 applied irrigation water, and ats ET increased, 

grain yield increased (Fig. 7). lowever, the WUE 
i I I 1 I I I defined as yield of grain, turit of irrigation water 

0 100 200 300 400 500 60) 70) 8)o applied, decreased as amounts of irrigation water 

Seasional F I1 (nu) 	 increased. When only 100 200 nn of irrigation 

Figure 7. Relationshi ) hetween grain .ield of water were applied (Fig. 8), there was almost an 

sorghum and seasonal esapotranspiralion for the equivalent increase in ET. This is because the LID 
Limited Irrigation-l)ryland (1.11)) 5 stem. systen prevents runoff, provides very little oppor
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20 

tunity for leaching, and very little available soil 
water remains in the profile at harvest time. The 
highest grain yields occurred at the highest irriga-
tion levels, but the data in Figure 8 illustrates that 
500-600 mm of irrigation water had to be applied
to produce an increase in ET of about 350 mm. 
This is because substantial amounts of rainfall and 
irrigation water are lost as runoff and large quanti
ties of available soil water remaining in the soil at 
physiological maturity. Deep percolation los..es 
were not considered remarkable in the reported 
study. 

The data shown in Figure 8 for field conditions 
demonstrate the validity of the generalized rela-
tionship in Figure 5, and clearly show that limited 
amounts of irrigation water can be used more effi-
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ciently on grain sorghum by applying small 
amounts to more land than by fully irrigating less 
land. 

Alternating Strips of Grain Sorghum 
with Wheat 

Musick and Dusek (1975) conducted a six-year 
study in which grain sorghum and winter wheat 
(Triticum aestivurn L.) were grown in alternating 
4.5-m wide drill strips. Since the two crops have 
completely different growing seasons, outside crop 
rows could benefit from a border effect when no 
crop was growing on adjacent strips. Each strip 
contained six beds separated by five inside fur
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Figure 9. Weekly heat units (00 c)exceeded in 50% of the years and 10-day precipitation amounts exceeded in50% of the years for the ('onservation and Production Research L.aboratory, Bushland, Texas. The four 
boxes represent grain sorghum seeded at four different dates. 
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rows. In one irrigation scheme, water was applied 
to two furrows in each six-bed strip. Each of the 
four inside beds had an irrigated furrow on one 
side and a nonirrigated furrow on the other. The 
two outside rows functioned as border rows and 
were not adjacent to an irrigated furrow. 

The objective of the system was to utilize the 
rainfall during the non-growing period of one crop 
more efficiently than it would be if it was stored in 
the soil for the next crop. For example, rainfall 
during the non-growing period of annually cropped 
wheat averaged 207 min per season during the 
study. Storage efficiency measured at wheat plant-
ing time in another study averaged only 21%' 
(Johnson and Davis 1972). In principle, alternat-
ing strips of grain sorghum with winter wheat 
should allow for more efficient use of the rainfall. 
During the study, the irrigation water applied was 
about 45% less than in full irrigation conditions 
and yields were about 25%. Thus, the system offers 
considerable potential for increasing use efficiency 
of both rainfall and limited irrigation water. This 
concept could possibly apply to some intercrop-
ping systems where crops of different maturity 
lengths are grown in adjacent rows. The primary 

disdvatagsyteoftilistha itreqire mo 
disadan tage of ti e system is that it requires 
ing irrigation equipment twice over the area being 

Timing of Supplemental 

Irrigation Water 


The strategies discussed above were designed to 

add relatively small increments of irrigation water 

several times during the growing season. In some 
situations, water may be available only for one 
irrigation. As already stated, the best time to apply 
irrigation water to grain sorghum is at the mid-
boot and flowering stages. However, the rainfall 
probability profile should be considered as well as 
the growth stage of the crop. For example, the data 
presented in Figure 9 show the growth stage o' 
grain sorghum for four seeding dates. The 10-day 
rainfall amounts exceeded rainfall in 50% of the 
years and the number of weekly heat units ('C 
above 0) exceeded the number of heat uilts in 50% 
of the years. If only one irrigation is applied to the 
early-seeded grain sorghum, it should be scheduled 
towards the end of the vegetative period when the 
air temperature is highest and the probability for 

rainfall is relatively low. For late-seeded grain 
sorghum, irrigation should perhaps be applied 
somewhat earlier because rainfall is more likely to 
occur during the later growth stages. 
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Wind Erosion: Mechanics, Measurement, and Control 

D.W. Fryrearl 

Abstract 

In semi-arid and arid regions, erosion of soil by wind is an annualproblem. Wind erosicn 

me,:ianics have been researched,and the flow processes of surface creep, saltation, and 

suspensionhave been described.The factorsresponsiblefor the detachment oferodible pn ticks 

are well understood, but the measurement of wind erosiorn has been difficult because of 

inadequate field equipment. Recent advancements in measuring equipment have mae t 

possible to collect samples fOr quantity and quality determinations. Surface residue manage

ment, tillage, and wind barriersare the major methods of controlling wind erosion. Lack of 

adequate rainfall influences the optimun tind erosion control technique. A vailahle rainfali 

mat limit the quantity oft esidue produced, but research has showvn that 30(7soil cover educes 

soil erosion losses by 80('i. he benelits of tind erosion control with crop residues must be 

weighed against the utilization of residues by livestock. Ridging soils reduces soil losses by 85.-5/, 

except for deep sand' soils. Timing the wind erosion control technique is important because 

ridginga moist, noneroding soil mprovidecomplete control, while ridging adry, eroditgsoil 

may provide no cotrol. 

Risum 

Erosion iolienne-micanismes, mesures et contr6le :Dans les regions arides et semi-arides, 

I'6rosion6olienne est un problbme persistant dont les aspects mbcaniques ont &6 6tudi~s et les 

phnombnes de reptation en surface, saltation et suspension dbcrits. Les facteursresponsables 

du dbtachement desparticules rodiblesont 6t bien ,nalys6s, mais l'insuffisancedematbrielsur 
le terrain a constitu& un handicap pour mesurer lrosion 6olienne. Le perfectionnement des 

instruments de mesure a I.ermis de recueillir des 6chantillons servant i la determination 

quantitative et qualitative. La gestion des r6sidusen surface, le tra vail du sol ct les brise-vents 

constituent des techniques ihportantes de maitrise de I 1iosion olienne, sepsibles A1'influence 

d'unepluviosit6 insuffisante. Les eaux de pluie disponible pourraient diminuer les quantitbs de 

rcsidusproduites mais des &tudes ont montr6 qu 'unecou verture du solde 30% r~duiraitde 80% 

lespertes dues h 1erosion. L 'importancedes rbsiduscomme moven de lutte contre 1rosiondoit 

6tre 6valu~e par rapport A)leur valeur pour l'1levage. Le billonnage devrait permettle de 

diminuer de 80% les pertes dues A l'6rosion du sol, A l'exception des sables profonds. II est 

essentiel de pr~voir un calendrier d'exocution des techniques de maitrise de 1Erosion6olienne, 

car le billonnage peut assurer un contr6le total sur un sol humide non 6rodible, mais nul sur un 

sol sec &odible. 
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Introduction 
Wind erosion is an annual problem in many arid 
and semi-arid areas of the world. As these areas are 
extensively utilized by man, the hazard of severe 
wind erosion increases. The lower the rainfall, the 
higher the average temperature, or the more limited 
the soil resources, the greater is the danger of irre
versible damage to the ecosystem. 

Wind erosion affects a broad range of environ-
mental factors. The problem begins when soil par-
ticle movement is initiated and intensifies as the 
eroded particle fluxes increase to the point of des-
troying plant tissue. Particles deposited in entrap-
ment zones or on distant landscapes provide evi-
dence of wind erosion, 

Mechanics 

The movement of soil particles by wind has been a 
part of man's environment since recorded history 
(Wilson and Cooke 1980). Major dust storms have 
been documented in history, but the scientific 
study of the initiation, transport, and deposition of 
sand was begun by Bagnold (1941). Numerous 
scientists have written on wind erosion, but the
contribution by Chepil and Woodruff (1963) is 
most notable. Whenever wind velocity exceeds the 
threshold velocity for a particular soil surface con-
dition, loose soil particles become unstable and are 
injected into the wind stream. The denser and 
larger particles return to the soil surface to dislodge 
additional particles. This detachment accelerates 
until the wind stream becomes saturated with soil 
particles. The absolute size and distribution of par-
ticles depends on the turbulent energy of the wind 
and composition of the soil surface. 


The mechanics of wind erosion is evident in the 

three int ,es of transport of sand or soil particles by
wind, i.e., surface creep, saltation, and suspension. 
Surface creep is when the largest particles cannot 
become airborne, but roll along the soil surface. 
Generally, surface creep comprises 7-25% of the 
soil movement and consists of particles 500-1000 
pm in diameter. Slightly smaller or less dense par-
ticles of 100-500 pm in diameter may be temporar-
ily airborne, but return to strike the soil surface at 
an angle of about 80. This mode of transport is 
called saltation and comprises 55-72% of the total 
flow. The smallest and lightest particles become 
suspended in the air stream and may be trans-

ported hundreds or thousands of kilometers. This 
mode, called suspension flow, comprises 3-38% of 
the total flow and consists of particles 2-100 ym in 
diameter (Chepil 1945). 

Measurement 

When the wind velocity exceeds the threshold 
velocity for a particular soil surface, soil particles 
begin moving and suspension-size particles become 
airborne. If the concentration becomes sufficiently 
high, dust clouds develop, and if the storm con
tinues to intensify, the dust may even blot out the 
sun. Accounts of red snow in Europe because of 
dust-laden winds from North Africa (Tullett 1978) 
illustrate the effect of wind erosion on distant 
regions. 

Records of dust storms are particularly valuable 
to illustrate the variation in erosion between years.
By rating dust storms on a numerical scale (Fryrear 
1981), the intensity of erosion can be quantified. 
Table I shows the Dust Storm Rating System 
(DSRS), an arbitrary numerical scale used to rate 

Table 1. TheDustStormRatingSystem(DSRS)devel
opedatBigSpring,Texas, USA. (Fryrear 1981).
 
o
 
DSRS
 
numerical Dust Storm Description
 
value (hours listed are minimum time)
 
I Light blowing dust >0.5 h, minimum
 

visibility 7 km
 
2 Light blowing dust >2 h, minimum
 

visibility 5 km
 
3 Blowing dust >4 h, minimum
 

visibility 1.6 km
4 Blowing dust >4 h, minimum
visibility 800 m 

5 Blowing dust >4 h, minimum 
visibility 400 m 

6 Blowing dust >6 h, minimum 
visibility 300 m 

7 Heavy blowing dust >8 h, minimum 
visibility 200 m 

8 Heavy blowing dust >10 h, minimum 
visibility 100 m 

9 Severe blowing dust >24 h, minimum 
visibility 50 m 

10 Severe blowing dust >48 h, minimum 
visibility 5 m 
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natural dust storms. This system was initiated to 
establish uniformity in quantifying dust storms at 
Big Spring, Texas, and may not be directly trans-
ferable to other regions (Fryrear 1981). 

Under severe conditions, soil losses owing to 
wind erosion can be determined by measuring 
changes in surface elevation. This is usually appli-
cable only under extreme conditions because a few 
mm of soil is equiv . it t,- a soil loss of several 
t ha-' (Chepil 1960). )c vokime of soil in deposi-
tional zones downwind of eroding areas can be 
measured to determine accumulations from a sin-
glestormortotaldepositionduringawinderosion 
season. This is a conservative measure because 
suspended material may pass the depositional area 
and thus not be included in the measure ofaccumu-
lated soil. 

To measure natural wind erosion in tile field, 
special equipment has been developed by Bagnold 
(1941), Armbrust (1967), Merva and Peterson 
(1983), Steen(1977), Leatherman (1978), Bocharov 
(1984), and Fryrear (1986). The most recent 
sampler, the Big Spring No.8 (BSNE), the eighth 
model tested, was developed by USDA-ARS at 
Big Spring, Texas (Fryrcar 1986). The device is 
inexpensi,,e, efficient, and operates uniittended for 
weeks. Heights up to 4 m have been sampled with 
the BSNE to determine vertical distribution of 
eroded material. From severe storms, sufficient 
samples may be collected for detailed physical and 
chemical analyses. Details of the 13SNE sampler 
are illustrated in Figures Ia and b. 

With laboratory wind tunnels, studies of wind 
erosion processes can be conducted by holding all 
except one or two factors constant. This technique 
has been used to identify the influence of cover, 
roughness, and nonerodible elements, to measure 
plant injury, and to simulate wind-barrier influen-
ces. Field wind erosion from very short-duration 
storms can be measured by using portable wind 
tunnels. Various soil and vegetation treatments 
can be established under natural rainfall and 
weather conditions, and the changes in erosion 
evaluated. Field wind tunnel tests do not require 
that soil or plant conditions be simulated as in 
laboratory conditions, but the investigator has no 
control over the rainfall or weather conditions, 
Field wind tunnel tests represent only the extreme 
windward edge of the field unless eroded material 
is introduced into the tunnel, but the tests can be 
extremely valuable in comparing control practices 
under field conditions, 

Control 

Wind erosion is most effectively controlled by 
reducing the wind velocity at the soil surface or 
creating a nonerosive soil surface. Wind velocities 
over large land masses cannot be controlled, but it 
is possible to reduce the wind velocity at the soil 
surface with standing vegetation, wind barriers, or 
nonerodible materials on the soil surface. 

Standing vegetation is several times more effec
tive in reducing wind erosion losses than the same 
quantity of vegetation lying flat on the soil surface 
(Siddoway et al. 1965). However, weeds must be 
controlled and in many developing countries crop 
residues are utilized by livestock, so it is not always 
possible to leave vegetation standing for extended 
periods of time. In many cropping systems, the 
entire plant is harvested and no residue is available 
for controlling wind erosion in tle field. 

The major objective of a wind barrier is to 
reduce wind velocities over the greatest distance 
from the lee of the barrier. The effectiveness of 
wind barriers depends on the porosity and shape of 
the barrier and the orientation of the barrier to the 
prevailing wind. The barrier should have about 
40% porosity (Chepil et al. 1963) to protect a dis
tane about 10 times the height of the barrier (H) 
and to reduce wind erosion along the wind direc
tion for a distance about 20 times the height of the 
barrier (Hagen 1976). Dense barriers have the 
greatest wind reduction adjacent to the barrier but 
shorter protected distance. If the protected crop 
between the barriers is susceptible to wind damage, 
the barrier must provide the maximum protection 
possible, and the barriers may be spaced closer 
than 10H. 

Nonerodible elements are material on the soil 
surface that will not be moved or transported by 
erosive winds. These include stable soil aggregates 
(sometimes called clods), gravel, or rock fragments 
larger than the maximum size that can be trans
ported by wind, or even large sections of plant 
material that have not decomposed. Soil loss is 
reduced by80%if30%ofthesoilsurfaceiscovered 
with nonerodible material (Fig. 2). 

A ridged soil surface reduces wind erosion losses 
on most soils (Fig. 3). The larger the ridge the 
greater the reduction in soil loss except for deep 
sands. Tillage will not control wind erosion on 
deep sands because the ridges are unstable after 
rainfall or irrigation. Once the surface has been 
consolidated or crusted, soil roughness can be 
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0r- 'Fo view 

240 mm A*40-*4- 6 
A- 60 mesh screen 

Side view W 

S18 mesh screen 
13SNE Sampler 

End view 

oc r~Fop iew 

28(0 min 

Side view " 

Pan 7120 

End view 

*---Sample slot 20 x 50 mm 

- -- -- - k4 - -- Rubber band 

Assembled 

Figure Ia. Details of the BSNE sampler. Tolerances on sample slot are ±0.1 mm. All other dimensions are 
±2 mm. Sixty mesh screen must be made ofstainless steel and 18 mesh screen must be made of steel. Alljoints 
and seams will be soldered. Rubber band must be cut from 9:50 x 15 inner tube. 
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18-mm diameter pipe 

Wooden block 80 -81 mm 
Short metal bearing top and bottom 

Tall 180 x 200 mm 

Steel banding I mm I 
1370-mm long s 

-

[31iI 

I 

Tellon washer 

Steel washer 

----

II 

Wood screws 

4 um bolts 

,/ 

Cotter pin i 
Side view 

290 r 375 

i 750 nm
 

Top view
 

Mounting section 

Figure lb. Side and top view of the mounting section of the BSNE sampler. The 18-mm diameter pipe and 
cotter pin will be supplied by USDA. All dimensions are t2 mm. 

increased with subsequent tillage while the surface period can destroy young seedlings, reduce crop 
soil is moist. quality, or delay crop growth. All crops are not 

Several chemical products have been tested that equally susceptible to wind damage (Table 2). As 
successfully control wind erosion for a few weeks crops mature, their susceptibility to wind damage 
(Chepil et al. 1963). Armbrust and Lyles (1975) decreases. Exceptions are crops such as tobacco 
identified five polymers and one resin-in-water and cabbage in which crop quality and marketabil
emulsion that reduced wind erosion for two months. ity may be decreased because of tissue damage and 
However, such chemicals are expensive and their the presence of sand grains. To protect young seed
use interferes with other inputs such as herbicides lings, farmers may use tillage implements to main
and is only practical on high value crops. tain soil roughness, or may grow wind-resistant, 

Wind erosion during the crop establishment taller crops adjacent to the susceptible crop. 
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0.8-
Table 2. Crop survival rates as influenced by duration 
of exposure to a15 ms- wind with asand flux of 0.05 kg 

-
mn width s19-10 day old plants (Fryrear and Downes 
0.6- 1975). 

o Survival rates (%)at three 
exposure times (min)0.4- Crop 5 10 20 

Pepper 75 8 0
Er Onion 100 100 1000.2- Cabbage 100 87 56
 

Southern pea 100 94 72
 
Carrot 91 10 4
 
Cucumber 
 100 100 46
0-
 Cotton 100 85 is
 

0 20 40 60 
 80 Sunflower 91 88 72 
Soil cover ('i) Mean 95 72 46
 

Figure 2. Relationship between soil loss ratios (soil

loss with no cover equals I), when various percen
tages of soil surface are covered with flat nonerodi- Conclusion
 
ble material (Fryrear 1985). 

Wind erosion continues to be an annual problem in 
sandy areas with asemi-arid climate owing to bare, 
loose soil. high wind velocities, and insufficient 
vegetation to protect the surface. Effective wind
 
erosion control systems have been developed for 
crops with much residue, e.g., conservation tillage
and crop rotation. Without surface residues, the 
soil surface must be roughened with tillage after 
each rainstorm. The effectiveness of the tillage sys
tem will depend on the timeliness and type of til1.0- lage. Roughening the soil surface reduces soil 

41 movement by wind up to 90% but will not be. 0.8- effective on coarse-textured, single-grained soils. 
Many crops will be destroy( J:or yields signifi

0.6- cantly reduced when seedlings are exposed to 
blowing sand for as little as 15 min. Farmers mustS0.4- strive to protect the young seedlingr,the firstfew
 
days after emergence. Wind barriers or soil ridges
oriented perpendicularly to the erosive winds can0.2 reduce crop injury. The most effective control isa 
well-calculated combination of surface residues, 

I T I I tillage, and wind barriers. 
0 50 100 150 200 250 

Ridge roughness (Kr) (min)

Figure 3. Relationship between soil loss ratio and 
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A Study of Methods for the Revegetation 
of Barren Crusted Sahelian Forest Soils 

R.G. Chase and E. Boudouresque' 

Abstract 

In a study on revegetation of barren crusted Sahelian forest soils, the following treatments: 
tillage(T), mulching with tree branches (Al). andtillage followed hvmulching(TM) were tested. 
Half the stud' area was exposed to grazing. No fertilizers orseeds were used. Duringthe first 
rainy season (1983. raintall550 inni), winds and twater-deposited sand left seed in the plots, 
particularv those with a mulch. After tourmonths the TM-treatment area had an average dry 
matter stand equal to that lound in naturallv egetated areas of the adjacent forest. Plots 
established in 1984produced one-tenth the dry matter that the 19S3 ,,;s; pioduceu in ,la 1 first 
Year. The one-Year-old TI plotsproduced live times more dr ' matter during the droughtY 1984 
season than did plots established in that season. The T treatment area lost and the Al treatnent 
area gained in relative dry matter production in the second year. By the third Year. the T 
treatment lost most of its effectiveness. Plots exposed to grazing produced less biomass, 
partially due to the dispersal of branches by passinganimals. Separate tests sho wed that natural 
areas ofsand accumulation and termite activity decrease runoff rates. Mulch was shown to 
decreaseand stabilize soil temperatures while permitting water to move deeper into crusted soil 
than even the tillage treatment. These efects help create a microenvironnentthat supports 
plant growth. 

Risumi 

Etude des mithodes de riginiration des sols digrad~s des forits sahiliennes : Quatre traite
ments, travail du sol (7), paillage (M) au moyen de branchettess, ou travail suivi de paillage 
(TM) ont 6t appliqu6s i des sol superficiels et encroitbs des forts sahbliennes. La moiti6 des 
parcelles a 6t6 exposoe aux animaux et aucun apport d'engrais ou de semences ne fut r6alis6. 
Lors de la premire saison des pluies (1983, 550 mm de pluie), le vent et le ruissellement 
apportbrent des semences dans les parcelles particulirement celles pailles.Au terme des quatre 
mois on notait dans le traitement TAM une bionasse movenne 6galeAcelle des zones naturelles 
de Ia zone adjacente boisee. La production de la biomasse des parcelles 6tablies en 1984 fut dix 
fois moindre que celle de premire anne des parcelles 6tablies en 1983. Cela est dO A la 
s6cheresse de 1984, cependant lcs traitements TM et M conserv~rent leur avantage. Si en 
premi&re ann6e, 1'effet du tra vail du solsemblait pro6minent quant h la conservation de I'eau du 
sol, en seconde ann~e /"effetdu paillis fut supbrieur, et en troisbme anne I'effet du tra vail du sol 
6taitpratiquement nul Acet 6gard. LA oA le broutage 6taitpermis, laproduction de Ia biomasse 
fut nettement moindre, principalement ; cause de I'eparpillement des branchettes par les 
animaux. Des essams annexes ont montr que IAof) le sables 'estaccumuk naturellement et o6 les 

I. 	 [earm leader, South Fast Consortium for International Development (SECID)), Farming Systems Project, Bamako, Mali; Botanist, 
Laboratoire de biologic ct 6cologic v6gctale, Universit& d'Orleans, Orklans, France. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics). 1989. Soil, Crop, and Water Management Systems for 
Rainfed Agriculture in the Sudano-Sahelian Zone: proceedings of an International Workshop, 7- li Jan 1987. ICRISAT Sahelian 
Center, Niamey, Niger. Patancheru, A.P. 502324, India: ICRISAT. 
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termitessont actives,le ruissellement6taitmoindre.Lepaillagediminueet stabiliseles temp6ra
turesdu sol tout en fa vorisantl'iniftrationdansles solsencrolt6splus quedansle traitementT. 
Tous ces r6sultatspositifsproviennentde la cr6ationd'un microenvironnementfavorableAla 
croissancev6g6tale. 

Introduction 

The population in the Sahel isgrowing rapidly. As 
farmers, herders, and city dwellers compete for 
forest products (Boudet 1970), the forests become 
overexploited (Grainger 1982, Weinstabel and 
Zech 1982). According to Delwaulle and Roederer 
(1973), city dwellers consume an average of 300 kg 

-of firewood per person a 1resulting in severe pres-
sure on nearby forests. The deterioration of for-
estland owing to clearing, overgrazing, drought, 
and erosion is a major cause of desertification in 
the Sahel (Timberlake 1985, National Research 
Council 1983a and 1983b, Grainger 1982). 

Aerial photographs indicate that 35-65% of the 
vegetation in the area selected for the present study 
has been lost during the last 34 years. Policymakers 
have recognized the need to maintain forest vegeta
tion and reclaim degradrd forestland. Since the 
drought of 1968 -74, U.S. S160 million have been 
spent on forest-related projects in the Sahel (Na-
tional Research Council 1984). However, applica
tion of reforestation techniques borrowed from 
temperate zones have either failed or have been 
economically impractical (Hecrmans 1984). 

Practical and effective means must be evolved to 
reestablish a stable vegetative cover in degraded 
areas. Previous research has shown that soil tillage 
encourages the establishment of aherbaceous layer 
in sandy soils without seed or fertilizer application, 
but the treated areas routinely return to bare soil 
within a few years (Toutain 1977, Toutain and de 
Wcsr laere 1977, Toutain and Piot 1980). M ulch, 
when placed on crusted soil surfaces in the tropics, 
often attracts termites whose channels provide sta-
ble macropores through which water can pass into 
the subsoil (Noirot and Alliot 1947, Bachelier 
1978). Casual observations demonstrate that fallen 
branches and twigs tend to accumulate sediments, 
leaves, and seeds, creating a favorable microcli-
mate for vegetative growth (Boudet 1972, Toutain 
and de Wespelaere 1977, Toutain and Piot 1980). 
The authors cited, however,conducted no experi-
ments to study these effects. The value of mulching 

bare, deep sandy soils with tree limbs cut and 
transported to the site and of tillage with fertilizer 
application was studied in Mali (Penning de Vries 
and Djiteye 1982). Although both methods were 
successful in producing vegetation, neither was 
considered economically viable due to the value of 
wood as firewood, the labor involved in tillage and 
transport of wood, and the cost of the fertilizer 
applied. Based partly on this experience in sandy 
soils, it seemed evident that shallow, lateritic soil 
could not be brought back into worthwhile pro
duction using these methods. 

The objective of our study was to determine 
whether tilling and/or mulching shallow, lateritic 
soils would reestablish a stable layer of vegetation 
on the degraded forest soils near Niamey, Niger. 

Materials and Methods 

Soil and Vegetation 

The primary research site was located at the Gues
selbodi forest, 15 km southeast of Niamey, Niger. 
The area can be divided into three components 
(Chase and Boudouresque 1987). The first, approx
imately 18% of the total area, is a wooded layer, 
dominated by the family Combretaceae: Combre
turn nigricans,C. glutinosun, C. micranthum,and 
Guiera senegalensis.The second is a herbaceous 
zone that can be further subdivided into adenser 
stand of forage plants covering 33% of the study 
area, and asparse stand of Tripogonminimusand 
Microchloaindica,covering 20% of the area, and 
located in micro-depressions that hold water for a 
short time after each rainfall. The wooded and 
productive herbaceous components are usually 
located on asandy layer of surface soil, often raised 
above the level of the crusted soils. The psammo
philous Scytonemasp(Cyanophyceae), associated 
with degraded grasslands (Dulieu et al. 1977), is 
also common in the micro-depression and covers 
some sandy areas effectively blocking other vegeta
tive growth. 
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The third component, covering 29% of the study 
area comprises of shallow (10-40 cm), barren, 
crusted loamy sand, sandy loam, and sandy clay 
loam soils, tentatively classified as a sandy skeletal, 
isohyperthermic Typic Paleustult, (L. West, Texas 
A&M University Soil Laboratory, personal com-
munication). The subsoil is a thick layer with 
40-65% fractured laterite. These crusted soils are 
characterized by high runoff rates and high day-
time surface soil temperature that result in a dry 
soil profile. 

Studies on the effects of crusting and termite 
activity were carried out on a similar forest ecosys-
tern located at the ICRISAT Sahelian Center 
(ISC), 40 km south of Nianicy. The 10- 30 cm deep 
crusted soil, a loamy, siliceous isohyperthernic 
shallow Petroferric Haplustult, is underlaid by anl 
indurated or a fractured layer of laterite (West ct 
al. 1984) Microdunes. 5-30 cmn thick were observed 
on the crusted surface at irregular intervals. Inten-
sive termite activity was seen in soils at both loca
tions where leaves and branches had fallen. 

The Revegetation Experiment 

In May 1983, twenty 10 - 10 m experimental plots 
were established in Geusselbodi forest on barren, 
crusted soils between vegetated areas. Ten plots 
were located within a fence erected 2 years earlier 
to protect the enclosed area from grazing. File 
other 10 plots were located outtside and well away 
from the fence and exposed to grazing. 

The experiment began in early June following 
the first rains of the 4-month rainy season. Fach 
10 - 10 in site was divided into four plots and the 
following treatments randomly applied: 

C = Control plots left untouched, 
T = Tillage with a traditional hoe to a depth 

of about 10 cm. An attempt was made to 
leave large clods to keep the surface as 
rough as possible. 

M = 	A mulch of branches placed on the 
crusted soil, creating a 15- 20(" shade on 
the soil surface as determined by a solar-
imeter. These branches are a byproduct 
of nearby firewood-cutting operations, 
Wooden stakes anchored the branches to 
keep strong prestorm winds from carry- 
ing them away. 

TM = 	Tillage followed by mulching with 
branches. 

Soil samples (0-30 cm) were taken in all plots 
twice during the first year (7 Jul and 4 Oct) and 
every 2-3 weeks during the second year. Gravimet
ric soil-moisture content was determined and volu
metric wat,-r content was then calculated using soil 
bulk density. 

In September 1983, 1984, and 1985, at the end of 
the rainy season, a detailed inventory of the natural 
and induced vegetation was made (Chase and 
Boudouresque 1987), permitting a comparison 
between tile two. Except for soil and plant sam
pling, 	 the initial 2) plots werte left undisturbed 
throughout the later years of the experiment. 

During the second year of Ihe experiment (1984), 
six additional parcels (three exposed to, and three 
protected from grazing) were established using tile 
same experimental format as in the previous year. 

Supplemental I.Axl)erinients 

l)uring the 1985 rainy season, three experiments 
were conducted to better understand the effects of 
applied mulch on natural accumulations of mate
rials on crusted soils. The first experiment was 
conducted on tie Gagani series soil at the ICRI-
SAT Sahelian Center(ISC) to determine the effect 
of iatural deposits of sand and ligneous matter on 
the otherwise crusted, barren soil. Plots were 
located in barren, debris-strewn, and micro-dune
covered areas of the forest. Five undisturbed I - I 
in micro-plots in each area were isolated by exca
vating around each of them to the laterite subsoil, 
and a cement casing was poured on all sides. A 
4-cia high ridge was built above the plots on all but 
the downhill side, isolating the plots from outside 
surface runoff and permitting runoff from the plots 
to fall into a collecting trough. This water was 
pumped into a measuring container which permit
ted continuous monitoring of runoff. A rainfall 
simulator of the type described b,' Morin et al. 
(1 970) was obtained from the Wageningen Tillage 
l.aboratory project at the ISC and used to provide 
100 nm h- I simulated rainfall on each plot for 
periods of 30-90 min. The time to initial runoff and 
5-min readings of the accumulated volume of 
runoff were taken for each plot. 

The second study, which wits conducted at the 
Guesselbodi forest during the 1985 rainy season, 
monitored the effect of mulching and tillage of 
barren soils on infiltration rates. The advance of 
the wetting front was followed using the neutron 
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attenuation technique in barren soils which were natural shade) and those in a nonmulched control 
undisturbed (except to install the neutron probe area.
 
access tube) and in 5 ,,5 m areas of crusted soils
 
that were (a) hand tilled to an approximate depth

of 10 cm and (b) mulched with tree branches, pro-
 Results and Discussion 
ducing 25% shade as determined by a solarimeter. 
Three replications ofeach treatment were monitored. The Revegetation Experiment 

In the last experiment, the effect of mulch on soil 
temperature was studied. In 1985, thermocouples A drought in 1984 (241 mm rainfall) after the wet
were buried at 2, 5, 10, 25, 50, 100, 150, and 250-cm ter 1983 rainy season (550 mm) provided an ideal
depths at two sites in a barren area and one site in contrast for vegetation studies under different an adjacent wooded area in the Guesselbodi forest, rainfall regimes. More normal rainfall in 1985
The shallow thermocouples (50 cm or less) were (approximately 543 mam) permitted comparisons
buried in a trench with 50 cm of lead wire at the of vegetative development between similar years
depth of the junction to avoid heat transfer to the (1983 and 1985). 
sensor. All others were placed in a vertical hole 
drilled by a well-drilling rig. Maximum and main- Soil moisture. Soil moisture was measured twice
imuni soil temperatures of the entire profile were in all plots during the 1983 rainy season (Chase and
monitored daily and 15-min readings taken over a Boudouresque 1987) and was compared with
24-h period once each month. All data 
were col- standing biomass in September that year. Both the
lected with a CR7 Campbell Scientific data logger soil moisture during the 1983 rainy season and the
and transferred to computer by cassette tape. After loss of soil moisture between sampling dates were
I mo of data collection, one of the two barren areas highly correlated with standing biomass (Fig. I).was mulched with tree branches, to a density pro- During the second rainy season (1984), soil
ducing 35% shade as determined by a solarineter. moisture was determined regularly in all plots
Subsequent changes in soil temperature were com- (Figs. 2a and 2b). The crusted soils of the control 
pared with those in the wooded area (with 35(' plots contained little soil moisture during the rainy 

Iliomass 7 Sep
 
C- (dry mass)
 

Soil moisture 7 Sep 

u1 Soil moisture 5 .Id -
5
 
-1500 

Control Iillage Mulch I 1iage (ontrol Village Mulch Tillage 

NI ulch Mulch 

I- Protected Iron gra/ing - lxposed to gra/ing 
Figure 1. The increase/decrease of soil moisture (0-30 cm depth) between the middle and the end of the rainy
season (1983) and the associated hiomass yield. Note: Control plots %sereessentially devoid of vegetation. 
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season. The new plots in Figure 2a were established 
after the first rainfall which moistened the soils in 
the 1983 plots (Fig 2b). Tillage, mulching, and a 
combination of the two were effective in raising 
soil moisture in the tipper 30 cm for at least two 
rainy seasons after the treatments wercestablished, 
In the newly established plots, tillage appears to be 
the dominant factor in increasing soil moisture 
above that found in the control. In I-year-old 
plots, however, mulching appears to be the dom-
inant factor. This change was undoubtedly related 

to the crust that gradually re-formed on the tilled
only treatment. Mulched treatments had consider
able termite activity and continuously accumu
lated sand and leaves that eventually affected the 
infiltration of water and soil-moisture retention. 

Vegetation. A detailed description of tilefirst 
rest,Its (herbaceous plant species found in 

each treatment, forage value, tree species, etc.) are 
reported elsewhere (Chase and lBoudourcsque 19)87). 
"Tosummtiari/e, at the end of thecfirst rainy, season, 

the TM plots protected fron grazing had an aver
age vegetative cover of%()6;'. T1 plots had 48%, and 
M plots had 32(. Ninety-seven newly germinated 

Combretaceae seedlings were counted in 60% of 
the treated plots (50 seedlings in tileprotected, 47 
in the nonprotected parcels). The greatest number 
of seedlings was found in tlhe TNI treatment, while 

the T treatment supported the fewest. 
The flora was composed of 48 taxons, most W 

which were annuals and 34 of which were forage 
species. The nutritious leguminous annual Zornia 
glocl'hidiata was the dominant species and, in the 
protected parcels, produced acover averaging 61% 
on the TM plots. This induced pasture was found 
to be similar in composition to the natural grass 
cover growing on neighboring nionderaded soils. 

Probably due to tiledrought in 1984, plots estab
lished in that year produced much less vegetative 
cover daring their first rainv season than did those 
established in the previous year. Vegetative cover 
between plots established in 1984 was highly varia

ble with an average cover of 1I 13(' for the three 
treatments. The high variability between replica
tions and small differences between treatments 

indicate that factors other than the treatments were 
controlling the establishment ofvegetation. These 
factors undoubtedly included tiledrought and the 
low frequency of windstorms il1984 which blew 
sand. leaves, and seeds into the plots. The 1984 
plots produced an average of less than one-third of 
the number of tree seedlings found in the 1983 plots 
-itthe end of the 1983 growing season. 

Vegetative cover in the plots established in 1983 
decreased considerably in 1984 and increased 
again in 1985 in response to the fluctuation in 
rainfall in those years (Table I). A consistently 
high proportion of the Zorniaglochidiata remained 
in all protected plots throughout the experiment. 

During the dry 1984 season, theTM plots estab
lislied in 1983 produced nearly five times as much 
dry matter as those newly established in 1984 
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Table 1. Effects of tillage and mulching on the relative proportion of Zornia glochiolata and the tatal vegetative 
coverage of experimental plots established in 1983. 

Protected from grazing Exposed to grazing 
Rainfall Zornia glochiolata Total Zorniaghohiolata Total

Year (mm) P M TM 1 M 

1983 550 25.5 16.8 61.3 49.4 31.5 
1984 241 4.4 16.3 44.6 5.7 24.0 
1985 543 4.0 39.7 53.2 7.0 95.5 

T =tillage; t = mulch; 1.0 =t ltage fllo,'ed by mulch. 

(Table 2). This could be due to a combination of 
the following factors: 
I. 	 The new plots were established after the first 


rainfall (51 mm) so that runoff effectively nulli-

fied the effects of this relatively large storm, 


2. 	The older plots had an accumulation of sand 
and leaf mulch at tile beginnii. g ot bic year, 
which increased infiltration rates from the onset 
of the season. New litter-free plots slowly 
accutlulated litter during the rainy season due 
to the lack of windstorms. 

3. 	The old plots had seeds already in place from 
tile previous year's plant growth, 

Table 2. Means of estimated standing biomass(kg ha-1)
from 20 plots established In 1983 and 6 plots established 
In 1984. 

Ne'vly 1983 plots 
established plots in later years 

1983 1984 1984 1985 

1reatment 550 mm 241 rm 241 mnnt mm543 

Protected from grazing 
Control 0 a' 
Mulch 290 b 
Tillage 530 b 
Mulch +Tillage 1030)c 
Native vegetation (890) 

Expowed to grazing 
Control 0 a 
Mulch 140 b 
Tillage 350 b 
Mulch + Tillage 890 c 

0 a 0a 0 a 
89 a 230 c 1300 c 

190 a 37 ab 80 a 
95 a 470 d 1550 c 

(2301) (231)) (935) 

0 a 0 a 0 a 
0 a 78 ab 320 ab 

16 a 28 ab 61 a 
60 a 150 be 630 d 

Nativevegetation (680) (140) (1403) (580) 
I. Values foltosed by the sitrne letter are not significantly differ-

TM T M TM T M TM 

96.0 24.3 12.1 44.0 42.1 25.2 70.0 
54.9 3.8 14.7 23.0 4.0 17.5 26.9 
96.2 4.6 13.1 29.5 8.2 34.2 59.5 

Tile fact that the 1983 M plots sustained signifi
cant quantities of dry matter even in a droughty 
year shows that the mulch treatment resulted in 
lasting changes in the soil's ability to absorb mois
lure and support plant growth. 

In comparing the relative proportions of vegeta
tion produced over years and treatments, the til
lage treatment ranked second in 1983, but its pro
ductivity drop-ped substantially in 1984, when it 
ranked third. More important, however, the 
mulch-only treatment that ranked third in 1983, 
producing about 24'. as much biomass as the TM 
treatment in that year, produced biomass nearly 
equivalent to the TM treatment by the third year 
(Table 2). 

Vegetative growth potential in the Sahel is 
greatly influenced by rainfall (L.e Houerou 1980). 
To study plant response to treatments between 
years of,ery different rainfall, the biomasses in the 
experimental plots in the natural forest areas were 
compared. 

When using these ratios, one sees a continuing 
decrease in the relative productivity of the tillagetreatment, and a continuous increase in that of the 

mulched plots over native vegetation in all years,
particularly in the protected plots (Fig. 3). This 
further establishes that even in dry years, mulch 
applied to crusted soils continues to improve the 
soil environment for increased vegetative growth.

Exposure to grazing retards the reestablisment 

of vegetation (Fig. 3). Standing vegetation in areas 
exposed to grazing was approximately half of that 
found in the mulched treatments protected from 
animals. This could be due to the consumption of 
plant material, dispersal of tile mulch by tram
pling, or due to other factors. 

File high productivity of the mulched plots pro
ent at . 0'.05 level. tected from grazing as compared with the native 
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vegetation may be due to the absence of trees 
nearby that compete with the herbaceous layer for 

moisture. 

Supplemental Experiments 

Two effects observed of placing mulch on crusted 

surfaces are: (1)the accumulation of sand and 

leaves, and (2) termites attracted by branches and 

leaves trapped by the branches. The results of 

experiments on the effects of naturally occurring 

sand and termite activity and on the effects of 

applied mulch and tillage treatments show how 

these factors improve the soil environment, sup-

porting vegetative regrowth. 

Simulated rainfall runoff in naturally occurring 

forest soils. Runoffwas strongly affected by sand 

and litter accumulation on crusted forest soils. On 

crusted soils, standing water was seen almost 
immediately upon the initiation of artificial rain
fall. Where water was not trapped by soil surface 
irregularities, runoff began almost immediately 

after rainfall initiation. Where termite avtivity had 
formed stable macropores in crusted soils with 

accumulated debris, runoff from test plots began 

later and total runoff after one hour was half the 

amount measured from the crusted soils (Fig. 4). 

There was a slow, irregular increase in runoff rate 

from this soil which appeared to be due, partly, to 

the gradual plugging of the termite channels with 

floating debris (Fig. 4). 
Termite channels were shown to have an impor

tant effect on infiltration in another experiment 

where water was poured down a single 0.8 x 1.0cm 

diameter termite channel. Flow rates of 500-700 

ml. ain-Iwere sustained during the 30-min test. A 
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single channel located on one of the test plots the soil than does tillage (Fig. 5). This may be duewould have had sufficient capacity to drain one- to tilefact that the tilled plots, like the crusted
third of tileI x Im runoff plot of the 10)0 mm I- plots, were exposed to the heating effect of directsimulated rainftll applied, sunlight and the drying effect of the air. NI ulch canSand cover in the forn of microdunes. 3-15 cm reduce these effects by shading thesurface, thereby
deep. resting on the crusted soil surface had a reducing soil temperature. Mulch also decreases
highly variable effect on runoff rates (Fig. 4). con ective vapor loss to the air. The-e effects callRunoif patterns were similar to those insoils with red lice evaporation rates, permitting water to infil
termite activity in two of the five sites tested. trate further into the soil. 
Runoff rates increased mroc slowly at the remain
ing three sites. The difterences in infiltration The effects of mulch on soil temperature. Soilappeared to be associated with the thickness of the temperature profiles were recorded before andmicrodutic. after a mulch wis applied to the crusted surface 

and then were compared with profiles from crustedThe effect of tillage and mulch on infiltration in a .control" plots and naturally vegetated soils. File
crusted forest soil. Although the results were var- soil to he mulched was initially slightly cooler thaniahle, particularly early in the rainy season, mulch- the crusted control due to partial shading bying apparently permits water to move deeper into nearby trees. When mulched, however, both the 
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Figure 4. Ii\c-inin tle rainfall runoff from representaiiie trials on forest soil using a rainfall simulator, 
producing a rainfall of 111 mm ha-'. 
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daily fluctuation of the surface soil temperature years, particularly if the area is protected from 
and thetemperatureofthesoilprofile(Fig.6)were animals. The combination of tillage with mulch
reduced. Decreased temperature fluctuation may ing, while labor-intensive, has the effect of estab
be a direct result of shading and the increase in soil lishing a good vegetative cover during a single 
moisture which, by increasing soil heat capacity, season of normal rainfall, which is not the case for 
stabilizes soil temperatures. tillage without mulch. More cost-effective, how

ever, is the simple placement of mulch on degraded 
soils. Although it takes longer to establish a vegeta-Conclusion tive cover, itrequires very little investment of time 
and energy. Exposure to grazing and trampling

Tree branches are a waste product of firewood substantially decreases the advantages of mulch
gathering in the Guesselbodi forest and are nor- ing, but the treatment still has a positive effect 
mally available immediately adjacent to crusted under grazing pressure.Unless soils in this area are 
areas. Mulching these barren, crusted soils with protected from the wind, solar radiation, and rain
branches provides an effective means to establish fall impact, rainfall runoff and evaporation limit 
substantial vegetative growth over a period of infiltration. Impact of rainfall on tilled soils results 
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in the destruction of surface soil structure, the 
reformation of the crust, and a return to the origi-
nal barren surface. 

There appear to be several reasons for the posi-
tive effects of a branch mulch. Visibly, it collects 
sand. leaves, and seeds, particularly during the 
high winds associated with large storms in the area. 
and continues to do so as long as thc mulch 
remains in place. The captured sand and leaves 
further mulch the soil, providing shade and a 
means for rainfall to pass more readily into the 
previously crusted soil. Termite activity, associated 
with both branches and leaves, also increases infil
tration of rainwater. The moist soil beneath the 
mulch creates a more stable temperature regime 
due to an increase in the heat ::,pacity of the soil. 
The shade provided by the branch, leaf, and sand 
mulch reduces heat influx, and results in a cooler 
soil. The cool, moist soil is conducive to the germi-. 
nation of seeds captured by the mulch and sup-
ports their growth. 

The authors of this study suggest that the limited 
branches available for mulching the highly degraded 
forest soils are most effective: 

I. 	 when placed immediately adjacent to where the 
trees have been harvested, thus minimizing
transport difficulties; 

2. 	 when placed along the edge of vegetated areas, 

taking advantage of any effect the vegetation 
may have on the nearby microclimate, i.e., 
shade, elevated humidity, decreased tempera
ture, or mulch barren soils separating adjacent 
vegetated areas; and 

3. 	when placed in narrow strips around or between 
vegetated areas. Since debris is captured at theleading edge of a mulched area, broad mulched 

areas may not be as efficient in collecting mate

rial as narrow strips. 
The Forest and Land Use and Planning Project

(FLUP) has shown that, in the forests studied, 
trees cut for firewood and protected from grazing 
regenerate in 5-8 years. FLUP has developed an 
incentive package where, over several years, vil
lages can harvest large areas of previously pro
tected firewood ifthe village agrees to use a percent
age of its profits to guard cut areas from animals. 
Once resprouting trees grow large enough that they 
cannot he grazed, animals can return to the regen
erated area. The research reported here lends itself 
well to this type of activity, providing a simple 
means to produce richer pastures for renewed 
grazing. 

To optimize the use of these techniques, how
ever, three questions must be answered: 
I. 	 What is the optimal (economic) density of 

branch nulch? 
2. 	 What is the optimal placement pattern with 

respect to vegetated and barren areas'? 
3. 	What are the optimal dimensions of a mulched 

area? 
With these data, aerial photographs, and tree

stand estimates, a complete reclamation program 
and a cost benifit ratio can be readily determined 
for large areas of degraded Sahelian forests. 
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Characterization of the Microenvironment:
 
Measurement Techniques
 

C.K. Ong' 

Abstract 

Instruments and techniques are described formeasuringthe temperature, h umidit v, windspeed. 
lightinterceptionby cropcanopy, and the duration ofleat wetness. Dataloggers lr monitoring 
these instrumentsaret alsoreviewed. The perlormance ol'this equipment in the semi-arid tropics 
is evaluated in eperinents designed to measure the microclimate in agrolorestrv and inter
cropping svstens. TIw dilbicultiesencountered in the leld and in the interpretation ol'data are 
emphasized. Rekrences and details areprovided on the principles and constructio ol'hndivid
uial :";truments which are not commercially available. 

R~sun,6 

Caractiristiques du microenvironnement et techniques de mesure : Cette 6tude dcrit les 
techniques et instruments utiliss pour mesurer la temp6rature, 17iumidit6, la vitesse du vent, 
linterception de la luniire par /e couvert vtgtal ct la persistance de l'eau stir les kuilles. En 
zone tropicale semi-aride,la perlirrmance de ces instruments et des enregistreurs de donnes q ui 
les contr6lent a t6 6value lors d'expiriences visant ; mesurerleI microclimatdans les svstnes 
agroforestiers et de cultures associ~es. 1.'accentest mis stir les difficuhrs rencontrees sur Ie 
terrain et lors de I'interprtationdes donnes. De. precisions techniques et bibliographiques 
sont fournies sur les principes de fonctionnement et la tabrication de quclques instrunents de 
mesure non commercialiss. 

Introduction 	 within or around the crop and at the meteorologi
cal station iseven more serious in intercropping or 

In agricultural research, interest in the characteri- agroforestry systems where the modification of the 
,ation of the microenvironment, especially in the microenvironment by the taller canopy is appar
;emi-arid tropics, islargely determined by two fac- ent. Second, recent advances in the reliability and 
ors. First, there is growing evidence that many portability of instruments *o measure microcli
)asic processes in plants, insects, and diseases are mate have made it possible for scientists to use 
nore closely related to the microenvironment than relatively sophisticated equipment in developing 
o the conditions recorded in astandard meteoro- countries, where technical support and spare parts 
ogical site or in a Stevenson screen (Monteith supply services are poor or undependable. 
979). This discrepancy between the environment This review of measurement techniques based 

Principal Agrinomist. Agronm .h(if rlp. Resoiuice Management Program. ICRtSA'. Patancheru. A.P. 512 324, India. 

CR ISA ('Ionference Paper no. ('11411 

(URISAI (international Crop% Research Ii ttite for the Semi-Arid Iropics) 1989. Soil, ('rop, and Witter Management Systems for 
tainfed Agriculture in the Sudano-Sahe' :n /one proceeding% t an International Workshop, 7 II Jan 1987. ICRISAT Sahelian 
'enter, Niamey, Niger. Patanchcrn. AT. 5 .12 India: tCRISA 1,324. 
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on my personal experience in the semi-arid tropics 
is mainly concerned with the practical criteria for 
choosing instruments for the characterization of 
the microenvironment and the interpretation of 
data. For a critical review of measurement tech-
niques there is an excellent reference book called 
"Instrumentation for environmental physiology", 
edited by Marshall and Woodward (1985), which 
also gives both technical details and the physical 
principles involved in the measurement of radia-
tion, water vapor, temperature, windspeed, water 
potential, and plant growth. 

General Guidelines for the Choice 
of Instruments 

The following guidelines should be considered 
while selecting instruments from the several mood-
els or techniques currently available, 

Accuracy and Precision 

The accuracy of the instrument denotes how close 
the measurements are to the actual value, and pre-
cision (repeatability) indicates how closely mea-
surements made at one time agree with one another, 
independent of any systematic error involved (Bell 
and Rose 1985). In crop physiology, the accuracy 
of certain physical measure.ments need not be very 
high since the effects of a long-term temperature 
difference of 0.2°C on the growth and yiell of 
plants can still not be differentiated. It is, however, 
important to have a more accurate measurement of 
leaf temperature when estimating tilevapor pres-
sure deficit, i.e., the moisture gradient from leaf to 
air. Even in such studies, thermocouples with an 
accuracy of 0.4°C are still preferred to thermistors 
(accuracy of 0.2'C) because they are simple to 
make and have a short response time of I s coi-
pared to 10 s with thermistors, 

Calibraion and Stability 

All instruments should be calibrated regularly, or 
the accuracy may change over a period of time. For 
some instruments, the calibration procedure may 
require specialized equipment or there should be a 
constant environment for calibration. Therefore, it 

would be wise to choose equipment -hat does not 
require a sophisticated calibration facility or only 
requires calibration after a long period of use. How 
many scientists in developing countries, for in
stance, have access to a wind tunnel to calibrate 
anemometers? 

Some instruments are sensitive to the high 
temperatures of the tropics, and this is further 
exacerbated by enclosure in boxes or huts for 
security or protection from wind or rain. It is 
important to ensure that the room temperature 
does not exceed the working range of the instru
ment. 

Ruggedness 

Instruments that perform well in the laboratory 
may not be the best choice for use in the field 
because of dust, wind, and rain. Some protection 
could be provided, but care must be taken to pre
vent the protective cover from modifying the mea
surement of the microclimate. The standard hot 
wire anemometer, for instance, is unsuitable for 
field use because it requires a clean environment 
(Grace 1985). All instruments, however rugged, 
need to be cleaned frequently to avoid dirt and dust 
from hindering their efficient functioning, e.g., in 
the wet bulb thermoneter, the wick must be 
replaced regularly, and the tube solarimeters must 
be cleaned. 

Interference with the Natural
 
Environment
 

It is important to minimize the interference often 
caused by sensors to the environment to be mea
sured. Leaf or meristem temperature is particularly 
difficult to measure because the temperature sen
sor has to be small enough not to cover a large part 
of the leaf area. Only miniature thermistors and 
thermocouples are small enough to be inserted into 
the leaf sheath or to be pres;ed against the under
side of the leaf. 

Recording Environmental
 
Measurements
 

The results from laborious manual recording have 
often been underutilized because entering them 
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into the computer is too time consuning. The 
availability of reliable and cost-effective automatic 
devices to record environmental measurements, or 
data loggers, is the most significant breakthrough 
in instrumentation technology. Most data loggers 
can work on voltage output from a wide range of' 
sensors. The major differences to consider are the 
number of channels for various sensors, storage 
capacity, and battery life. Some manufacturers 
supply Iarange of sensors for environmental ioni-
toring along with a particular series of data loggers 
e.g., Campbell Instruments Inc. The market is 
changing so rapidly that it is rather difficult to 
choose between comparable data loggers. Our pol-
icy is to select itreliable model fromi a nianufac-
turer who provides fast alter-sales service. because 
a season lost due to data logger malfunction iay 
prove to be very expensive. As many of tile data 
loggers have recently appeared on the market, it is 
a good practice to ask current users about their 
reliability, precision, and accuracy. 

Measurement of Microclimate 

in Intercropping and Agroforestry 


Systems 


Over the last three seasons, we have monitored lie 
microclimate of an intercrop of groundnut (Arai-
chi.s Ivpogaa I..) and pearl millet (Pcnnisetum 
ameticanuIn (L.) I.eeke)at the International Crops 
Research Institute for the Semi-Arid Tropics 
(ICRISAT) in India. This is a multidisciplinary 
project involving pathologists, entomologists, phy-
siologists, agroclimatologists, and agronomists. 
Last year we carried out similar tmeasurments in 
alley cropping systems using Leucaena lctc'oce-
phala (I.ar) and pearl millet. The difficulties 
encountered in tile field arid in the interpretation of 
data are emiphiasi/ed. For a general understanding 
of tle principles of environiiental physics, a book 
by .Monteith (1973) and ai general textbook on 
eivironiiental biology by Woodward and Sliecli, 

1983) are recommended. 
The intercropping experiment was designed to 

mionitor the microclimate of at 1:3-row arrange-
iient
of pearl millet and groundnut, and to relate 
tileincidence of leaf spot (Ctrcosporaarachidicol 
and (. per.sonatun to tilenicroerrvironment. Ilie 
crop was grown oti flat. shallow Alfisols during 

earlyJuly in large plots with a fetch of30 m, and it 
was entirely rainfed. The agroforestry experiment 
wits started in 1985 but nicroenvironment inca
surement liybegan iil.ltLnc i986. The objective of 
this experiment was to monitor the effects of the 
leucaena hedgerows (3.5 ii apart) on the micro
environment and the growth and yield of pearl 
millet. The size of each plot was 20.5 22 i,and 
the Icucacna hedgerows were pruned to 0.8 iwhen 
the regrowth reached approximately 2 in in height, 
just before the time of sowing of pearl millet in 
.1oet. The following type Of measurements of the 
muicroenvironment were made iii each experiment 
using the sensors listed in Table I. All signals were 
recorded on an hourly basis using a data logger 
except for the radiation in the intercrop which was 
carried out with a polycordcr (Omnidata Inc.). A 
list oftlie manufacturers of the equipment used is 
provided at tileend of the paper. 

In the intercrop experiment, the mast carrying 
the anemometers, leaf wetness sensors, and aspi
rated psychrometers was moved from one plot to 
another daily so that allthree replicates could be 
monitored systematically. This practice was dis
continued during the wet periods when moving the 

mast caused serious lodging. Ineach treatment a 
mast carrying two sets of sensors was placed. 

Iii the agroforestry experiment where the can
opy was denser than in the intercropping experi
ment, all measurements of windspeed and humid
ity were confined to one site to avoid damage to the 
plants by moving the niast. All the other environ
mental nieasurements were made in all tileplots. 

Radiation 

The choice of using a prototype quantum sensor 
system in the intercropping experiment was influ
enced by our desire to examine the horizontal vari
ation in the light environment within tileintercrop. 
Previous experiments indicated that groundnut 
planted close to pearl millet grew considerably bet
ter than groundnut planted farther away. (Harris 
and Natarajan. in press). I his prototype system 
\k as developed by R. Mathews and R. A. Saffell of 
the trniversity of Nottingham: Canpbell Scientific 
will soon be tiarketing inimproved commercial 
version. The major adsvantage of this system is that 
it provides a rapid measurement of radiation 
environnient, thus obviating need for costlytile 
investment innumerous tube solarimeters and 
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Table I. Types of measurements, sensors, and the number 
experiments. 

Measurements Intercrop (millet ground nut) 

Intercepted Spot tteasurements at 4 lesels. 
radiation twice wecklv using a proto-

type quantum sensor syster I 

lemperat ure: 
L.eaf 2 lescls, thernocouples 
Soil 5 cm. therniocouples 
Air 5 levels, aspirated s,ith 

thermocouples 

of levels recorded in the intercrop and agroforestry 

Agroforestry 
(nmillet/ leucaena) 

lube solarimeters. 
row-wise 
(Delta I type) 

I leel Same 
5 and 20 cn sensors 
2 levels as inter

crop 

Humidity 5 levels, aspirated iset-hulb technique' 2 levels 

Windspeed 3 leels (Met-one) 

Duration of 
leaf .ctness 2 lesel, (Caniphell) 

Soil moisture 5 it otik (g.psitnt block. 

(%illtphell) to 1.2 111 

Data logger C"anpbell ('RO 
,I 	 A prolot' pt us u d sirwe c l, I ,,,1.' crchnent uacit.a,a 

Appenti I 

data loggers in order to teasure a large nutmber ol 
treatments. The system isused in conjunction with 
a polycorder (Omnidata. S3500). Another advan-
tage of tihe prototype is that it can measure radia-
lion at 2-or 5-cit intervalIs, and measure 1.0 1.5 m 
distances in 2 3 min. IIokecr. it is necessa rv to 
calibrate the instantaneous radiation measurement, 
usually made around nooi. against the fractional 
interception av\eraged over a wkhole day using tube 
solaritnetcrs. Figure I illustrates a t\ pical example 
of the radiation result obtained it the imtcrcrop 
experiment. 

l)ifficulties encountered ii the field iltclude dust 
and dirt which affect the smooth trael of the qatan-
turn sensor. IThis has been reittedied by protecting 
the holes (see Appendix I) \ithIt glass slteet lit 
very dense cartopv. it causes ctsidelablc distur-
bance to the catnopv structure. lherefore tit the 
agrolorestry experiment a perttanent placenment 
using tube solarihteters wa,, preferred. With ttibe 
solarimneters. it is possible to obain hourly values 
ofradiation interceptiot hor stort-tern analysis of 
transpiration measured using a poronteter (Mar-
shall and Willey 1983). 

2 levels 

None 
Neutron probe 

lechnique 

Campbell CR21X 

,,citor hrr thei purpo,.t D)etlk of the proitpe art gisen It 

Temperature 

In both experiments. copper-constantan thermo
couples directly connected to the cold junction 
compensation unit of the data logger were used to 
measure temperature. The thermocouple cable 
front tie logger to tile site of measurement is thick 
alld rugged (PR-T-24 Onega type) but the cable to 
leaf thermocouple should be thin and light (76P! 50 
type. Comark). For leaf or canopy temperature 
measurement. the soldered junction of the thertuo
couple is pressed ott the underside of the leaf and 
held together by a plastic paper clip. Experiments 
in gluing therntocouples to the underside of the leaf 
have proved unsuccessful because of rain and 
wind. It is advisable to protect soil thermocouples 
withta tellon or plastic sheath tnd then seal with 
araldite'or o ther heavy-duty glue to prevent'leak
age' during rainy periods. We chose copper
cottstantain thernlocouples for mtteasuring tenmpera
lure because the sensor unit is small, its response 
titte is short, and defective units are inexpensive 
and readily available. It is important to remember 
that no thermocouple has a precisely linear rela
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T). It can hold enough water to last five days of 
.
 continuous operation in a temperate environment. 

°. o 	 fan does not 
last for more than one month and the water reser
voir has to be filled daily. A prototype unit devel
oped by R. A. Saffell and R. Mathews (University 
of Nottingham) performed satisfactorily in the 

0.6- o semi-arid tropics (Appendix 11).The prototype 
consists of a robust fan motor that can operate for 

0 0 over 10 mo and a large reservoir that can be con

o.8o6-	 . In the semi-arid tropics, however, tile 

00 	 tinuously used for 5 7days. This design has been 
0000 	 successfully employed in both experiments. 

0.4 
C 00

0 	 Duration of Leaf Wetness 

00 	 0 
sideration in tile0.20 	 oo0 study of the spread of fungal and 

0 00 bacterial pathogens in crop canopies. It is also 
CCO 00 perhaps one of tilemost difficult environmental 

0 0 factors to quantify accurately because the wetting 

M 	 G ( % and drying of leaf surfaces are largely determinedG 
0- I I by the surface properties, the angle, size, and shape 

0 3o 60 lip 120 oftihe leaves. In tileabsence of a satisfactory com-
I ) (is1 mercial sensor to monitor the duration of leaf wete.(m) 

ness of the actual leaf, we have used a leaf wetnessFigure I. lloritolital distribution of fractional 
light interception b.,a 1:3 ro%pearl millet/ground- sensing grid (Campbell Scientific), consisting of a 
nut intercrop at 41 da % after %oming. Mean frac- printed circuit board with interlacing strips of 
tional interception across the 4 ros%(o)%as 0.83 goldplatcd copper. The decrease in the resistance 
and above the groundni canop (o) sa, 0.25. '1le between two strips produced by water condensa
crop "~asgros orninAlfisol, rain%season 1985. M tion on the surface was measured in terms of vol
inlicates pearl millet and G groundnut ro%%, tage by giving an excitation of five volts to the 

sensing grid half bridge. However, the rate of wet
ting and drying of the plate is not an accurate 
reflection of the actual drying of the crop canopy. 
It serves as an indicator of the incidence of rain and 
tileduration of wetness on an inert surface. The 

tionship between electro-motive force (EMF) (milli- metal framework method described by Weiss and 
vult ) and temperature. A quadratic equation (6th Hagen (1983) is more satisfactory as the grid is 
polynornil in a Campbell Scientific logger) is placed over the actual leaf. But the performance of 
more appropriate. Canopy temperature has been this grid in the field has to be assessed before it can 
monitored by other groups ai ICRISAT with an be recommended for general use. 
infrared thermometer having short response time 
(K I s) and aresolution of'O. 10C(Teletemp AG-42). 

Windspeed 

Humidity 	 The cup anemometers used in both the experi
-1ments have astarting speed of about 0.5 in s , can 

Atmospheric humidity is usually' monitored by a record windspeeds of up to 60 m s , and can mea-1 

ventilated psychrometer unit that measures both sure the mean horizontal flow of wind. In our 
wet and dry bulb temperatures. A miniature psychro- environment, the highest windspeed above the 
meter unit is available for intermittent use (Delta crop rarely exceeded 6 in s-.Overrun and finite 
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starting thresholds are the major sources of error 
with these anemometers. Maximum errors may 
reach +20% illsome conditions while average error 
is probably about +6% (Woodward and Sheehy 
1983). We have not observed any mechanical prob-
lem with the Met-one anemometers during a 
period of two years of continuotis use. 

Data Loggers 

In both experiments, a data logger was needed 
because of the large ntmber of sensors and chan-
nels required (110 in the agroforestry, and 72 in the 
intercrop experiment). Three mtltiplexes were 
used to increase tilenumber of channels front 16 to 
110 in the Campbell CR 21 X data logger. The total 
cost for the CR 21 X and tilethree multipliers was 
$4000 while tileCR7 cost $8000. The output Was 
stored on cassette tapes aUd the:1 tnlOaded onto 
tie main frame comptiter t%%ice \cckl\-. 

The ne\ series of Campbell Scientific datat 
loggers are superior to tile('R5 which is unreliable 
and does not allo1W direct rCadout of the mneaslure-
ment being recorded. I-urthermore. the progran-
tiling of tiletie\ data loggers is relatively simple 
and foolproof. 

A new generation of data loggers ideally suited 
for use itt remote locations is no\ in the market. 
They have fewer channels. thus require less power. 
and can operate for 6 12 mo at a stretch. The 1I 
100(1 I)atalogger by I.I-C()R has 8channels with a 
variety of solt\%are. e.g.. . arious ititegrating nodCs, 
naximum and nlininullni. rutnning average. etc.. 
and costs $800. A simiilar data logger called CR It) 
manufactured by Campbell Scientific, \will sooti be 
available. Delta-] also markets idata logger with 
30 channels. It can be equipped \ ith 31) additional 
channels (at acost of$ 1650). A common feature of 
these small data loggers is tile package of "niemt-
driven" soft\ware arnd the direct readout facility 
that allows persons without a good understanding 
of electronics to use then properly. 

Interpretation of Data 

Ii,a review of physical ncasrenleits iti crop phiv-
siology, Monteith et ill.( 1981 )wrote that '*progress 
in experimental science is limited not or!v by the 
availability of reliable instrutents btt. at the eud 
of tlie day. by the obser.er's skill inextracting 

general conclusions from a specific set of mea
surements."The quality and usefulness of the mea
surements does not simply depend upon the choice 
of hardware, but more importantly, on a well
defined question or hypothesis of the subject to be 
investigated. A major temptation is to collect more 
information than can be usefully analyzed, to 
select only a few days'good data to illustrate some 
relationships, and to ignore the rest of the mea
sure ments. 
In the two experiments described above, we 

sought to relate weekly changes inthe microcnvi
ronnment to tile response of the crop, therefore 
plants were harvcsted every week. In the intercrop 
experiment, the population f fungal spores (ure
diniospores) and the proportion of germinating 
spores were monitored continuously. Laboratory 
studies conducted on the general responise of the 
trcdiniospores to temperature, hmidity, and light 

(Subrahnanvam ct al.. ICR ISAT, personal coni
niunication) have facilitated meaningful interpre
tation of their progress in the field. Similarly. the 
response of pearl millet or groundntut to the modi
fication in the licroelvironmllent could be inter
preted from studies of the response of each crop in 
controlled environments \kherc only one factor has 
been allowed to vary diurnally (e.g.. Ong and Mon
teith 1985. for response of pearl millet to light and 
temperature; [eong and Otng 9;3. and Ong et al. 
1985. for tile response of groundnut to temperature 
and to saturation deficit). Crop responses to their 
real microenvironmuent lcould be realisticallynot 
explained without such detailed information. 

Conclusion 

As reliable instruments for the characterization of 
the inicroenvironimnent become more accessible. 
tiletemptation to collect more data will become 
difficult to resist, At present. there is a shortage of 
dalta oti tilecmi'ironmneit tile but asill tropics, 
technical difficulties encountered iti the field sub
side. thte sitMatiot will UltdoubiCdly improve. For 
example, since the introductiot of tube solari
meters at ICRISAT iti 1978. radiationimieasure

riet iIagronornic experitnents has become almost 
a routine. Ilowever. the characterizatiom of the 
mnicroe vironnemt is unlikel\ to contribute much 
to our understanding of crop performaice intile 
tropics unless it is combined with acloser integra

142 



tion of the physical and biological desciplines, i.e., 
formation of interdisciplinary groups. 
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Soil Conservation and Water Resource Management 
in the Guinea and Sudanian Savanna Zones of Ghana 

L. Sipkens and P.M. Nabila' 

Abstract 

Factorsaffectingsoil erosion, conservation, and research as wellas the water resource potential 

in the Guinea and Sudanian savanna of Ghana are reviewed. They include topographv, soil 

type, vegetation, rainfall patterns,croppingtechniques, and livestock nmnagenient. The grad

ual change from subsistence to cash cropping has led to soil degradation. Soil conservation 

e/forts in the area began long ago through bench terracing using stones collected Irno the Iims. 

In the 1950s. land planning areas were introduced. Their partial liilure is discussed. On-farm 

and on-station research is conducted on .,itablecropping systems with a high proportion of 

legumes. In northern Ghana, 95 medium-scale irrigation schemes have been identified but only 

3 have bc en constructed. ('urrentls. the waterresource"itili,,atiotiactivitiesarecenteredaroutd 

the snall dams, the medium-scale irrigation projects, and the vallev bottoms tir rainkd rice 

hirtning. 

Rium 

Conservation des sols et gestion des ressources en eau dans la zone soudano-guinienne du 

Ghana: On donne un aperu de llrosion du sol, de la conservation de l'eau et des recherches 

efkctules sur le potentiel des ressources hvdriques dans la zone de savane soudano-guin~enne 

dii Ghana. Les auteurs decrivent la topographic, les types de sols. la vbgtation, la repartition 

des pluies et les svstimes de culture et d levage. Le passage progressil d'unt agriculture de 

subsistance une agriculture de march6 a entrain une dbgradation des sols. Danscette rtgion, 

on s'ellOrce depuis longtemps d 'enrayercet:e dc'gradation et d'iopterdes mesuresde conserva

tion du sol telles que /a culture en terrasses avec construction de muretsen utilisantdes pierres 

ramassbesdans les krmnes. Pendant les ann6es 50, on a envisag6 de mettre en oeuvre des plans 
t'chec partiel. En station etdaninnagement toncier dont on analyse bri&vement les raisons d 

chez le paysan, les recherches portent notamment sur I'identificationde svstmes de culture 

adapts comportant une forte proportionide kgumineuses. Au Ghana septentrional, 3 des 95 

projets d'irrigation de mnoyenne importance identilies ont 6t6imis en place. A ctuellement, les 

foyers d ietivit centrs sur I'utilisationde l'eau se regroupent prs des petits barrages, des 

projets d'irrigation de mo'enne importance et dans les bas-fonds des valkes occup~s par des 

cultures de riz pluvial. 

1. Agronomists. N'ankpala Agicultural Experiment Station. (ihana. 

ICRISA I(Internaitonal Crops Research Institute for the Semi-Arid Tropics) 1989. Soil, Crop, and Water Management Systems for 

Ramnled Agriculture in the Sudano-Sahelian Zone: proceeding\ of an International Workshop, 7- II Jan 1987. ICRISAT Sahelian 

Center. Niamey, Niger. I'atancheru, AT. 502 324, India: ICRISAI. 
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Introduction 

The northern Guinea and Sudan savanna zones of 
Ghana have been considered favorable for agricul-
ture because of their vegetation. But now the desei-
tification process has converted them into zones 
interestingly referred to as 'Sahel in the making', a 
situation that must be studied and controlled. 

The Nyankpala Agricultural Experiment Sta-
tion (NAES), located 16 km west of 	 Tamale
(approximately 90N and I1W), at an altitude of 
200m, was established to study crop and soil 
improvement in the northern administrative region
of Ghana, which more or less coincides geographi-
cally with the northern Guinea zone and Sudan 
savanna zone. 

Soil Erosion 

Branimer (1962) wrote that soil erosion was not yet 
aserious problem except in very densely populated 
and intensively cropped areas around major ltosWns 
in northern Ghana, i.e., tilenorthern and tipper
regions. An FAO team (1967) concluded that "a
slow but steady erosion occurs almost ever\'where'. 
This is also shown in a reccnt report by Serno and van ieWeg (1985) that refers to a 1949 soil survey
of NAIS in sMIich soil deptlls are said to be much 
greater than what are now observed, 
A distinction must be made between soil degra-

dation. \where soil particles move vertically down 
the profile, and soil erosion, where soil particles 
move laterallv and are entirely lost. Soil degrada-

tion i,:,ore widespread than soil erosion in north-

ern (iliana. Soil erosion by %\i
ld occurs in the dr' 

season after burning, but Branmer (1962) calls it 

'more conspicuous than significant', 


WIter is also a cause 
of soil erosion as \ve see 
below. 
" 	 Sheet erosion occurs when water ruioff over 

the whole groutnd surface gradually renoves the 
topsoil of vast areas. This is tie most wide-
spreal and ilportant forni of erosion because 

lost of the land in uorthern Ghanat is gently 
sloping. 

• 	Inl gully erosion, run of becotme, concentrated 
in 	 channels. as 	 can be obserscd along farm 
paths, roads, dall spillways. and in areas where poor plowing practices lie been used. 

* 	 Soil-particle erosion aiffects gravelly soils that 
have become very unsta ble due to 	 intensive 

mechanical tillage, as near Kumasi, where water 
washed out the finest soil particles leaving a
surface layer of gravel. It is also apparent in 
emany farms around Bawku, where continous 
use of animal traction has left a surface gravel 
layer 2-3 cm thick. 

Topography 

Throughout the Volta basin, the main rivers drain 
into the Volta lake, which is surrounded by
escarpments and hills. The Volta basin itself has a 
rolling landform at an altitude of 140-170 in. with 
slopes of'0-2%"and soattered peneplains. The rivers 
slowly meander through seasonally flooded valleys 
of varying widths. The hill\- areas to 	 the west, 
north, and east of the basili have steeper siopes of
about 3(i, and occasionally as in uch as 7%, with 
hills as high as 500 in. The highest points are the
escarpments which on the outside reach 500-700 in,
and on the inside gradually descend to the Volta 
basin. 

Soil Types 

Soils in the Volta basin are derived from sandstone 
and slhale ald can roughly be divided into alluvial 
soils in !he valleys, and infertile upland soils. Soils 
in the hilly areas are derived from Birrimian schists 
and gucisses with basic or granitic intrusions. 
Poorly drained sandy and silty soils with hard pans 
cover Ilge areas of the northern region. They are 
unfit for agriculturail development (FAO 1967),
but are sometimes cropped with cassava, late
 
millet. bainbara groundnut, orgroundnuts. Upland

soils derived from metamiorphosed and sedimen
tar\ rocks are prone to erosion. A suitable system

for classification of the savanna 
soils of northern
 
(ihana is not vet available, atllough an attempt

(Serno and vati e Weg 1985) has been made to
 
translate the (ilana classification into the modern 
clissification ( FAO 1967) bilsed oi drainage classes 
and soil depths. 

Vegetation 

The natural vegetation cover of northern Ghana is 
composed of a fire proclimax tree savanna with 
species changing from the northern to the upper 
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regions. In farming areas, vegetation varies from 

continuous arable cropping to land rotation with 
bush or grass fallow. Characteristic trees in the 
northern region are Parkia spp, (dawadawa), 
Butyrospermum parkii (sheanut), Bombax spp, 
(kapok), and fruit trees like Mangifera indica 
(mango), Diospyrum mespiliformis (ebony fruits), 
and Tamarix indica (tamarind). These trees are 
grown in an orchard pattern with food crops 
underneath even in densely cropped areas of the 
northern region. In the upper east region, Adanso
nia digitata (baobab), Acacia albida, and Azadi-

rachtaindica (neem) grow near homes but not on 
farms. 

Rainfall Pattern 

Northern Ghana is in the semi-arid tropics and has 
a dry season of over five months and a rainy season 
characterized by scattered rainstorms in March 
and April, variable dry spells in May, June, and 
July, high rainfall in August, September, until 
October, when they stop abruptly. Rainfall regimes 
of the upper east region (Manga), the center of the 
Volta Basin (Nyankpala), and of a higher rainfall 
area in the northern region (Damongo) are given in 
Figure I. 

Agriculture 

The geology of northern Ghana and the length of 

the dry season have largely determined the popula-
tion distribution pattern. Although the upper east 
region has a longer and more severe dry season, it is 

much more densely populated because of the pos-
sibility to dig wells that continue to yield drinking 
water even in the dry season, and because the soils 
are of higher inherent fertility. Small dams to store 
surface water at relatively low cost were built and 
parts of the northern region that used to be inha
bited only by wildlife and a few hunters are now 
gradually being occupied by migrating farmers. 
The development of a fairly dense network of vil-
lage roads has recently opened up areas for market 
cropping, e.g., yams around Tamale. 

In the northern region, maize, sorghum, late 

millet, rice, yams, cassava, groundnut, cowpea, 
and pigeonpea are grown in a variety of intercrop-
ping systems. Cotton which 'disappeared' in the 
1970s, due to inefficient marketing, is beginning to 
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Figure I. Average monthly rainfall in northern 
Ghana. 

come back. The only export crop now is the shea 
nut from semi-wild trees. 

In the tipper regions, crops include sorghum, 
early and late millet, rice, some maize, groundnut, 
bambara groundnut, and cowpeas which, except 
for sorghum and millet, are usually grown as sole 
crops. Vegetables, especially tomatoes and onions, 
are important cash crops in the dry season for 
farmers who operate around the small irrigation 
dams in the upper east region. 
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Traditionally, the 'household head' of the com-
pound family determines which crops to grow. Inthe upper east region, a large proportion of the 
early-millet crop is grown on the compound farms, 
whereas in the northern legion maize and tobacco 
(the cash crops) are grown. The gradual change
from subsistence farming to niarket-oriented farm-
ing has led to four new types of commercial 
farming: 
l. Young, wage-earning farmers in the south grow

market crops like groundnut and rice in the 
flooded valleys, 

2. Women on the subsistence farms earn cash 
from small okra and pepper gardens in the rainy 
season and from trees in the northern region.
The orchard/food crop system produces sale-
able fruits, shea nut, dawadawa, firewood, and 
charcoal. Firewood is still collected from fallow 
regrowth, but is becoming scarce around the 
population centers. 

3. City-based entrepreneurs practice mechanized 
rainfed rice farming in the larger valleys and 
mechanized maize farming on the highlands.
!'hey also occupy large tracts of land in the 
medium-scale irrigation schemes ofTono, Vea, 
and Bontanga. When certain types of weeds, 
e.g.. Rotholij .'altata in rice and Sria spp
in maize become too difficult to control, and 
lands become less productive even with fertiliz-
ers, they move on to other fertile land. 

4. Traditional yam farming areas are being ex-
panded in the southeast and west of the north-
ern region. Vast areas have been cleared for 
cultivation, and in Accra, yam marketing facili
ties have been improved. 

Livestock and Bush Fires 

The northern region does not seem to suffer from 

overgrazing. It is, however, impoverished by yearly

bush fires. 'The harm done is out of all proportion 

to the benefits gained' (FAO 1967). People burn 

bushes for short-term benefits 
 such as hunting,

regrowth of grasses for livestock after burning and 

after the first rains, and pest control. 


The densely populated upper east region has 

highly stocked areas where all 
 crop residues are 
collected and fed to the animals during the dry 
season. So little vegetation remains that bush fires 
are rare. 

Soil Conservation 

The most ancient soil conservation system in the 
upper regions is bench terraces on steep slopes.
Stones from the fields are placed to form banks 
which more or less follow the contour. 

In the intensively cropped areas of the upper 
east region, six land-planning areas were estab
lished in the 1950s. They represented an early mul
tidisciplinary approach by the Goverment to reverse 
soil degradation and to stop soil erosion. Each land 
planning area was divided into fenced areas for 
grazing, forest plantations to protect watersheds 
and to supply firewood, and arable land. Cropping 
systems were intensified with fertilizer application, 
bullock plowing, and application of kraal manure. 
Contour bunds were created on arable land with 
heavy machinery. )ams were constructed to con
trol gully erosion and !0 provide drinking water,
fishing areas, and simple valley bottom irrigation
(Brammer 1962). In these land-planning areas 
today, the forest reserves still cxist but they are 
farmed and heavily exploited for firewood. Bul
lock plowing and application of manure from the 
kraals are generally practiced, but fertilizer has 
been scarce since a long time. The cropping area 
has been vastly increased at the expense of the 
graing area and the dams are silting up. The 
North-East Savanna Research project supported
by the United States Agency for International 
)evelopment (USAII)) has started socioeconomic 

research to determine why people so staunchly 
rejected the land-planning approach. 

Research 

Part of the NAES mandate is to develop cropping

systems for the 
 upper and northern regions that
 
ensure stable and high yields while maintaining or
 
increasing soil productivity. Implicitly, this involves 
soil conservation. High yields may reduce the need 
to shorten the fallow periods and to farm unsuit
able land. Research is being conducted on crop
improvement, soil fertility, agronomy, and eco
nomics. Trials and on-farm testing have led to the 
recommendation of higher-yielding varieties of 
sorghum (Naga White. Loc 29), groundnut (Fmix, 
Chinese, Manipintar). maize (Dobidi, Safita 2), 
cowpea (TVx series, Valcnga), rice (Gr 19, Gr 20, 
Gr 21). and pigeonpea (ICPI. 270). More efficient 
ways of utilizing lertilizer are also being deter
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mined. Nitrogen-fixation studies are leading to 
inclusion of other legumes in the cropping system. 

The main focus of agronomy research is on 
developing cropping systems with a high propor-
tion of legumes. Very good restlts have been 
obtained for upland crops in crop rotations using P 
and K fertilizers, chisel plowing, and mechanical 
plowing of groundnut residues (NAIES 1986). 'his 
should appeal to commercial entrepreneurs who 
currently practice sole cropping till the land is 
exhausted. Subsistence farmers are very reluctant 
to consider crop rotation as a method to ensure 
yields (Sipkens and l)iehl 1986). Alley cropping 
with pigeonpea on upland soils has been tested 
on-farm and on-station (NA .S 1986). and shows 
promise in tile higher rainfall areas of tlie northern 
region. )ouble cropping of cowpeas or muniig 
before rice in tie flooded valleys (NAES 1986, pp. 
145 158). double or intercropping of cowpea and 
itaize (NAFS 1986, pp. 100 167). and relay crop-
ping of maize or groundnut with pigeonpea also 
appear pronising. 

Water Resources 

The tributaries of tile Volta River constitute tie 
main water resources in the area amd can be used 
for power, domestic consumption, and agriculture, 
To benefit from their high potential in sentii-arid 
northern Ghtana, the postindependence Govern-
nient of Ghana sought the assistance of FA() to 
identif' possible sriiall- and medium-scale scheeics 
for developmient: 95 were identified with irrigable 
lands with an area ranging between 240 and 440 
ha each. The majority werc meant to be carth 
structures across tributaries of the main Volta 
River that drain the whole region ( FAO 1967). The 
rest were diversions from tile main Volta lake. 
to be pumped to suitable elevations and subse-
quently used to irrigate appropriate fields. A total 
of 104000 ha were to be brought under irrigation. 

The Nippon Koei L.td. Co. of .Japan, and then 
FAO proposed to construct a huge darn to irrigate 
95 200 ha, and to generate hydroelectric power at 
Pwalugu for the northern and tipper regions 
(NORRIP 1981). In addition, tile FAO team 
recommended the construction of numerous small 
dams and dug-outs to meet small-scale irrigation 
ani domestic water needs in more densely popu-
lated areas. About 100 dams were constructed in 
the upper east region. In the Bawku area, 63 dams 

were constructed, of which only 28 are currently 
functional. 

Considering the rainfall pattern of northern 
Ghana (Fig. I), water resources are needed for the 
long dry season and to cultivate rice in valleys and 
depressions. The flourishing dry-season vegetable 
gardening industryaround sone dams in the upper 
east region is an indication of the possible impor
tance of irrigated farming in northern Ghana. 
Further, fishing in the dams and lakes, and fish 
farming could both become important industries. 

Unfortunately. mainly due to lack of funds, and 
to someextent, due to political unrest, many water 
resource projects have not materialized. Recently. 
tile Ministry of Agriculture created the Irrigation 
I)cvelopment Authority to administer medium
and small-scale irrigation projects. In tile few pla
ces where projects have been initiated, e.g., small 
dams in the llawku Area. medium-scale schemes at 
Tono. Vea, and Bontanga, and rainfed rice cultiva
tion in valley bottoms, management problems 
have impeded progress. 

Small Dams and Dug-Outs 

'[he government has built some smal; dams and 
developed irrigated areas in some cases without 
involving the local inhabitants. The dams that are 
functioning are used for small-scale irrigation. 

l.and holdings are very small, on ain average, 0.1 
li, per farmer at Binaba, Kamaga, Binari, and 
Bugri. Crop husbandry is very intensive, and yields 
are very high. At Binaba, two paddy crops are 
harvested before the dry-season gardening. Paddy 
yields of up to 8000 kg ha- have been recorded. 

At tie deserted dan sites, where local inhabit
ants sec no reason to maintain the dams. they farm 
the catchimnent area and pilfer spillway slabs and 
fencing material: the dams silt up, the dam walls 
gradually erode, and stray animals destroy the 
crops. Little effort has been made to organize fish 
farming. 

The Medium-Sized Schemes 

Out of tle 95 schemes recommended by FAO, only 
the three at Tono, Vea, and Bontanga, have been 
completed. Tono has 2490 ha and Vea has 850 ha 
of irrigable land. The Irrigation Company of the 
Upper Region (ICOUR) was established in 1984 by 
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the Ghana government to promote the production 
of food crops by small-scale farmers within organ-
ized irrigation schemes. The Tono and Vea pro-
jects together cater to 6000 small farmers in the 
area. Plot size per farmer varies from 0.2 to 0.6 ha. 
Paddy rice, tomatoes, onions, millet, maize, sor-
ghum, and groundnut are grown during the rainy 
season on the upland area. Estimated rice yields 
are 1740-3760 kg ha-' in tile rainy season and 
around 4700 kg ha-' in the dry season. To reach the 
production potential of these projects, certain 
lands are allocated to temporary users, e.g., the 
ICOUR farm, Government organizations, and 
private commercial farmers. Furrow irrigation is 
practised in the upland area and basin flooding in 
the lowlands. 

In 	 a medium-sized fish pond development 
scheme, ICOUR supplies Tilapia fingerlings, tech-
nical support, nets, and other inputs for the fish 
farmers who rent and operate project fish ponds at 
Tono (4.8 ha) and at Vea (3.2 ha). 

A 	community forestry program for firewood, 
fruits, timber, and livestock fodder has been ini-
tiated to utilize lands unsuitable for cultivation, 

At the Bontanga project, a dam has been con-
structed. An estimated 420 ha are irrigable; an 
additional 200 ha are yet to be developed Land 
allocation has started and the first crops have been 
planted. 

Valleys for Rainfed Rice Farming 

Huge areas ( 160 000-240 000 ha) of valleys, natural 
depressions, and relatively flat river basins with 
heavy textured hydromorphic soils and seasonal 
flooding along the Volta River are left uncultivated 
because farmers lack the required technology. 

From the early 1970s, commercial farmers from 
Tamale began to utilize these fields for medium-
scale mechanized paddy cultivation, including corn-
bine-harvesting. Small-scale paddy cultivation by 
young village farmers who sell their harvest in 
nearby towns has become important in the past i5 
years. 

Current Practices 

and Future Research Needs 


The discussions so far confirm the huge potential 
for irrigation farming and other forms of water 

management in the Guinea and Sudan savanna of 
Ghana. In the authors' opinion some of the factors 
that militate against achievingthis potential include 
the following issues: 
0 1he Government alone cannot finance projects. 

Participation by international aid and financ
ing organizations is needed to achieve the watei 
resource potential of northern Ghana. 

0 	 Many small dams are not well maintained. 
Future projects should be planned to involve 
the local people from the beginning. They could 
bear part of the construction costs, and could be 
trained in dam maintenance techniques. On the 
other hand some small dams nearby are in 
excellent condition and are being well used. The 
reason for this difference in attitude should be 
studied. 

0 	 The question of land tenure must be solved 
before any irrigation project can be successfully 
implemented. The traditional land tenure sys
tern empowers the local chief to distribute 
lands, and the resulting personal attachment 
makes it difficult to reallocate lands for project 
development (Konings 1981). 

0 	 On the lowlands, great potential exists for 
optimizing the use of naturally available water. 
Small investments in land leveling and building 
of low dikes and bunds would greatly facilitate 
more efficient use of water and would substan
tially alleviate weed control problems (Cody 
1981). 
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Research Needs and Priorities for Rainfed Agriculture 
in Western Sudan 

B.A. Ibrahim and G.M. Madibo ! 

Abstract 

A fundanwntalconstraint to agriculture andlivestock production for the traditionalproducers 
in western Sudan is an inetficient, and at times inappropriate, use of their resource base. 
Insufficient water availabilitv. unreliable rainhllll, poor genetic stock, low soil fertilit', ineff,
cient agronomic practices. crop pests and diseases, and inadequate inlfrastructure were singled 
out as the most important production-limiting constraints. Research priorities lor the region as 
well as aspects for future development are discussed. T1w two most crucialmcasure's suggested 
were the development of drought-resistantvarietiesantd theinprovenwnt of.soil water man
agecnnt and conservation practices. 

Risum 

Besoins et prioritis de la recherche pour I'agriculture pluviale dans les zones semi-arides du 
Soudan occidental : L 'utihsation inefficace et parlois inapproprie des ressources dont dispo
sent lesproducteurs traditionnels du Soudan occidental est I'unedes contraintes fondanwntales 
de leurs systbmes de production animale et v4g&talc. Parmid 'autresIliwteurs limitant la produc
tion, les auteursont releb l'insuffisance des quantitbsd'eaudispot,ible,I'irrgularit des pluies, 
Ia mcdiocrit du matbrietgnttique.tlespratiques agronomiques ddlicientes, ]a faibl,ertilit6des 
sols, I 'existence des ra vageurs et des maladiesdes cultures et, enfin, I 'bsence d'ne infhastruc
ture approprie. La maise au point de varits rsttante.s la sccheresse et I'amdliorationdes 
techniques donicnagement des sols et de conservation de l'eau sont apparues conine 6tant les 
deux mthodes essentielles pour rmendier ]a situation. 

Introduction less than 30V/ iscultivated. Of this, 1.68 million ha 
are irrigated, 2.31 million ha are under rainfed 

Sudan, the largest country in Africa, covers an area mechanied farms, and 6.72 million ha are under 
of over 2.5 million km 2. Its climate is tropical con- traditional rainfed agriculture(Nelson 1982), which 
tinental with a marked rainfall transition from is defined as agriculture with low inputs, largely 
north to south. The south has a moist climate, with hand or animal labor, and low mechanization. 
rainfall decreasing to less than 800 mm in the ccn- Agriculture accounted for 45%'j of the gross domes
ter, to a mere 75-250 mm in the desertic north. The tic product, and contributed over 901," of the total 
air temperature in the north exceeds 50'C in July. export in 1978 (EI. 1979). Over 80i of the popu-
Of Sudan's estimated 35 million ha of arable land, lation derive their living from land (Stuken 1963). 

1. We',terr Sudan Agriculture Research Project. I IObeid, Sudan. 

ICRISA I t International ('top, Rocsartch Institute Ior the Semi-Arid t ropics) 19,S9. Soil, riop, and Water Management Syslems for 
Rainled Agriculture in the Sudaii-Sahilian Z ne: procecdings (d atnInterriational Workshop. 7 1I Jan 1987. ICRISAT Sahelian 
Center, Niatien, Niget. |'atancher . AT'. 502 324, India: ICRISA I. 
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In Sudan, as in most African countries, crop and 
livestock production interact to make a complex 
agricultural system, requiring an integrated multi
disciplinary approach to agricultural development 
(McCown et al. 1979). The Western Sudan Agri-
cultural Research Project (WSARP, 1987 and 
1983) has adopted this approach emphasizing 
farming systems, farmers, and their farms rather 
than a single crop. 

WSARP operates in the Darfur and Kordofan 
regions (35% of Sudan's land area), known for gum 
arabic (Acacia senegal) production. Pearl millet 
(Penniseturnamericanum)and sorghum (Sorghum 
bicolor)are the main staple food crops. Cash cropsinclde esae(esall~ll ildium) grunduts
include sesame (Sesarnun indicuni), groundnuts 
(Arachis hypogava), cotton (Gossypium spp.), 
roselle (Hibiscus sabdariflT), and watermelon 
(Citrullus vulgaris). 

The main soil types of the region are the Goz 
sands (sandy, mixed, isohyperthetnic, typic qtuart
zipsamments) that are very low in nitrogen, phos-
phorus, and organic matter, and the clay and 
clavey sand soils (Yermosols) locally known as 
"Gardud". This last soil type isdifficult to cultivate 
with traditional tools because of compaction. Its 
chemical and physical characteristics are little 
understood. This is a major constraint to produc-
tivity and maintaining fertility status, 

Problems and Constraints to Crop 
and Livestock Production 

Western Sudan produces a sigihificant part of tile 
total national crop and livestock production (Table 
I). There are, however, serious problems and con-
straints that limit optimnum production, such as: 
I. 	 Water scarcity. Insufficient water is the most 

serious constraint to agricultural production, 
especially in North Kordofan where rainfall is 
erratic, 

2. Poor 	genetic stock. Lack of high-yielding 
adapted varieties of crops is an important con-
straint. Local varieties are generally late matur
ing, low yielding, and are not drought tolerant 
or disease resistant. 

3. 	Low soil fertility. Goz soils are easy to cultivate 
and much of the traditional production activi-
ties are on these soils. However, decades of 
cultivation without soil amendments (fertiliz-
ers. manures, etc.), and without crop rotation 
has depleted the soil. Removal of natural vege-

Table i. Western Siudan's contribution to national agri
culture (average of 4 years). 

Commodity Percentage of national total 
Sorghum 17 
Millet 90 
Groundnut 46 
Sesame 52 
Gum arabic 90 
Cotton 6 
Cattle 45
 
Gats 32
 

Camels 	 65 

Source: Department of statistics and agricutturat economics. 
Ministry ot agricultir and irrigation. 1975-76, 1979 80, Khar. 
toum, Sudan. 

tation, overgrazing, range burning, and cutting 
of trees for fuel and construction have acceler
ated erosion of these unstable soils. 

4. 	Poor cultural practices. In most cases, the cul
tural practices followed by formers are not 
optimum. Research is needed on optimal plant 
density, spacing and cultivation, and on inter
cropping techniques. 

5. 	l.osses due to pests and diseases. Heavy losses 
occur due to pests and diseases like striga 
(Stri'ahermonthica),naffasha (Raghuva albi
punctella), stetn borers (Actgona spp, Chilo 
partellus, Sesamina erotica), and stored grain 
insects, such as Callosobruchus maculateus. 
Few farmers use proper control measures. 

6. 	Transport difficulties and inadequate infras
tructure. Lack of transportation in western 
Sudan limits the availability of agricultural 
inputs, basic services to the farmers, and access 
to markets. Problems with storage facilities, 
credit, and financing, marketing schemes. and 
other socioeconomic issues hamper agricultural 
development in the region. 

Research Activities and Needs 

A few attempts, some by international organiza
tions like ICRISAT and International Institute of 
Tropical Agriculture (IITA) in collaboration with 
the agricultural research stations, have been made 
to conduct agricultural research in western Sudan. 
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Much of the research has been focused on cotton 
breeding (Kadugli station) and varietal trials for 
crops like sorghum, cowpea, and sesame. Gum 
arabic research (El Obeid station) has focused on 
propagation and gum production of Acacia sene-
gal and other acac-' species. WSARP has identi-
fied the following research needs of the region: 

" 	 livestock production in the arid fringe of the 
desert; 

* 	 livestock production interspersed with crop 
production in the southern, semi-arid parts of 
the project area; 

* 	 integrated crop-livestock production on stabil
ized sands; 

* 	 integrated crop-livestock production on sandy 
clay soils; 

" 	 integrated crop-livestock production on Ver
tisols; and 

* 	 proper water and land-use management. 

Research Priorities 

The following agricultural research topics are 
emphasized for future development in the Kordo
fan region. However, they may be applicable 
throughout western Sudan. 
1. 	Varietal improvement through breeding and 

selection. Recurrent drought and erratic rain
fall make it urgent to develop crop varieties that 
are early maturing, drought tolerant, high yield-
ing, and resistant to pests and diseases, 

2. 	Improvement of cultural practices. Very little is 
known about appropriate cultural practices like 
plant population, seedbed preparation, fertil
izer application, weeding, intercropping, and 
crop sequence. 

3. 	Soil and water management and conservation. 
High priority needs to be given to research on 
mulching and residue management, tillage, seed 
planting, runoff harvesting through contour 
bunds and terraces, and wind erosion control 
through the establishment of windbreaks, 

4. 	Crop production. Suitable methods must be 
found to control prevailing pests and diseases 
However emphasis should be on varietal resis 

tance testing and improved cultural practices in 

the region rather than on expensive chemical 
control. 

5. 	Improvement of range and livestock produc-
tion. Research on improvement of indigenous 

livestock species, proper use of crop residue and 
forages as animal feed, especially during the dry 
season, are priority areas. 

6. Agroforestry 	research. Research must be con
ducted on integrating Acacia senegal (gum 
arabic) with agricultural crops. Supporting top
ics like selection of high-yielding trees and 
nursery management are also important. 

7. Socioeconomic aspects that affect agricultural 
production. Three traditional production sys
tems-nomadic, transhumant and sedentary
prevail in the region. Little isknown about their 
dynamics and interaction. 

Conclusions 

In acrop/livestock production system, achange in 
one component may affect the other components. 
Therefore research in western Sudan should use a 
multidisciplinary production systems approach in 
which all the components are given due considera
tion in the research plans. 
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Soil Fertility Management of the Pearl Millet-Producing Sandy 
Soils of Sahelian West Africa: The Niger Experience 

A. Bationo, C.B. Christianson, and U. Mokwunye' 

Abstract 

Most of the information in this paper is the result of field trials conducted in Niger on the 
sources, management, fate, and efficiency of phosphorusand nitrogenfertilizers. Indigenous 
phosphaterock andpartiallyacidulatedphosphaterock canprovide inexpensive alternativesto 
importedfertilizers.Because the sand' soilsofthe area havea low capacity to absorbphospho
rus, management practices are being developed to maximize the good residualresponse to 
phosphorus.Moisturehas proven importantin the response ofpearlmillet to nitrogenfertiliz
ers. Recent trials indicatethat a combinationof the appropriatenitrogensource (less volatile) 
andmanagementpractices(pointplacement)may help reduce nitrogenlosses thathave been as 
high as 50%. The addition of farmyard manure and crop residues improves the chemical 
propertiesof the soils, and organicmaterials complementary to mineralfertilizershelp sustain 
productivity. 

Resume 

Gestion de ]a fertiliti des sols sablonneux Avocation du mil au Sahel en Afrique de I'Ouest
I'expirience nigirienne : La majeurepartie de l'information contenue dans cet article r6sulte 
d'essais au champ r6alis~sau Niger sur les sources, la gestion, I'6tat et l'efficacit6 des engrais 
phosphatbset azotbs. Les roches phosphatdesnaturclleset roches phosphat~espartiellement 
acidulespeuvent 6tre des solutions de rechangepeu coilteuses parrapportaux engraisimpor
t~s. Les sols sablonneux de la region sont caract6risspar leur faille capacit6 d'absorberle 
phosphore.D6velopperdes modes degestion est essentielpourmaximiserla r~ponse rdsiduelle 
6levbe aux engrais phosphat~s. L 'humidit6 s'est r6vdle importantepour la r6ponsedii mil h 
lazote. Des essais r6cents montrent que la combinaisonde sources ad~quates d'azote (moins 
volatile) et de modes degestion(placement localis6)peut r~duirelespertesd'azotequipeuvent 
atteindre50,. L 'additionde fumier et de rcsidusde r6coltes am~liorelespropri6tschimiques 
des sols; la complkmentarisation des engrais minbraux par la mati&re organique aide au 
maintien de Ia productivit6. 

Introduction ,prone areas of the semi-arid West Africa. The FAO 
estimated that, of the 27 million ha growing pearl 

Pearl millet (Pennisetum glaucum (L.) R.Bro) is millet in Africa, 56%is in West Africa(FAO 1985). 
the dominant food crop in the sandy, often drought- In 1985, 22% of the pearl-millet growing area in 

I. Soil scientists IFI)C I('RISAT, Niamey, Niger; IFI)C Muscle Shoals, A .. , USA. 

I('RISAT Conference Paper no. (i' 413. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics) 1989 Soil, Crop, and Water Management Systems for 
Rainfed Agriculture in the Sudano-Sahclian Zone: proceedings of an International Workshop, 7-tI Jan 1987. ICRISAT Sahelian 
Center, Niamey, Niger. t'atancheru. A.T. 502 324, India: ICRISAT. 
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Africa was in the Republic of Niger (FAO 1985). Table . Some physical and chemical properties of the 
Between 1960 and 1985, land planted to pearlNiger. 

millet in Niger increased by 105%1', from 1.6 million 
ha to 3.3 million ha. During the same period, pearl 
millet production increased only by 25%, from 0.8 
million t to slightly over 1.0 million t. Since yield 
declined from 480 to 300 kg ha-1, the 25% increase 
in total production resul'ed primarily from an 
increase in the amount of land cropped to pearl 
millet. Yield and total production suffered from 
intermittent drought, expansion onto marginal 
lands with low crop production potential, and the 
deterioration of lands previously under cuhiva-
tion. The pressure of population on available ara-
ble lands now prevents the farmer fromh maintain-
ing soil fertility through extended fallow. Today 
there is little doubt that poor soil fertility rather 
than lack of water is the major constraint to 
increased food production in the Sahel (Penning 
de Vries and 1)jiteye 1982). 

'[le FAO estimates that. if tropical Africa is to 
be able to feed itself by the year 2000. 51 ('; of any 
increase in food production must come from 
increased yield per hectare (FAO 1981). Lessons 
from other areas of the developing world suggest 
that fertilizers have a key role to play in efforts to 
increase iel in sub-Saharan Africa. Most of the 
information in this paper is the result of field trials 
conducted in different locations in Niger by scien-
tists of the International Fertilizer Development 
Center (IFD) working with scientists of the 
International Crops Research Institute for the 
Seni-Arid Tropics (ICRISAT) on the sources, 
management, fate, and efficiency of phosphorus 
and nitrogen fertilizers. 

Characteristics 
of the Experimental Sites 

The experimental sites are characterized by light 
sandy soils with low native fertility, and extremely 
low organic matter content, exchangeable cations, 
and 'available' phosphorus levels (Table I). Rain-
fall is irregular, and infiltration rates are generally 
high. Since 1982, when tile first trials were estab-
lished, the mean annual rainfall recorded at Sador& 
has ranged between 260 mm (1984) and 650 mm 
(1986). Soil-moisture measurements indicated that 
moisture stress limited production only in 1984. 
On the basis of I% probability of a drought such as 
the one in 1984 (Sivakutnar, ICRISAT, personal 

Property Sadort Gobt.ry 
Latitude 13 18'N 13°05'N 
l.ongitude 02o2l'E 02054'E 
Mean annual rainfall (am) 560 600 
Soil texture (('j) 

Coarse sand 52 50 
Fine sand 42 45 
Silt 0.3 3 

pH1 5.1 5.2 
Organic matter l%) 0.185 0.26 
lotal nitrogen 0"i) 0.0200.013 

C:N ratio 10 9
 
Phosphorus
 

Iotal (pg P g-I soil) 40).8 40.2 
Itray I P (jug I' g-I soil) 2.66 2.60 
.'xchangeable cations (cnmol(*lkg ) 
('a 0.30 0.6) 
Mg 0.10 0.12 
K 0.05 0.05 
FC [Criiii(+kg-] 086 .40 

liase saturation ( ) 52 55 

commnunication), it appears likely that the declin
ing yields in the Sahel are a result of declining soil 
fertility. 

Nitrogen: Fertilizer Sources and Management 

Although it is generally recognized that phospho
rus is the most limiting nutrient for food produc
tion in the Sahel, a significant response to N is 
often obtained with pearl millet. As with any crop, 
the strength of the response of pearl millet to N can 
vary greatly, depending on the N source, the 
method and tining of its application, and the rain
fall (Pieri 1973). In Niger as in the rest of tropical 
Africa, urea is the most widely used N source, 
though small amounts of calcium ammonium 
nitrate (CAN) are also available. Although urea is 
relatively cheap to produce, and its high N content 
(46(' N by weight vs 26N' for CAN) results in much 
lower transportation and storage costs, in the 
Sahel it ishighly susceptible to losses through vola
tilization. (Ganry and Guiraud 1979). 

Because of the low amounts of moisture avail
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able to the crop, wide (I m x I m) spacing is .tlld (tJrea handed) 
employed in tile tJ((trca supergranule,-N......
planting of pearl millet in Niger. 
At the beginning of this program, we adopted the point placed)
 
working hypothesis that nutrients could not be 0.CANild (Calcitim amnmoniun
 
efficiently used by tileplant if they are not placed 1500- nitrate handed)
 

near it. Experiments were conducted in Niger .- *
 

comparing band-placed CAN or urea with point- 1400

p!aced urea' tile
to determine effects of N source 
and management on pearl millet yield. The trials _ 1301
involved the use of 15N at the 30 kg N ha-' rate so 
that a fertilizer N balkince could be conducted at 

the end of each season. [his allowed the deterria
nation of fertilizer N uptake by the plant, N distri- Il(o
bution in the soil at harvest and, by subtraction, N 
loss. -

During our experiment, we found that the 
strength of the N response in terms of increased 
yield, varied greatly depending on tilerainfall 0 I 

amount and distribution. In the drought year of 0 15 30 45 

1984 (260 mm total precipitation), crop growth N applied (kg N hIt) 
was severely limited, and regardless of rate, no 23.8Il d 0.3624 tlld: r 10.66re: 337=952 

significant response to N was ibund. Cc ,ersely in •,.944 ,21.05 I (i 0.2065 1'(is rsc>:--.8le265 
1985, a year of excellent rainfall, the N response 

was very strong with yield maxima approaching .-. 948 ,21.38 (AN lid 0.2043 CAN I l2 

1500 kg grain ha" with 45 kg N ha- I as compared ,:- 0.73 rse 7 285 
with 950 kg ha-' witi no nitrogen. File distribution F'igure I. Effect of nitrogen sources, methods, and 
of precipitation received during the growing sea- rates ofapplication tip pearl millet grain yield, ISC, 
son is a more important factor affecting N response Niger, rain. season 1985. 
than the total annual rainfall. Although the total 
amounts received in 1983 (599 mm) and 1985 (543 
mim) were approximately equivalent, pearl millet 
yields were higher in 1985 (15)0 kg ha-') than in 
1983 (1100 kg ha-'). Approximately one-third of 
the total precipitation in 1983 was received very Maximum yield for all sources and management 
late in the season. It is speculated that the late rains techniques was found at the 30 kg N ha-' rate of 
had little positive effect on yield. In 1985, 293 mm application where yields were increased from an 
was received during the mid-season interval of 10 average of 950 to 1300 kg grain ha-'. Each kilo
.Jul to 20 Aug and proved very beneficial to the gram of fertilizer N applied by the farmer at this 
crop. rate would therefore be expected 'o increase his 

Generally, no significant difference was found pearl millet yield by almost 12 kg of grain. The fact 
between N sources at the rate of 30 kg N ha- or that no significant difference was found in the effi
methods of application in any year. The data ciency of the various fertilizers or placement 
obtained in 1983 (nid-season rainfall from 10 ful methods indicates that tilefarmer probably can 
to 20 Aug of 153 mm) makes it evident that a strong achieve equivalent efficiency with either of the two 
response to N can he found it Niger in the presence sources or application methods tested. 
of phosphorus and adequate moisture (Fig. I). Some trial data taken in 1983 illustrate the ni

trogen balance in a pearl millet cropping system 
using 'IN. It was found that N losses were very high 

tilih'er in and, in tile 
7-h cm deep which runs parallel toand 10cm1hont the plant of the nitrogen applied (Table 2). An average of 
row. With point plac.:ment, all the fertiliier for one plant is 
placed in a hole I0cm fmmthe plant atadepth of 7 8cm. In 24.6% of the applied N was taken up by the plant, 
both methods, tie lerttli,ur is covered with soil. of which 10.3% was found in the grain. Thus the 

I. Banding refers t tie placement ol a shallow trench case of point-placed urea, exceeded 50% 
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Table 2. Recovery of 'IN' In the pearl millet plant and 
soil at harvest, SadoreV, 1983. 

'IN recovery 

Treatment Grain Plant2 Soil Loss 

CAN split 13 28.8 34.2 37.0 
Urea split banded 9 22.8 39.2 38.0 
Urea point placed 8 22.0 25.3 52.5 

I. "IN-fertilizer applied at 30 kg N hai.t7
 
2. Total rccoery in grain and sto.er fraction. 

efficiency of the fertilizers used, in terms of uptake
by pearl millet, was very poor. Although balance 
data showed that significantly higher losses of N 
occurred from point-placed urea than from urea 
that had been band applied, recovery of I5N-N by
the plant was the same for both methods of appli-
cation. Experiments are underway to explain this 
observation. 

It is speculated that point placement may have 
had two conflicting effects on N efficiency. Labo
ratory studies using Niger soil, showed that con
centrating the urea by point placement can greatly
increase the potential N losses through volatiliza
tion as ammonia gas (Buresh 1987). Upon hydroly-
sis, concentrated urea, as found with point place-
ment, yields a high level of slowly nitrifying
ammonium in a zone of alkaline pH (Hauck and 
Stevenson 1965). The presence of a high concentra-
tion of ammonium in the sandy soils of Sador& 
over a long period of time probably helped increase 
the volatilization losses. However, the positional
effect of point-placed N near the plant, and there-
fore near the bulk of the root mass, allowed effi-
cient use of the remaining fertilizer N. Thus, 
although losses were higher, uptake efficiency of 
the remaining fertilizer appears to have been aug-
merited to the point of partially compensating for 
the increased losses, 

At harvest, the distribution of fertilizer N inthe 
soil was determined, and most of the N left in the 
soil was found to be in the surface 0-15 cm layer 
(Fig. 2). Although the '-N distribution at greater
depths was samethe for both methods of urea
placement, the banded treatment contained much 
more 15N in the surface 0-15 cm layer than thepoint-placed treatment (27 vs 15% recovery). This 
is possibly due to the high volatilization losses that 
occurred with point placement. The absence of 

15N recovery in the soil (') 
0 5 10 15 20 25 30 35 40 

0_ 

25- -. .-. 

50

7 

1100 

- 125 

150
r 

175- ------- CAN split band 
USG split 

200 ....... [ica split hand 

Figure 2. Distribution of fertilizer N in soil at lar
vest, IS(, Niger, raini season 1983. (Note: l)atun 
points representt the percentage of the applied N 
rectiered in each respective soil layer). 

urea-N at depth further indicates that urea leach
ing losses are limited. Because half of its N is in the 
form of nitrate, CAN is less volatile than urea. 
Nitrate is rea, ly soluble in water and can be car
ried deep witl, Infiltrating water. Less banded CAN 
than urea was found in the 0-15 cm layer, and 
enrichment of the -Ncontent at lower depths indi
cated that some leaching of CAN had occurred. 
Because of their very sandy nature, the soils of the 
experimental site dried rapidly, a factor that would 
have limited the availability of any fertilizer N 
trapped in the dry surface layers. Since the CAN 
had moved to the lower depths where more mois
ture was available, it would have been more readily
available to the crop during the dry periods. Thus, 
this high solubility could help account for the 
slightly higher N uptake by the plant that occurred 
with this treatment. 

Phosphorus: Fertilizer Sources and Management 

For over 50 years, investigators have observed that 
lack of phosphorus is a major constraint to crop
growth in semi-arid West Africa (Hauck 1966, 
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Pichot and Roche 1972, Jones and Wild 1975). In - adort!
 
the pearl-millet growing region of Niger, available 10
 
P as measured by Bray I extraction hardly exceeds
 
3 mg kg- I soil. These sandy soils also have a low 8/
 
capacity to absorb phosphates (Fig. 3). Results " /
 

3' 60from several trials have shown that as little as 20 kg 


P205 ha-' can more than double tile 7 -..,
yield of pearl 40-
millet as compared with yield from unfertilized _. 
land. 2)-

One of the objectives of the IFI)C/ICRISAT 
collaborative project in Niger was to assess the 0 -1 .i ( 0 0 0 0,6 
ability of indigenous phophate rock (PR) to satisfy 1 ( 0.2 (j.3(.4 (.6).(I (1,02 I.4oio0. I 
the phosphorus needs of crops such as pearl millet. I remaining n soil solution (pg il. ') 

Three phosphate rock deposits-Tahoua, Parc W Figure 3. Relationship between P remaining in soil 
(Tapoa), and Aschia Tinamou-are currently solution and sorbed P for Sadore' and Gaya soils, 
known in Niger (Fig. 4). Direct application of indi- Niger. 

0 lsch tNiamc. 

tM at ad Iiff~l 

0 Phosphate rock deposits 
z Nigera /"	E'xperimental site 

Departinent center 
'll tk"l0
';'o ', 


litton Note: Relative distances between 

locations, not to scale 

Figure 4. Phosphate rock deposits in Niger. Adapted from McClellan and Notholt (1986). 
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Table 3. Chemical analysis of Parc-W 
phosphorus rock (%of total mass). 

Components Parc-W 

Total P2O 28.5 
Citrate-soluble 1P205, 2.6 
CaO 40.0 
Fe 3.4 
AI,O 1.5 
Fe,Oj 1.0
MgO 0.13NaO 0.13 
K0O 
 0.13 

Cl 0.005 
SiO, 23.0 
Co 2 1.2 

and Tahoua 

Tahoua 


27.9 
2.5-5.0 

39.0 
2.8 

2.1 


10.3 
0.20 
0.20 
0.12 

0.005 
11.7 

1.5 
I. Measured in neutral ammoniurn citrate solution. 

Table 4. Characteristics of Parc-W and Tahoua rock 
compared with other West African phosphorus rocks, 

Citrate-
Citrate- soluble 

Total soluble 1A) 
I10l:O . 100 total 

Phosphate rock ('.i) 1% ) I'2Oi 

Parc-W (Niger) 28.5 2.6 9.1) 
lahoua (Niger) 27.9 2.5 5.0 9.0 1.) 
Kpme (logo) 35.9 3.0 8.0 
Tilensi (Mali) 28.6 4.2 15.0 
Kodjari (Burkina Faso) 25.3 1.9 8.0 
Matam (Sngal) 29.8 4.5 15.0 

genous ground PR can be an economical alterna
tive to imported commercial P fertilizers. The 
chemical properties ofTahoua and Parc W PR arepresented in Table 3,and the relative reactivities of 

these rocks as compared with other deposits in 
West Africa are presented in Table 4. In a field trial 
at Gob&ry where Parc W and Tahoua PR were 
compared with commerci:,l single superphosphate
(SSP), the less reacti - Parc W PR was 48% as 
effective agronomically as SSP while the more 

reactive Tahoua rock was 76% as effective as SSP. 
These results agree with those obtained by Truong 
et al. (1978) in their study of the agronomic effec
tivcness of several West African phosphate rocks. 

The findings at Gobrv clearly indicate that the 
agronomic effectiveness of PR is governed by the 
rock's physical, chemical, and mineralogical char
acteristics. One method of utilizing unreactive PR 
is to increase the plant-available P by chemical 
conversion to a partially acidulated phosphate 
rock (PA PR) product. The term PAPR refers to a 
phosphate rock that has been treated with only a
portion of the sulfuric or phosphoric acid required
to fully convert the insoluble tricalcium phosphate 

into awater soluble form, i.e., monocalcium phos
phate monohydrate I FDC 1986). Thus, the term 
PAPR-50 indicates that onlv 50K' of tileacid 
required to produce a fully acidulated superphos
phate is itsed to make the product. PAPIR products 

may be attractive to producers because less acid is 
Used, resulting in significant saving in foreign
exchange. For example, the factory-gate cost of 
PO obtained from sulfuric acid-based PAPR-50 
is estimated at about 80( of that obtained with 
SSP (lFIC 1986). 

Table 5. Chemical analyses of partially acidulated phosphate rock. 

l.evel of WS2 CS.' 
acidulation' Total P.O, PORock source (17i) Type of material P20 ---- (wt %) ---

Parc-W (Niger) 25 Granular' 23.8 5.4 2.8
Paic-W (Niger) 40 RO11 21.6 9.2 2.1Parc-W (Niger) 50 Granular 20.2 9.9 1.9
Tahoua (Niger) 25 Granular 4 25.0 3.9 2.7
Tahoua (Niger) 51 Granular' 22.6 6.5 2.9 

indicates the amount of HI.SO,I. Where 10'lW required forpreparation ol single superphosphaic.
2. WS Water soluble, 
3. CS Soluble in neutral amnonium citrate solution. 
4. Analyses reported on minus 6- plus 14-nesh IYler). 
5.ROP indicates nongranular (run-of-pdlc). 
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Table 6. Agronomic efficiency index of millet in Sadored 
and Gobery, Niger. 

PSource Agronomic efficiency index 

Parc-W phosphate rock 60.3 
PAPR-25 76.5 
PAPR-50 93.4 
TSP 106.1 

SSP, 100.0
 

I. Source: Bationo et al. 1986. 

Sulfuric acid-based PAPR products using Parc 
W PR have been tested in several field trials in the 
pearl-millet growing region of Niger (Table 5). 
Results from 5 years of testing at Sador and four 
years at Gobry show that Parc W PAPR-50 is as 
effective agronomically as triple superphosphate 
(TSP) (Table 6). Wider testing of sulfuric-acid

Parc W PR in Niger is recoi-
based PAPR using P1985. 
mended. Present results strongly indicate that this 
less expensive product can adequately meet the P 
needs of the staple crops. 

Cost of transportation in a landlocked country 
such as Niger makes it necessary to use high
analysis fertilizers. However, high-analysis fertil-
izers like TSP and diammonium phosphate, con-
tain little or no sulfur. The need to apply sulfur-
containing fertilizers to many soil-crop systems in 
the Sudano-Sahelian zones of West Africa has 
long been recognized. (Greenwood 1951. Bromfield 
1972). The greater response of pearl millet to SSP 
than to TSP in Sador in 1985 (Fig. 5) suggests 
significant crop response to sulfur after 4 years of 
continuous cropping on this soil. The higher PO5 
content of sulfuric-acid based PAPR as compared 
with SSP, as well as the presence of sulfur in the 
product, provides added incentive to substitute 
this product for the more expensive imported 
fertilizers. 

An advantage of the low P retention capacity of 
these sandy soils is the high residual effects of P 
fertilizers even when applied at low rates (Fig. 6). 
In one of the field trials at Sador , an attempt was 
made to take advantage of this high residual 
response to P fertilizers by adding Parc W PR at 
three times the annual fertilizer rate and cropping 
the land for 3 years witho. t further addition of 
fertilizers (basal treatment). Although pearl millet 
yield and available P levels at the end of the 3-year 

1200 -'S 

(Single superphosphate) 
P (Triple superphosphale) 

1100

goo" 
- 900 

-

- 700 

5
 

30 I1I
 

0 10 20 30 40 

lhosphorous applied (kg L0,lura) 
320 * 18.13 I.S 

-0.0569 IPS2 rC 0.44 rse = 280 
= 3301 40.75 SSP 
-0.4890 SSP2 r = 0.46 rse =385 

Figure 5. ffectoflPsourcesandratesofapplication
on pearl milet grain yield, ISC, Niger, rainy season 

cycle were significantly higher where the PR was 
applied annually, substantial quantities of P were 
still present with asingle basal treatment. A prelim
inary economic analysis indicated that added net 
return at the end of the cycle was the same for both 
systems of fertilization (Table 7). 

The method of Pfertilizer application can signif
icantly influence its efficiency. Most farmers in 
Niger broadcast their Pfertilizers without incorpo
rating them into the soil. Preliminary results of 
field trials are inconclusive but yields were no dif
ferent when fertilizers were broadcast and incorpo
rated, banded or point-placed near the pearl millet 
hill. 

Role of Crop Residues and Magiures 
for Sustainable Crop Production 

Because of the poor buffering capacity of the soils 
of semi-arid West Africa, cereal yields cannot be 
maintained under continuous cultivation by using 
inorganic phosphate fertilizers alone. To maintain 
soil productivity, the organic matter levels must be 
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I- I 	 kept high, (Sedogo 1981, p. 199). Soil organic mat"SP (Triple superphosphate) 

o----- = SSP) (Single sUpcrphosphate) ter can be improved by the addition of farmyard 
a------ = PAPR40 (Partially acidulated manure, green manure, crop residues, and compost.phosphate rock at 40C,) In a trial at Sador&, the addition of 5 m ha-' ofPR (lPareW phosphate rock) 	 farmyard manure or 120 kg P 20 5 ha-' of Parc W 

PR in 1984 produced the same yield of pearl millet 

-in 1985 as 20 kg P,0 5 ha ' of SSP applied in 1984 
1100- and again in 1985. PR and SS P treatments received 
1000- 45 kg N ha-' as urea. Pearl millet yield was highest 

with the addition of 20 m manure ha-' (Fig. 7).
_,-, -- These figures point out the obvious drawback to 

"800- o/' -	 SSP = Single superphosphate
600

-Manure1800 M 

1600- SlF = ± 75 
~CV(Cj) = 17

1400

200 III"	 1200

0 30 603 903- 1(318)
 
Phosphate applied (kg Pl0s lha- 1)
 

* 229 # 16.9SSI "
 
-0.0945 SSP2 r2 =0.67 rse =240( 60(-
 F

o :200 + 11.56 IPAPR 40 500 	 ] 

-0.0343 PAPR40: r2 0.62 rse = 224 	 '. 
=218 1 11.54 PR . Lr 1 

20.0801 PR2 r = 0.41 rse = 227 	
ri 

L "q
^9=2(6 + 21.57 TPS(2.1324 PSr- = (.71 rse = 251 Figure 7. Residual response by pearl millet to farmyard manure and phosphate rock compared withFigure 6. Effect of residual P sources and rates on direct response to single superphosphate (Sadort

pearl millet grain yield, Gobery, rainy season 1985. 1985). 

Table 7. Added net return to application of phosphate rock annually or basally. 

Present value of net
P-application Yearly net added return added return, 1982 Total net return 

ha. ) )(kg (US 	S ha-') (US S ha-') (Us S ha-') 
X Xl 1982A I 1984A 1982132 198411 A B 
0 0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

10 30 31.6270 20.7562 45.1189 9.5798 52.3832 54.6987 
20 60 39.9366 25.7379 53.2898 11.4682 64.6745 64.7580 
30 90 44.8222 27.0349 57.7500 12.5840 71.8571 70.3340
40 120 48.2447 28.6319 60.6684 13.3789 76.8767 74.0473 
I. A = Annual application. 
2. B =Single basal application. 
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_ ___ 

using farmyard manure, i.e., the large quantities 
required are not readily available to the farmer. 

In 1983, a trial was conducted in Sador&with the 
following treatments: 
i. 	 Crop residues (pearl millet straw) left on the soil 

surface after harvest. 
2. 	 Crop residues removed after harvest and recom-

mended rates of fertilizers applied. 
3. 	Crop residues removed and no fertilizers applied. 
4. 	 Crop residues left on the soil surface and fertil

izers applied. 
Rates of straw left on the soil surface have ranged 
from I m ha-' year-' in treatment (1)to 4 m' ha-' 
in treatment (4). From the first year, the presence 
of crop residues in treatment (1)resulted in 25% 
increase in pearl millet yield over the control 
treatment (3). Addition of crop residues has con-
tinued to improve yields but, as can be seen in 
Figure 8, the highest yields were obtained when 
crop residues were supplemented with mineral fer
tilizers. The effects of the different fertility treat
ments on some soil chemical properties were mea
sured after the 1986 crop (Table 8) After 4 years of 
continuous cropping, pearl millet production in 
the control plots where crop residues were corn-
pletely removed was practically nil. Although pro
duction was reasonably high with fertilizers alone 
(816 kg ha-'), yields had steadily dropped since 
1983. As would be expected, addition of fertilizers 
dramatically increased the 'available' P. It is perti-
nent to note the effects of crop residues with or 
without fertilizers on the organic matter contents 
and the degree of aluminum and hydrogen satura-
tion of the exchange complex. In the final analysis, 
several factors may account for the good perfor-
mance of treatments (I) and (4) but the drastic 
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Figure 8. Effect (if fertilizer and crop residue appli
cation on pearl millet grain yield (Sadore 1985). 

reduction in the exchangeable acidity obviously 
played a key role. 

Conclusion 

Fertilizers are needed to improve crop production 
in the nutrient-poor sandy soils of the pearl-millet 
growing region of Niger. The results of several 
trials conducted at various locations in Niger show 
the agronomic value of P and N fertilizers. Fertiliz
ers are essential but expensive inputs, and must 
therefore be properly managed to maximize effi-

Table 8. Effect of pearl millet residues on yield of pearl millet and soil chemical properties Sadore"(1986). 

Grain yield Bray Pt 
Treatments (kg ha-1) (mgP) kg-1 soil) 

Control 56 2.59 
Crop residue 743 2.97 
Fertilizers 816 7.09 
Crop resid, e 
and fertilizers 1532 8.13 

SE ±64 ±0.46 

CV (%) 16 18 

Total 
organic J otal N 

pliKCI matter 

4.11 0.24 
4.36 0.29 
4.10 0.25 

4.42 0.33 

±0.04 ±0.01 

2.02 10 

( 1mg kg-1soil) 

126 
155 
151 

170 

±8 

10 

Ca + Mg 
[Cnmol(+)kg-J 

Al + H 
saturation 

t%) 

0.43 
0.68 
0.44 

48 
20 
43 

0.72 16 

±0.34 ±3 

II 19 
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ciency. Indigenous PR and PAPR can provide 
cheaper alternatives to imported P fertilizers. 
Because the sandy soils have a low capacity to 
immobilize P, management practices are being 
developed to take advantage of the high residual 
response to P fertilizersnitrogenMoisture availability has a significant efect 

the response by pearl millet to N fertilizers. Nitro-

gen losses can' exceed 501,'i of the N applied. In 
recent trials, a combination of a less volatile N and 
good management practices (point placement) has 
shown a potential to improve the nitrogen-use effi-
ciency in this environment. Finally, theaddition of 
farmyard manure and crop residues can improve 
the chemical properties of these chemically fragile
soils as organic matter to complement inorganic
f'ertilizers and help sustain p oductivity. 
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Crop Residue/Livestock Relationships 

S.G. Sandford' 

Abstract 

Level, stability, and sustainability of output and incone are important criteria 16r assessing 
farmingsystems. includ.ngthe integration ol'crop and livestock activities in semi-arid areas. In 
integrated lariningsvstems. cattle derive up to 45t oftheir total annual feed intake (DAI) froni 

crop residues and up to SOfIt duringcritical periods. Small runinants derive much less. ipto 
50r7 of the total yieM of crop residues and up to 100('7 of the edible portion are eaten by 
livestock. he relative interannual variability of viehl ofgrain and of crop re.sidues is not itell 
knotwn. 7he variabilit*v of vie/l of the edible portion is less ,hanthat of total residue. Residue
derived livestock output nay be very variable. 

In principle, use of aninml traction should improl e the level. stabilit, and sustainability of 

crop yields. 1he einpirical evidence ablout ho lrncer act uallv use it. is conflicting, but sugge.sts 
that a'rmers often Use it to increase cropped area rather than 'iehls. If this is .so,it probably 
reduce.s sustainabilit.vbv reducing the 1flow"period. Iarmn sut vs indicate that. a.sC' expected. 
manuring increases crop viehl.shut fIr any S'stem to be sustainab1le, it) terns ofplant nutrients. 
from manure alone, ret/uire.s nutrient transfer from ra/incg aroa.s to eltpied land. For this 
purpose, betieen 2 and 47 ha of gra/itg are reqtuired per ha cropped annuall/i. depending on 
yield otf irain and grass. and on the manuring sysmte. lit years o'fgood crops. frtmers often 

invest their prolits it) live.%tock and then sell the.se in had years to buy ood and thus stabilize 
their consumption. 

RWsum
 

Relations risidus des cultures/iblevage : Niveau. stabilit et maintien tlans le temps de Ieh 
production et du reventi sont dimportattscrit'res dl valuation des svsttnes de production, y 
compris de ceix associant /'agriculture et l~levagc dans les re'gions semi-arides. Dans Ics 
svstmes associant Iagriculture et / 1levage. les rtsidus c/es cultures reprsentent prsde 45§i dii 
ribgitnealimentaire annuel total (matiressiches) des bovids et peuvent nnjeatteindre 80/ en 
pcriode critique. Les anitnaux consomnunt jusqu ,i150(* de la production totale de rtsidus et 
pr's de 100 des pa tin coeestibles. La .triabilite relative des rendements des ccrales et des 
rc.sidusdans le temps n "estpas bien connue. La variabilit du rendcement desparties comestibles 
est moindre que celle de Itproduction totale des rcsidus. Les risnltats consecuti ,)l'efkt de 
l'utilisation des risidus pour I Wevage peuvent tre trs variables. 

En principe. la traction atiniale devrait amtniorcr Ienivean et Ia stabilit' des rendements 
agricoles et leur maintietndansle temps. I.es observations enpiriques faites snr / 'usag efkcctif de 
l culture atteke par lesagriculteuis soti sonvent ditergentes mais tendent i'anlnoins i 
inditer nne utilisation ti.sant Aa, menttcr les .sutcc'esctltives phut6t que Ils rendernents.Si 
tel est Iecas, cela entraine probab'nent une ditinution de lastahilitcde la production dans Ie 
temps du iait tc Ia ri/uction des periodes dejach/re. Les enfiictes rialises che, les paysans 

(*critic 0 56X 9, Addis Ababa, I'thiopia.1 Head of tilte l~ sl~ts~,kI conolimc ( lilt, Iltntl tlonal I tlteshltk forAhwca, (I11 ('A),V lion, 

( rtp. and Water 

Rairnltd Agriculurelm tileSutmdmm-Smiclmmn /omm proccitdm Inmternational 11 Jan I('RISAI 
I(RISA I International ('rops i ccarldh lltiltc Iot tileSiic-Arlid I topico 19M). Soil. .Manmagement Syst'rns for 

gs oI an Wmrkilop. 7 1987. Saheliam 

(Center., Nnimmt.. Niger. Iatanccrmm. AP 5112324. India:[ivISA I 
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montrent que lapport de fumure augmente, conme pr6vu, les rendements des cultures.Cependant pour qu 'un systme dipendantde la seule furnure soit viable du point de vue deI'apport de substances nutritives aux plantes. ces rnmmes 6krments fertilisants devront &tretransfkrs des zones de pilturagesaux terres cultives. Ifaut de 2 ;)47 ha dep.turages par hacultitc et par an scion les rendements en cereales et en herbes et Iesvstmie de turnure utilis6.
Pendant les annes de bonne recolte, les pay'sans investissent sou tent leurs bMnlices dansI ;levageet vendent leurs animaux lors des mauvaises annees afin dacheter des aliments pour
eux-meme- et leurs Ifanilles et stahiliser ainsi leur niveau de consornnation. 

Introduction 

The purpose of this paper is to clarify some con-
cepts and to summari,e what we appear to know% 
about tile relationships, in farming systems in this 
zone, between livestock and crops. 'lhe evidence 
drawn on for the most part comes from the semi-
arid areas (90 180 plant growth days per annum)
of West Africa. Where this e%idence is inadequate. 
it is supplemented by eidence from the stibhumidl 
/one (180 270 plant grow th davs) w%ith which, M 
some definition, there is some overlap of the 
Sudano-Sahelian ,one. [:\dence is also drawn 
from sonC studies lmLdC on snall peasant farms 
(rather than on large farms or research stations) in) 
other parts of sub-Saharan Africa. 

Key Concepts: Level, Stability, 
and Sustainability 

We will start by clarifying some concepts that are 

ilportant in determining wkhat we consider desir-

able characteristics of larming systems. Level' 

means long tern level, e.g.. average level of output,

inconle, or humnan conistipt ion oser several decades, 
Otiler things being Ctual. high levels of output, 
income. or consuniption are more desirable than 
low ones. 

'Stabilitv' is a concept relating to 'variahilit\' 
around a trend. Stability is measured, for example, 
by the coefficient of variation around tie trend 
line. I More 'stable' s\ sterns are ones showing less 
variability and, in general, other things being 
equal, are usually preferred to less stable ones. 

. 0llticin ot ,arirtion iotund tictrLnd Ilne% -Root m e'an 
r irtirisl oitll sqlltlilfrc dis fRrw', tl Syre hwr isdkd h++ r, \h'i 

no iitnd trreg;ritc or po,m ti t %',t . idtltcd \,ith it' 

corscrtiorrtl coeticient (i ,;alr.re. il 
 ",hch l11Cstlndtird 

dc~iaor Is rrwdsciirtd fror the mean U 


Semi-arid areas are characteri/ed by highly varia
ble rainfall so that annual values ofcrop and live
stock output tend to be widely dispersed about a 
central value that may be constant, rising, or de
cling over time. 

'Sustainability' is aconcept relating to the direc
lion of the long-term trend. Unsustainable sys
tems, Mhatever the precise pl;ysical, biological,
economic, or social mechanism involved. are ones 

here the long-term trend is downward ending in 
system collapse. 'Sustainable' systems are ones in 
which the long-term trend is fhlat or upwards. 

Crop/Livestock Interactions 

Crop and li\estock activities may complement or 
hinder each other in mixed farming systems. On 
the one hand, crops niv be grown mainly to pro
vide forage (tunusual in sub-Saharan Africa) or 
they provide edible residues of other crops on
which livestock feed. lheit at the cost of some 
displacemnent of natural graiing. On the other 
halnd, livestock produce draft potwer for field oper
ations and for transporting the harvest to the store 
and market. In add ition, they provide rlanure that 
improves the nutrient status of the soil and affects 
its moisture content. l.isestock devour crop re
sidlies and other vegetation which would otherwise 
act as a windbreak, as aniulch. and as a compost. 
livestock trample the soil. thereby reducing its 
infiltration and mloisture-holding capacity, by corn
paction, and often start erosion. )uring the grow
ing season, livestock madestroy lhe growing crop 
by eating or trampling it. 

Inrteractions also affect incoe inid wealth. In 
maniv parts of sub-Sahiaran Africa's semi-arid 
/one. modern financill institutions do not exist,and it is tech nically difficult to save ilr tie forn of 

crop harvest since they shrink and deteriorate over 
time. As a consequCice. in miany seni-arid areas. 
in years when crops yield a harvest in excess of 
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household needs for subsistence or immediate 
cash, the peasants sell the excess and invest the 
proceeds in livestock whose natural rate of increase 
ranges from 5% (camels) to 30% (goats). Small 
stock reproduce more quickly but are labor
intensive and risky while larger ruminants are the 
reverse, in years of bad harvests, livestock can be 
sold and the proceeds used to huy extra grain for 
human consumption. Another interaction is that, 
in some areas or in some households, crops are 
mainly used for household subsistence while the 
sale of livestock provides households with their 
main source of cash with which to buy modern 
inputs, e.g., fertilizers, for crop production. Crops 

and livestock also interact with each other by corn
peting for scarce factors of production, e.g., labor, 
land, and capital. 

The Effects of Cropping 
on Livestock Output 

Levels 

To measure the effect of the integration of residue
fed livestock on farm output (in the form of live
stock products) means comparing cropping situa
tions with-or without- livestock. Table I presents 

Table 1. Contribution of crop residues to annual and seasonal feed intake of ruminant livestock. 

Species, environment 

Cattle 
-Agropastoral herd in semi-arid 

Mali 
-Pearl millet-based agropastoral 

system in semi-arid Mali 

-Rice-based agropastoral 

system in semi-arid Mali 


-Subhumid zone of Nigeria 


-Semi-ar., Nigeria 

-Subhumid zone of Nigeria 

(farming area) 


-Subhumid zone of Nigeria 

(grazing reserve) 


Sheep 
-Pearl millet-based agropastoral 

system in semi-arid Mali 
-Rice-based agropastoral 

system in semi-arid Mali 

Goats 
-Pearl millet-based agropastoral 

system in semi-arid Mali 
-Rice-based agropastoral 

system in semi-arid Mali 

Percentage of feed 
intake derived from 

crop residues in: 

a year as peak months 
a whole of dry season Comment and source 

43 NA GI' (Lambourne et al.1983) 

16 56 GT (Dicko and Sangare 1984) 
3 mo of peak dry season 

40 62 GT (l)icko and Sangare 1984) 
6 mo of peak dry season 

20 50 G[ (Powell 1986) 
3 mo of peak dry season. 
Sorghum/ millet. 

NA 80 GI (van Raay arid ie Leeuw 
1971) 1 2 tio of peak dry 
season. Sorghum, millet 

13 56 I mo of peak dry season 
(Bayer 1986) 

7 50 I mo of peak dry season 
(Bayer 1986) 

7 NA GT (Dicko and Sangare 1984) 

12 NA GT (Dicko and Sangare 1984) 

2 NA 6T (Dicko and Sangare 1984) 

5 NA GT (Dicko and Sangare 1984) 

I1. G- = Estimates based on grating time. 'Peak dry season' means months when dependence on crop residues is most .,ronounced. 
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the best quantified eviden*ce available. Oil the 
assumption that the proportion of time spent eat-
ing a particular kind of feed is agood proxy for its 
quantitative contribution to diet, then, over the 
y'ear as a whole, cattle in the systems concerned 
obtained between 16 and 40"i of their total dietary 
dry matter intake from crop residues. However, 
during the peak months of tile dry season when 
cattle are most dependent on residues, the propor-
tion rose to 50-801'.. In comparison with cattle, 
sheep and goats within the same systens obtained 
much less of their annual iced from crop residues, 
although in tilecase of sheep, it rose to over 40CI in 
some months (Dicko and Sangare 1984). This 
lower dependence partly reflects dietary preferen-
ces. and partly shows that cattle are giwv- access to 
crop residues first. 'lable I. how\ecer. somewhat 
underestimates the linkage bet\%een small stock 
and cropping because it does not take into account 
time spent by then gril/ing lallo\% land. \\herc 
plant communities are substuntiallv different from 
those of, natural grazing, 

Crop residues ;le consumed 1)li stock becluse 
of both their quMtity ald tualitv. Illthe selmi-arid 
/one of northern Nigcria. \ai Raa\ (1974) esti-
mated that crop rcsidues. 1rn at sutrtce area 
amounting to , ltehat less than 33", ofthe total, 
supplied. in dirv matter teris,. 33"1 of the available 
annual fodder supply. In dry matter ternms. yields 
of crop residues on simuilar soil are probably higher 
thain that of natural pastUre. Illscmi-arid areas, 
natural grazing probably has at least as high, and 
possibl higher. protein content titan the cereal 
crop residues hasc and may, theretore, he the pre-
ferred feed if the total suppl\ of heed available is 
greater than requirement. In higher rulh aiue ,s, 
e.g.. a one enters tile tilesubhunid ionc protein 
content of natural grazing declines its atlimited 

Table 2. Proportion of crop residues ued bi ies,,tock. 

Crop. ens ironmeni.;int n teit 

Sorghtun. suhhutnid /otte. Nigeria l'etll 195a) 
Pearl millet, stUhunid /one. Nigeria WIoi'ocll 1985a1 
Sorghum. semi-aid /ione. Nigeria Oat Raa% and LieLt.U 

source of nitrogen is diluted in more luxuriant 
growth. At the same time. the use of fertilizer on 
crops to improve their grain yield becomes more 
economic, and this increases both the phosphorus 
and protein content of the livestock residues as 
well. Powell (1986) reports. for the subhumid zone 
of Nigeria. that levels of the protein and phospho
rUs content (in terms of percentage) of the crop 
residues eaten by livestock are 2-3 times higher 
than that available in the natural grazing at tile 
same time of the \ear. 

Table 2 shows tie proportion of the crop 
residues available at harvest. that are removed dur
ing use by livestock. It has not been possible to 
separate the amounts actually eaten fron other 
disappearances (e.g. by windblow) occurring at the 
same time. As can be seen, bet ween 60 and 100%'j of 
ilemore edible portions. i.e ,the leaves, but only 

about 401" of the less edible stalks are remo ed. 
Io\cll (1985a) reports that the least edible lower 
stalks constitute about 50"; of the total cereal 
residues and 60 70(1of the total stalks. The data in 
Fable 2 thus imply that, in the systems reported 
there, almost all the edible parts are being removed 
duringi use by li\esttck. Nclntire and Fussell 
(1986) pro\ ide data on grain and residue yields and 
price, in local markets in Niger in 1982 and 1983. 
On Iields of unhertili/ed local culti\ars, grain yields 
averaged 236 kg ha i and residue yields 1296 kg 
ha '. (irain prices \\ere 127 CI-A kg-' and residue 
prices 8 CFA kg ha- . 1hev do not cite tilepropor
tions of residues actually sold or whether these had 
beet preselected, prior to sale, for edibility. Ifhonly 
50' of tiletotal residues are edible and the price 
quoted applies to bundles preselected for edibility, 
thtn the \lute of crop residues produced could be 
about 17%'(of grain output. Hlo\wever, if the price 
the- tluote is hot pearl millet residues which include 

Percentage (h\ \.cightof crop
 
residues present at har\sest
 

that (iisappeated later'
 

eases Stalks Iotal 

61 41 49 
81 47 57 

19711 ll0 N,,\2 33 
I Al h llp 'lllt.v.+il i 1 ,t11lltedto lie'dute Itorem l d tlrtng ti,tb h l ,,to~tk 

2 NA 'o l ,,giaiic 
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inedible as well as edible fractions, then the value 
of crop residues could be as high as 34% of the 
grain output. 

Stability 

Inter-year variability greatly affects stability of 
output and income. Inter-year variability of crop 
residue production is composed of area variability 
and yield variability. lresumably, tilevariability in 
area is identical for grain production and residue 
production, and integration into crop activities of 
use of residues by livestock will not lead to any 
differential degree of variability. arising from an 
area effect, as between the with or without 
livestock situations. Where yield effect is con-
cerned, however, differences may arise from three 
sources: 
" differential inter-year relative variability be-

tween yields of grain and of total crop residues: 
* 	 inter-year chang,:s in tile Iatio between tle edi-

ble and non-edible fractions within total crop 
residues; and 

• 	chtanges in tileratio between crop residues eaten 
b\ 	 lisestock alnd consequent livestock output. 
In addition to irod uction variability. there tai 
also be variabilit\ in the unit .alue of crop 
residues. 
[hete appears to be surpisiigly little evidence. 

at amlv rate in sub-Sahalrani Africa. about the rela- 
ti\e inter-year variability of nican atnual gritin and 
residue \ il ,.l)ata onsorgltiutm ott experimental 
plots providcd by .lohtatlluucd-salecn II9))sug-
gest a coefficient of \ariation, over three scars atd 
around a sharply declining tretid oI contuousl 
cultivated soil, of 121( for grain and 9('i o crop 
residues. iossever. this lower inter-year variabilits 
of residues compared to grain yields for sor-

occur across years, so that inter-year variations ill 
total residue 'ields may be partially offset by 
changes ill edible/ nonedible ratio. Pearl millettile 


residues in years when the rain ends prematurely 
may also be more edible due to 1 lower rate of 
decay. 

Our final point onl variability concerns changes 
in the efficiency (or ratio) with which crop residues 
aro transformed into useful animal products, e.g.. 
mcat and milk. lmpirical on-farm evidence con
cerning this is not available. On grounds, using a 
model based on the amount of residues available 
per animal, one can argue that 'starving' livestock, 
ones that eat less than their minimal requirerlents 
for mere maintenance and 'overfed' livestock, 
(ones that offered teed than tile\,are more can 
conlsuntc), will exhibit highly unstable feed-con
version rattios, because output oflmeat and milk 
foes not respond to chatnges illthe feed supply 
%hich are not sutficietit to tratsform the livestock 
out of their 'starvitng' or 'oerted' status. Ilowever, 
"\%ell-fed' livestock, (intermediait between starving 
attd x\ell-led livestock) will show more stable feed
cons ersion ratios. H-osever. these ratios will [lot 
relain constant. At low%levels of feed, the animnal's 
nmaintenatce requiremettt will cotnsume most ofthe 
available teed and leave little over for output 
(growth or milk), resulting inaIrelatively high feed: 
output cOnersion ratio. At high levels of feed, the 
taintenance requiremetnts will account ftr less 
than half of the feed intake and tilebalanmce will be 
as ailablc loroutput, resulting in itrelatively low 
feed: output conversion ratio. Output, however, 
\ill he very nesponi' . to changes infeed supply. 

[htese changes it feed-conversion ratios will 
have the lollo, ing eftects. While livestock are 
taitnly in *stars ing'or 'ovcrled'stilt uses.changes itl 
the teed-conversion ratio will telt(] to dampen the 

gliurn differs from thIat in pearl mrillet, where, witht Cfcts ot output, if chatges in teed suppl., i.e., 
onil.
2years'data collected 'oi f'rm'. Mclntire attd 
Fussell 11986 found greater inter-year variability, 
and as munch s ithin-a-vear inter-larm variability, 
for residues as for grain. 

Es ideticc is also scanty ott tileratio betweei 
edible attd nonedible fractioms of crop residues. li 
senli-arid Nigeria. van Ramv and de ILecus. 1971, 
foiund a negative correlatit (r z 0.92). across 
songhum fields, between total crop residue yield 
and the edible fraction. 'Iis was because high 
residue yields were associated particularly with 
thicker (and niore inedible) stalks. [his negative 
correlation found across sorghun fields may also 

output from lives ock will he more stable titan tile 
supply f crop reIidtes. While livestock are mainlyI 

itn a 'well fed'status, changes in tile Iced-contersion 
ratio \%ill tetd to exaggeratc the effects of changes 
illIced supply. i.e., output front livestock will be 
less stable than the supply of crop residues. 

Summary of the Effect of Cropping 
on Livestock Output 

We can noy summarize this whole section on tile 
effect that integrating residue-fed livestock has on 
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farm outputs in the form of livestock products. It 
appears that the use of these crop residues by live-
stock can have a substantial effect on the level of 
agricultural income. The example quoted from 
Niger suggested a range of 17 -35% incremental 
gross value of output per hectare of cereals con-
pared to a 'without livestock'situation. Compared 
to grain yields alone (the 'without livestock'situa-
tion) the use of crop residues to feed livestock has 
diverse effects on stability. The inter-year variabil-
ity of total residue yields may be less (than that of 
grain) in the case of sorghum but the same or more 
in the case of pearl millet although our evidence on 
this is both meagre in quantity and weak in quality, 
With both sorghum and pearl millet, low total 
residue yields are offset by ahigher edible fraction, 
so that the variability ofedible residue yields is,on 
balance, probably lower than the variability of 
grain yields, at least on the lower side of the mean. 
However, the ratio between crop yields fed and 
consequept animal output is very unstable, its far 
as we can deduce, in theabsence ofon-farm empir-
ical evidence from an a priori model based on per 
animal availability of residues. This instability 
would be much reduced at - herd scale if farmers 
varied the size of their herds to match the available 
feed. 

The Effects of Livestock 
on Crop Output 

Five Pathways 

Livestock directly affect crop output through five 
main pathways. The first of these is through animal 
traction and transport, which involves field level 
operations such as land preparation, weeding, and 
harvesting and also the transportation of crops 
from field to homestead or market. The second 
pathway is through manure. The third pathway is 
through the effcct that livestock's feeding practices 
have on the natural or cultivated vegetation. The 
fourth pathway is the effect that hooves of live
stock have on soils and vegetation. The fifth path
way occurs when farmers start to grow feed, in 
particular forage and browse legumes, specifically 
for their livestock. The residual effects of these 
legumes affect the yield of subsequent crops. 
Through each of these pathways livestock affect 
the level, stability, and sustainability of crop 
production. 

These five pathways in turn affect crop output in 
several ways. There is an 'area' effect, principally 
through the traction pathway, on the extent, in 
terms of area, of crop cultivation. There is a 'yield'
effect which, in turn is a consequence of effects in 
terms of direct damage done by livestock to grow
ing crops, and of plant nutrient and soil-structure 
and soil-moisture statuses. On the one hand the 
nutrient status is affected by the removal, as feed 
for livestock, ofcrop residues that might otherwise 
have returned to the soil through burning or some 
other process of natural degradation. On the other 
hand the nutrient status is affected by the residual 
effects of forage legumes, by timely cultivation 
made possible by animal traction, and by the dep
osit of animal manure that affects both the quan
tity of total nutrients available and their availabil
ity to the growing crop. lhe moisture status is 
affected by: 
0 techniques of'soil cultivation made possible by 

animal traction: 
0 	 the effect of manuring and trampling on the 

porosity and water-holding capacity of the soil; 
tlie effect of removal, as livestock feed, of crop 
residues that would otherwise have acted as a 
mulch to reduce evaporation; and 

• 	 the effect that removal, for livestock feed, of 
crop residues or other vegetation, has on windspeed and consequent evapotranspiration. 
Both nutrient and water stattises are affected by 

processes of water- and windborne soil erosion 
which remove the most fertile soils having high
moisture-holding capacity. There may also be a 
'cropping pattern' effect, where the integration of 
livestock into a cropping system changes the mix 
or succession of crops, and in particular leads to 
the growing of higher value or more market
oriented crops. 

It iscertainly not possible to cover all the details 
of the interrelationships involved in this paper. 
Instead my discussion will focus on some of the 
relationships affected by two key pathways, i.e., 
aninial traction and manure. 

Animal Traction 
Both calculations of resource use and experimental 
results indicate that the introduction of animal 
traction should, at least in the short term, lead to 
an increase in crop output. For example, a recent 
paper on management practices on millet in Africa 
(Fussell et al. 1987) reviews the evidence of the 
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positive effects of improved tillage, including the practice, rough estimates indic,: , that about 2 .,,
making of ridges, on millet yield. More thorough, of the total cropped (harvested) area in the five 
more timely and better tillage, particularly when 
associated with other improved management prac-
tices, leads to more timely planting, lowersoil bulk 
density, incorporation of organic matter, better 
weed control, and better pre- and postharvest 
moisture conservation. These lift average levels of 
yields and reduce downward fluctuations in years 
of poor rainfall. More and better tillage requires 
more power, for which the resources of hand labor 
are inadequate, in present conditions. Animal trac-
tion can provide tilerequired power. 

In the longer term these positive effects may be 
offset by two others. Animal traction, in addition 
to or instead of being used to provide more and 
better tillage to a fixed cropped area. may extend 
the area cropped, reducing thereby, the possibility 
of an extended fallow period during which to re-
store scil fertility over time. Secondly, more animal 
traction may involve a greater removal, from the 
fields, of standing crop residues or mulch that 
would otherwise resist wind erosion and evapora-
tion. But I do not know of any evidence on the 
extent to which the inedible crop residues left after 
cattle have removed the edible residues are suffi-
cient to resist this erosion and evaporation. 

Turning from the theoretical and experimental 
to the evidence available about what happens in 

main Sahelian countries (Burkina Faso, Chad, 
Mali, Niger, Senegal) has had animal traction ap
plied to it in at least one field operation, e.g., 
plowing, seeding, etc., ranging from only 3% in 
Niger to 57% in Senegal. Cereal yields in these 
countries average 0.6 1 ha-'. Table 3 shows the 
details of the calculations. There is tvery modest 
negative correlation (r = -0.37, i = 5) between the 
proportion of the national cropped area to which 
animal traction is applied and the proportion of 
the national potentially arable land which is cur
rently being cropped; and there is quite tstrong 
positive correlation (r = 0.89) between a country's 
average cereal yield and the proportion of its 
cropped area to which animal traction is applied. 

One needs to be carelul aboutjtimping to causal 
conclusions front mere associations. but these 
observations, based on national aggregate statis
tics, appear tt)be somewhat at variance with the 
finditgs of Plingali elal. (1986). s hich were based 
on a review of 22 farm-level studies in sub-Saharan 
Africa (nine of them in semi-arid areas). They 
found that the use of animal traction is associated 
with a growing land scarcity and that the introduc
tion of animal traction is strongly associated with 
an expansion of area cultivated whereas its associ
ation with increased yield is indeterminate. These 

Table 3. The importance of animal traction in field operations inselected countries of West Africa'. 

Animal 

Potentially Cropped 
Cropped 
area as Cereal No of Animal 

traction 
area as 

Country 
A 

arable 
area (kin2) 

112 

(harvested) 
area (km-) 

Cl 

percentage 
arable land 

D 

yield 
Itta -') 

" 

draft 
animals 

F4 

traction 
area (km) 

percentage of 
cropped area 

H 
(C'I3 I(01 (G/Cx 100) 

Burkina Faso 80 700 30 120 37 0.45 140 000 4 200 14 
Chad 
Mali 

172 000 
135 180 

16400 
19040 

10 
14 

0.74 
0.79 

105 000 
230 000 

3 150 
6900 

19 
36 

Niger 114 440 40 450 35 0.41 35 000 I050 3 
Senegal 102 280 25 440 25 0).89 480 000 14 400 57 
t. Field operations include plossing, ridging, seeding, veeding but exclude on-farm transport. "1hedataoncropped areaare for 1975 and 

for draft animals are for the 1980s. 
2. Source: FAO country tables (Table 5) tor background data of F'AO (1981)
3. Source: FAO country tables (Fable 3) for background data of FAO (1981). 
4. Source: Pingali ct al. 1986 (p.47). 
5.Animal traction area is thearea of cropped land t) whicti some fieldoperation, other than transport is applied. In the absence of 

specific information, this is assumed to be 3 ha per draft animal, i.e., 6 ha per pair. 
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two sources of empirical evidence ol the effect of natural vegetation to cropped areas is not 
animal traction on the level of' yield, therefore, important, then akey issue will be the treatment 
somewhat conflict with the findings that are backed of crop residues in the absence of livestock that 
by the best evidence (i.e., flngali et al. 1986) not would otherwise eat them. Residues may be 
supporting tiletheoretical arguments or experi- totally removed from tilefield, in which case all 
mental results. I know of no real farm-level data nutrients and organic matter are lost; they may
that throw light on the effects oflanimal traction ol be burnt oilsite in which case organic matter 
stability or sustainability. and nitrogen and sulphur arc lost; they may be 

composted in which case little is lost; or the 
Manure residues may be fully incorporated back into
 

the soil in which case almost nothing is lost
This subsecLion will start with i review of the prin- (BIlalasubramanian and Nnadi 1980). Recycling

ciples likely to determine the use of manure. It will nutrients through livestock is more 
efficient
 
then summarize the evidence available from 'on 
 than the first two (removal of residues and
 
farm' ,urve\s to cvaluate the uselulness of manure burning them) but less efficient than the last.
 
application in practice. While the positive effects of 0 the way in which tile manure itself is handled
 
manure application on crop yield have been Ire- and stored. Kwakye (1980) found that between
 
quently demonstrated on research stations and arc loosely stored lung and dung that had been
 
widely appreciated by farmers, two drawbacks 
 kept buried in a pit until tic cropping season,

have also been noticed: manuring may encourage there was a I)8'' difference in N, 20C -differ
weeds which compete with crops for boIth nutrients ence in 1),and 62'1 difference in K content, all in
 
and moisture (Powell 1980): and Manuring when favor of the buried manure. 
the rainfall inthe subsequcnt crop season is poor tihe yield of crops normally exported from tile 
may encourage plentiful carly leaf growth which is iiiediate vicinity of the irea cropped and 
detrimental to the subsequent survival of the crop. lience on the loss of nutrient in these exports

The benefits that livestock manure cain bring can and the need to replace these losses so as to
 
be divided into two classes: the physical and sustain yields.
 
physio-chemical clects. and the provision ofplanl the potential of the natural graing to produce

nutrients. The application of manuire increases soil livestock feed, part of which emerges ismanure.
 
organic content, and this normally leads to ir- Often requircments for. or responses to, manure
 
proved moisture infiltration and to increased trealient are expressed 
 in terms of tonnes of
 
water-hllding capacity. In addition, in acid soils, 
 iaturc applied per ha. but such results or recoin
manuring raises tlte ptI level. Nantire also supplies niendations cannot be extrapolated outside the
 
signilicant aniotunts of tiltiajor crop nutrients N, 
 particular combination of the variables identified
 
P,and K and some micronitrienits. in this paragraph.
 

Other things beirlg equailthe benefits conferred table 4 contains the results of a niodel that 
by manure depend on: examines how mitch gralil and how maany cattle 
" the extent to which the source of manure is are required to provide tilte Manure needed to sus

feedsttff grown on the arca Inaniured onlv or tain specified levels of crop yields on a permanent
also involves feedstuffgrown elsewhere, i.e.. tile basis. Several scenarios arc simulated by providing 
extent of nutrient and organic niatter concel.- alternati-,e estimates of the key parameters. Two 
tration on cropped areas by inward transfer lc\cls of productivity of natural grazing are sinlu
from areas of natural gra/ing. The extent of ated. a 'high potential area' that provides 3 t dry
inward transfer will depend both oilcropping imtiter otflivestock feed per lhaand a low potential
intensity (cropped land as a percentage of total area' that provides only I t. twIManuring syStels
land surface area) and on herders' practices in arc simulated: a 'pen'.vsten in which livestock use 
respect of corralling their animals at night on the samie nighttlime pen throughout the year and 
cropped areas after harvest or of' year-round the manure is collected and carefully stored for 
collection of manure at permanent nighttine transportation and spreading on the cropped area 
pelts coupled with transport of manure from at the optimum time. and a 'farm' system in which 
pen to field. cattle are corralled at night on the cultivated land 

" the extent that inward transfer from areas of inthe four months between harvest time and culti
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made for the details. 
ae 4 indis,Table 4. Area of natural grazing and number of cattle 

transfer of sufficient nutrients inrequired to support 
manure from natural grazing to crop land to sustain grain asustained I t maize yield on I ha ofcropped land 

yield. by nutrient transfer, a farmer needs 4 head of cattle 
and 1.9 ha of grazing in ahigh potential zone using

Grain (matte) yield 	 an efficient ('pen') manuring system. That isequi
valent to a cultivation density of 35,. Under the 

(ktha-l) same conditions, he needs I I head of cattle and 5.8 

Variables and scenarios 1000 2000 3000 ha of natural grazing to sustain a grain yield of 3 t. 

Area of natural grazing required (ha) 	 Under allinefficient manuring systetm ('farm'), 
quality of manure 

for ren manure system 1.9 3.8 5.8 collected only during part of the year, lieneeds 5.7 
for farm tanuire system 5.1 10.3 15.6 ha of natural grazing to sustain a I-t grain yield in 

a. In high potential area: 	 when both tile is poor and it is 

b.In low potential area: high-potential areas, and 15.3 la of natural grazing 
for pen manure ,.ysiein 5.7 11.6 17.4 in loss-potential areas. 
for farm manure system 15.7 31.1 46.8 Table 5 reports the results ofthree on-farta stud-

Number of cattle required (head) ies where the relationship between manure applica
for pen manure s.stem 4 7 II tion and crop yield calt be fairly clearly distin
for tarnmanure syvstem 14 28 42 gtished from other relationships. In one study on 

Sjurce: I h,(,e alre te atithors calculations based ,i tie hol- agropastoralists itt subhunid Nigeria, manure ap
horoing .isttiphrrrs: plication appears to he at the rate of about 5.5 t dry 
- 51' 1tof p re'lcli cntei itnd 1l0l' il thel matter ha-t every 2 years, antid, ire cIf h\ li.t ,ock 	 anured fields otl

nnid01ig iii is tnt' ,' is1 ,ifr.ethis 'I tld ternipptt

high potel tIt C(Ii h c 
l gr(Itirg s'teds 	 yieldedk:1tter , 	 nonniantured fields by about 63i. How

so
- Oanara\crIge. cattlenich 2010kg and catl 2 5'; I their called 'nonnianurcd'fields had, in fact, been with

%keightd,1', It:, matter diii'>% manure. The annualized rate of application of 

stock teed and It" pinitii .eld, I t 	 ever, it is unclear, itt this study, how long tile 

5 kg oIfdr', out 
- Mure niicd tepresrnts 45'. ,,1dt ,tltn manure i this sVsten is snewhat lower than the 

hruughout tict 
 app ren rqui 

tPell 1tMIiuC Is n, %etrtrinirid .d i n tl ,rlihlls a.pparent requiren ient n tii n a grain yield of.,.',ed to 
50, ila di s , ditigs ill pasture gra-.'il i tit ss\stenitle about 2.3 t ha 1,(Tables 6 and 7). In the mixed 
collected It 's high qtilit iN 7 1 95', I' - 0.35',, K z2 62'1j fartning system in the seni-arid /one of Zimbabwe 
,itmantiure\ititcr
di, 	 reported in Table 5, the top level of manure appli
•|'llln nnrn,. tutu luri in h%I nlr nlrpcd h c t Ictl cation of 18 t ha' I of wet niatture (about 5 t dr,' 
cot51'; ,l r.niig itd'' iril (ItM ',od.oid5i tlvd t tnatter ha-') is in excess of that required annually 

l ,IscatenIs ininiedoI lie ropped land I hetiotrirlle so I'm to rcplact nutrients lost at Ithe corresponditggrain 
-1
,uthit (N -I 4.1' 026,K -1 7'; nirr!ric dr-rattenr yield of'0.9 tha .But it is ntot known whether this 

All the IIit ile UCL(en amount of isapplied annually or less freplanrt icItsniridtlllre IeIMIIitite itn 1irC manure 
hw mirtr,niilohlc to)tcrops, qucntly. It is difficult it these studies to ttl 

whet her (oteis observing the effect of manuring on 
one \,car's level of yield or observing farmers' 

\'alton f the land for tile attetmpts to ensure sutstainability.next crop, and where tile 
quality of the manure israther poor. Three levels of Neither study permits an inter-year conmparison 
grain yield are simulated, at I,2, and 3 tof maize of relative stability between manured and nonma

-
ha 1. 	 nured fields. In the Nigerian study, intra-year 
"'he table in the appendix to this paper sets out inter-field variability was slightly smaller innta

soie of the basic calculations of the model indicat- nured fields (CV of 27".; compared to 34% for 
ing how tmuch of tile are lost it the nontanred). The only observation available onkey nutrients 
grain exported or in various ways of treating the the effect Iftman'.c application ott inter-year yield 
residues. It also shows how much manure is stability is one for senli-arid Kenya, where no 
required to replace lost nutrients itt order to main- reduction in inter-year yield variability appears to 
tain productivity. The key technical parameters adoption of a package ofhave been found from tile 
involved itt tle calculation are drawn from three improved technologies that includes manure appli
ntain sources quoted to which reference should he cation (Bakhtri et al. 1984). 
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Table 5. Effects of manure application on crop yields in farmers fields in selected farming systems in sub-Saharan 
Africa. 

Index of crop yield under different
 
Dependent variable, farming manure treatments
 
system, ecological zone, (No manure treatment = 100)
 
country, year, and source No manure 
 Some manure Type of crop and comments 

Application level
 
Low Medium Heavy
 

Fulbe agropastoralist in semi-
 Pearl millet. Unmanured yield is 72 kg ha . 
arid Mali, 1982, (Swift 1985) 100 117 137 74 Manure applications sj,.: not quantified. 

Negative :tfect of heavy application 

due to alleged "burning". 
Settled Fulani agropastoralist: Maize. Unmanured yield is 1350 kg ha-'.
subhumid Nigeria,1982 (Powell Manure application is not available. 
1986)' 100 163 
Mixed farmers in semi-arid Composite index for several crops. Un-
Zimba be. 1969/ 70. (Theisen manured yield is 135 kg ha-'. Data are
and Marasha, personal 100 145 500 666 very approximate since they involve 
communication, 1974)2 visual intrapolation of graph. 
t. Manure application is 5.5 1 dry matter ha-' eery 2 years.
2. Wet manure applicv:jio,, ,ere: low 5 t ha-' , medium II t ha-', and heavy ISt ha-'. 

Table 6. Nutrient losses (kg 1-;j from a maize crop. 

Grain yield of maize (kg ha-') 1000 2000 3000 

Crop residues (kg ha-') 
(Balasubramanian and Nnadi 19 80,p. 108) 

1330 2660 3990 

Nutrients N P K N P K N P K 
kg of nutrients in grain (Jones and 19 4.4 10 38 8.8 20 57 13.2 30 

Wild 1975, p.165) 

kg of nutrients in cmp residues 
(Balasubramantan and Nnadi 1980, p.10 8 ) 

9 1.9 19 19 3.7 38 28 5.6 57 

Total loss (in kg) of nutrients from 
field if crop residues are: 
a. removed from field 
b. burnt on field 
c. incorporated in soil 

28 
28 
19 

6.3 
4.4 
4.4 

29 
10 
10 

57 
57 
38 

12.5 
8.8 
8.8 

58 
20 
20 

85 
85 
57 

18.8 
13.2 
13.2 

87 
30 
30 

I. Crop residues in this table are aerial residues otuly, i.e. they exclude roots. 
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Table 7. Requirements for livestock manure to replace soil fertility in relation to different levels of crop yield. 

Kg of nutrient per t (dry matter) of manure (Kwakye 1980, p.137) N P K 

pen manure system 20 3.5 26
 
farm manure system 14 2.6 18
 

Grain yield of maize (kg ha-1) 1000 2000 3000 

Tonnes of manure (DM) required under different manuring 
systems per cropped hectare to replace most constraining 
nutrients if crop residues' arc: 

a) removed from field' 
pen manure system 1.8 (P) 3.6 (P) 5.4 (P) 
farm manure system 2.4 (P) 4.8 (P) 7.2 (P) 

h) burnt on field 
pen manure system 1.4 (N) 2.9 (N) 4.2 (N) 
farm manure system 2.0 (N) 4.1 (N) 6.1 (N) 

c) incorporated in soil 
pen manure system 1.3 (P) 2.5 (P) 3.8 (P) 
farmn manure system 1.7 (P) 3.4 (P) 5.1 (P) 

I. Crop residues in thistable are aerial residues only, i.e.. they exclude roots. 
2. tetters in brackets indicate w4hich nutrient determines the amount of manure required, i.e.. the constraining nutrient. 

Output, Wealth, and Consumption 

We have so far discussed the effects of livestock on 
crops, and vice versa, in terms of specific pathways 
such as crop residues, traction, and manure. We 
now turn to more aggregate relations expressed, in 
the first place, in terms of gross crop output and 
wealth in the form of livestock, with the implicit 
assumption that gross crop output isclosely corre-
lated with net income, and that fluctuations in 
livestock wealth are partially used to smooth out 
fluctuations in levels of household consumption. 

Reciprocal Effects of Crop Outputs 
and Herd Sizes on Household Levels 

Table 8 presents data from a number of surveys 
carried out in semi-arid sub-Saharan Africa that 
show the rather close relationship normally to be 
observed between the size of a household's herd 
and its crop output. Larger herds are associated 
with higher crop output, and this observation at 
the household level is also repeated at the regional 
and the national level. We shall return to this point 
later. 

The data presented in Table 8 do not prove any 
particular causal connection. The association may 

arise because more livestock provide more traction 
and manure, or because more crop output makes 
farmers richer and thereby enables them to invest 
in more livestock, which they can feed on their 
abundant crop residues. Alternatively, 'wealth' 
may come first and enable these farmers to be both 
successful croppers and herders simultaneously. 
Probably the causal connection flows in different 
directions, in different environments, at different 
times, and with different individuals. What Table 6 
indicates is that higher 'levels' of crop output are 
associated with larger livestock holdings and, pre
sumably, with higher levels of livestock output 
also. 

Investment, Disinvestment, and Stability 

There is evidence that those mixed farmers whose 
crop output is in excess of their current needs for 
subsistence and operating expenses often invest the 
surpluses in livestock. For example, Fulton and 
Toultin (1982) writing on the Bambara agropas
toral system of central Mali state that "in general 
households want to convert millet, and formerly 
peanut surpluses into livestock... Cattle are avery 
widespread form of investment throughout the 
region... In the absence of epidemics there is a high 
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Table 8. The association between the livestock holdings and the crop outputs of households in selected zones in
semi-arid sub-Saharan Africa.
 
Zone and country 


Semi-arid central Zimbabwe (rheisen and 
Marasha, personal communication, 1974) 


Semi-arid southern Zimbabwe 

(Shumba 1981) 


Semi-arid eastern Botswana 

(EFSAIP 1984) 

Semi-arid central Swaziland 
(Swaziland 1979) 
I. rhe figure above the diagonal line ( ) is the sie of the household's herd, expressed in terms oll topical l.iestock Units(T.U)of'250kg lieseight. K = aserage herd si/e. I he figure below the diagonal line is the index ol crop ou.tpu. "here 1K) is the average Ievel ofoutput of those with no li%estock or. one case, Silth I or les 

potential rate of return in such investment... Millet 
cannot be stored indefinitely... Cattle provide a 
way in which risks in agriculture can be reduced." 
Dicko (1986) found in one village in southwestern 
Niger that up to one-third of the capital invested in 
livestock came from the sale of crop produce. 

Conversely, in bad times, livestock are sold to 
purchase food and thereby to maintain levels of 
household consumption. Dicko (1986) found that 
in southwestern Niger in the drought year 1984-85, 
about 75% of livestock sales were made inorder to 
purchase cereals, involving a 45-80% decline in 
village herd size:, (median about 70%). Data for 
Botswana quoted in Vierich and Sheppard (1980), 
reveal a moderate positive correlation (r = 0.62) 
between group average income from sorghum
production 'lost' due to drought and the average 
group income 'gained' by 'extra', due to drought, 
cattle sales. About 42% of the 'lost' sorghum 
income was recuperated through extra livestock 
sales. The relationship is somewhat confounded by
systematic differences in the herd sizes of the 
groups, but Vierich and Sheppard (1980) claim 
"access to cattle buffers a household against the 
impact of drought". 

Crops and Livestock Complementarity 

and Competition 


The preceding section has stressed the comple-

mentarity between livestock and crop production 


Livestock holdings (TLU)/ index of crop output' 
0 i00 2

2
 

some
 
0.
 

=00273
 
0 1-7
 

100 205 

some 
0 (R:127 
X 0
 

I1.(. 

output and a reciprocal buffering effect in which 
crop surpluses lead to investment in livestock in 
good Nears and subsequent disinvestment in bad 
years in order to purchase grain for household 
cotsumption. Two counter points to this rosy pic
ture need to be mentioned. Firstly, the years of 
investment inlivestock are those when crop prices 
are low and livestock prices high. In years when 
there is no investment, the exact opposite is the 
case, so that the 'high potential rate of return' in 
livestock investment mentioned by Fulton and
 
Toulmitn (1982) may disappear in adverse terms of 
trade just when a household most needs to realize 
it. Secondly, the complementarity between crops 
and livestock applies only over certain ranges of 
scale ofactivity; and there isevidence(not reviewed 
here) that above certain critical levels of herd sizes, 
and above critical cultivation densities, competi
tion forscarce resources, especially labor and land, 
outweighs the complementarity. 
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The Value of Crop Residues for Water Conservation 

R.I. Papendick and J.F. Parr] 

Abstract 

Crop residues have long been recognized as an important resource for water conservation in 
dr'land agriculture. UnfortunatelY. farmers in many areas are not aware of this potential 
benelit and asa result, do not manage residues lor this purpose.Instead,alterharvest,the crop 
residues ma' be buried b tillage or completely remo fed foralternative uses such as animalted. 
fiel, or buildin materials. Without adequate suracle coverduringcritical vt periods, runoffI 
and e vaporation may be increased causing severe deficits in available ti'ater lor the subsequent 
crop. 

The value of crop residues /ar water conseri ationdepends upon several lIctorsincluding the 
quantit'. type. and placement ol residues, potential evaporation. length off l'alou, precipitation 
characteristics. tillage practices, and soil tvpe. Studies in drvland areas of the USA show that 
1000 kg ha -1oferain residues left on thesurlace duringtallow are worth up to k5kg ofwheat in 
terms of uwater conserved lfr the next crop. sorghttn yield increases froni ivater conserved hi 
residues were considerablv higher. Residues are most eMCL L'VC r :'aterconservationduring the 
rainv' season. Ater rainscease, evaporation losses ftom residue-covered soils can exceed those 
fron bare soils. This elkct is most pronounced with line-textured and untilled soils. During 
extended dry periods, residues may provide little direct benefit for water conservation. 

Process-oricntedsoil-residue models are availablefor evaluatine the elkectiveness ofresidues 
far conserving water over a tide range of'climatic conditions, and soil-and-crop management 
practices. While these models have manageable input requirements, some basic field experi
nwnts will be needed for validation.Future application of soil-water residue studies shouldgitve 
high priority to optimizing the use of residues in an integrated crop livestock farming sistem. 

Risum6 

Valeur des risidus des cultures pour la conservation de I'eau : L'importancedes rbsidus des 
cultures pour la conservation de leau en zone daigriculture pluviale est reconnue depuis 
longtemps. Malheureusement, les pavsans dans maintes r6gions n ont pas pris conscience du 
parti qu 'lspourraient tirerdes residus et ne lesgrentpas en consequence. A u contraire, aprbs la 
recolte,les rdsidus sont souvent enfouis par labourou enlevs pouretreutilisbs comme fourrage, 
combustible ou matriau de construction. Sila surface du soln 'estpas sufTl ,mment recou verte 
pendant les p~riodes critiques des pluies, le ruissellement et 1 vaporation peu vents 'accentueret 
provoquer de gra tes dficits en eau disponible pour la culture suivante. 

La valeur des r~sidus des cultures pour/a conservation de Ieau d6pend de multiples facteurs 
et. notamment, de la quantit , du tiype et de I'emphcement des rcsidus, de Ilvaporation 
potentielle ainsi que de la duroe de a hacUre, des caractcristiquesdes precipitations, des 
pratiques de labouret des types de sols. Des Mtudes en zoned agriculturephvialeaux Etats-Unis 
ont tnontreque l'eau conserve pour la culture suivante par 1000 kg ha -de r~siduslaisss )la 

Soil Scientims aid Rcsearch I cadets. 'S)A-ARS,. Pullman. WA. USA; iS,)A-ARS, [lehssille. %M),USA. 

RIS A r uinternaltonal Crops Research lnsitutcforthe Seii-Arid [ropics) 19H9.Soil. (cp. and Water Nianagement Systems for 
Raitfed Agriculture in the Sudano-Sahelat Zone proceedings o,an International Workhop. 7 II Jan 19 7. ICRISAI Sahelian 
Center. Niamey, Niger, Patanchem. A.T. 502 324. India:ICRISA 1. 
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surface perniet de produirc 85 i isupplementaie. de hMe. I vs aigitnentations de relndlelntti
obtenues sur Iv sorgho ;i partir de I'eau consert c par les i .sduss.ont encore bicn phs delrc es.
L el'icacitedes retsidus en tantque yot delconsct'en ationde /'au: v.st plusgrande'en1saisondespluies. Lotsque les pluiesce.,.sent. /es Iertes dues ; /'citapoiationsirhes so/s cout erts de rctsidus 
pet vent decpassercc//es (es so/s nius. ( "'te t est p/us !narqesur hes 5so/.s non labourcisJ texture 
line. Fin cas de sichresscprohone.;,,le reiIuspci'i ent n 'eittrtiterquepetd 'elletsdirectenent 
proltabhes ;i a conservation de /'u;i.

II existe di.S mode/es detcini.ste.%.51. residu.s pertnettant d'i ,thuerI 'elcacitg de.s rcesidus 
pour Ia consertati n de ]/ au s unc grandc h lr l ite, ccJ0nditiotn.s Chialjtiqeucs et de
techniques d 'anc'nafeinct)nt d.s SoA. ct ides cijltire. Mlte .i .sntod3..s n 'exigentpa un trop
grand notnbre d 'intrants. d.s '. t inces ti ronttcltri orglai.'.sc.ssur Ieterrainpour/es Ialider.
Les etudes rca/iStces ;)1l:tenir .stirle.s app/ications dC rei.du. pour /J con.sriatiotide /'eau
dci raient en priorit Vi .scr ; optimni.ser I 'tlisatin tide e. residus dan. tin ..istine de priduction 
intfgrant /'e/et.aec et /''igultutr. 

Ilrod uctioni the I cc[ercnces t rI'sId uc t. aicr cort'er%atitn. 
(irch 119s3) siimitil ed Ot It'sIIlt INf stldiesCrop resitdtes halsc [l IOiii tiL lhCO'II/eC i azIt n ll at ill(liited rlI l locnti te ( ni.at Miaills.

ttil[ ttant festuilce till kiicr cOIii il\ lloll III d \ I S \. oll s11l-\1 ;atel cailis tlicriie illtl lo t differ
la ld igritiltr .tre3.Iiteffistt ie iii eiii aLI3 ittat3f, tltac ill S olic', , iall-vi ailn residuLes. 
areas Mre litr it\.tile (I1this pclilllel heci ii an a l llo',l c ses,. tile CIoPPItii s'\sttclll \sas alternate

silretlt,mlAkel t()ile efforttu t 0 I ilsLl ICN IS IM '\kl t-tilhLI\\ I heCse lii -IieII IiCIld Cxr liClllents
thiS iirp ,.OS I iI111;1\ IL hiLl, of tILh' \.OLILI. iIP 1\'10kIt that iIiceasNs IIi 5nil \\ier flromresidues aaie lt Ii t slluic ' to iiiiiLl ICLLI. iillicsI \ eicl , nl .itlt illd io 

the 
gJll.flptoportiontal

'tiiltt tlll ille li( \1 lii%%sIICh .IpIitil.!it I 'II i to 1li. ailll ntt OfIIIiii .CC iestdiies 0c erthe range oltion exisis. use loi \ ti!ci IliisIl\ Halll Is Letliciallk 22 tt o t ha ( labic I ). .t age ellicinc\ appears 
ol'llltlh It.el pilot It.\. .,l\Ctet Cl..'i t- e lytlCs Ite lk. to sh th0 hiigher iII ile colder, more lortlherl
i1r Ighat sliot the VeCtiollc \ alice ol Crop lIoeltts hltiolns I Miotntata. Ncbriska. oloradto) \here
for \%;atel L'OIISCI[aIIOII. It.Ill'e to othlI uIses fti \Ilntei 1ti)M\ caltch i mhole importaint than al thewhich the antallei el \ed llit th Iallt Nit)tlhet iOi SILL' inI l ex'. . \\here tellperaltires 

ate hilel cr ill silo\%is less Iltprlltit. low\evcr, 

th ilita ILoLtile dillelell IL~ctliols Cannot he Cot-Effectiveness of Residues parCd dtecthl betcause of tle tillercrices inl soils. 
for Water Conservation ItL-1 th afl illl al dtl ther liatl.rs, 

[ahle I sho\\S that the ,attrr storage efficiencyReisidlttes are geIerall. rMost effeei\C hit \\atei PCI tittit Of mlch decreases lihltly\ith increascitneollservatitoll \ell Ilalltared ts t surlace mtulch. i. ,'ci tile \kithitt the rillte tIsedt. Faking arl a\er-Surface residleS faetlitaet infilttation b\ slo\\ing a . d all locatiotis itt the (rea INlairs. each t ha Irulloffa ll ahsorbinid am iIpact that redtlucs t f cropLp rc sidl saves i obitt I) mi of s,ater fromtsoil pttddlirlI *iLd r.'ulsittn, Milches allso Iecltle esaporatiit. [his coLirpaires \itlh approxirately
esapotratiot by leflectt illati.ll, thertualh irt- 4 mittto '[ tr ctsel\d Iol etach I ha oI ruitilchsulalinig tile Soil, andl ICIcasitig the irtspCetl dtiing it 12-tno htllt, ill tile Pacilic Northwest,leal fite soil sullace. Ilo\\C\e . tilte actial lllliiit I SA.,\\ here llost O tile plecipitatoi(l Isrcceise( illof \\i.r Cortser\ed h a resitde tuc ititlclth deetIs oil \.iter in eirtrast to ilost precipitation being
at irriritber til lactors inthuding type. aMoutl0l. lrItd relied ill sumett r it the (ireat Plains (R.I.placement of the residrres. piecipitatilitO artd other Iapetidick. I 'SA. personal comrmurication).
climatic characteristics, letgrl it all s', tillage )b\ itlsl%. it shuld bc expected that the effi
practices, and soil t pe. Maagenlenlof the res- cic% of mulch for eorsersing water may' varyidues durivig critical pertmods of high rtnoll anid colsiderahly for lifferent locations andrlnanage
evaporation is especially Inportant indetel tinting rttertr coitions. Studies by Unger( 1978) in [exas 
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Table 1. Soil water gained, additional to that from bare 
fallow, caused by straw mulch rates at four locations in 
Great Plains, USA, for one complete fallow season. 

Soil water gain (ram) 

Mulch rate (t h-) 

Location 2.2 4.4 6.6 

Sidney, Montana 16 41 49 
North Platte. Nebraska 28 51 69 
Akron, Colorado 16 31 5I 
Bushland. Texas 28 28 3 

Mean 22 38 51 

Efficiency (mm t 1 ha -1 ) 10.0 8.6 7.7 

Source: (ib 198.1 

showed that a I t ha-1 application of wheat straw 
!IILreased soil water during an Il-mo fallow by 36 
nun; at a rate of 4 t hi- each t increased soil water 
by 12 mm and at 8 t ha- , each t increased soil water 
by 10 mm. These latter values are more typical of 
the Great Plains studies reported by Greb (1983). 
Some experiments have shown that low residue 
rates (in the order of I t ha ') calt be effective for 
water conservation if the residues are properly 
managed, but this needs more study. 

Wheat Yield-Water Relationships 

The importance of crop residues for water conser-
vation can also be evaluated by the potential crop 
yield increase resulting from water conserved by 
residues. Wheat. like any seed crop, requires a 
certain threshold amount of water before grain is 
produced. Each increment above this amount ttsu-
ally increases yield until water isno longer limiting. 
The minimum amount of available water required 
to produce each increment of grain yield varies 
with soil, fertility, and climatic factors. Table 2 
shows tlat, in the Pacific Northwest, USA, approx-
innately 100 tm of water are required by winter 
wheat to grow the crop till grain production start;, 
after which 16 kg ha I arc produced for each addi-
tional mm of water. For the Central and Southern 
Great Plains, the amount of water to initiate grain 
production is greater, and less wheat is produced 
for each additional increment of water than in the 
Pacific Northwest. 

Table 2. Threshold water' and grain yield per mm of 
water for winter wheat at several locations in USA. 

Threshold Grain 

water yield 
-

(mm) (kg ha-Imm ) 
= 

Location 
Pacific Nortlst 100 16PcfcNrleO101Northern Great l'lains' 130 16 

Central Great Plains4 150 13 
Southern Great P~lains' 150 6 
I hreshold Aaltr is the aiailable mater in mm required to 

itiate grain production 

2. t.eggett 1959. 
3. M lntn a (ooperatle Lxtension Sersice Miontana Agricul

tural I \permnent Station. 195. 
4 Sika. I) t. I'St)A-ARS, Akron. C0.. personal 

C01" 1tl[l IionIln icat 


5 Stessart. I A.. t'StIA-ARS, tlusiland. IX.. personal 
ConflIn ti ai oLt1 

There was 9mm of water gain (Table I) from I t 
ha I of crop residue, each t ha-t of residue during 

-fallow is worth approximately 144 kg hat of wheat 
in the following crop Ir the Northern, 117 kg ha -' 
for the Central, and 54 kg-' for the Southern Great 
Plains regions. For the Pacific Northwest, if I t 
ha I of crop residue saves 4 mm of water (not 
shown), each t of residue will add about 64 kg of 
grain to the following crop. Obviously, the value of 
residues for water conservation will vary consider
ably for different locations depending upon cli
mate, soil, and management factors. Nevertheless, 
these typical values show the benefit to grain 
production. 

Processes of Water Loss 

The objective of water conservation in most cases 
is to maximize storage of water in soil. Losses from 
runoff and deep drainage below the root zone are 
often (but not always) secondary under dryland 
conditions, amounting to only asmall percentage 
oft lie precipitation. Transpiration by weeds can be 
significant, but this usttal]\, can be controlled by 
tillage or herbicide application. kvaporation gen
erally accounts for the bulk of moist tre loss during 
fallow and is bv far the most difficult process to 
control. 

Researchers generally recognized at least two 
stages in the soil-water evaporation process, and 
sometimes three. The first or constant rate stage 
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occurs when the soil surface is wet. The evapora-
tion rate is at a maximum and is controlled by the 
evaporation demand of tile atmosphere and the 
soil-surface conditions (e.g., surface residues) in-
sofar as tile latter inlluence the power of the 
atmosphere to evaporate water. l)uring first stage 
drying, tie evaporation rate from bare soil may 
approach pan evaporation (Fig. I). Water moves 
as aliquid to the surface and the rate of movement 
keeps pace with the loss. As drying continues, tile 
rate of water movement throtigh the soil eventually 
begins to lag the potential evaporation rate. 

As tie soil surface becomes dry. the constant 
rate stage ends and tile second or falling rate stage 
begins (Fig, I ). The second stage is characteri/ed 
by a rapid decline in the rate of wvater loss, As 
drying continues, the fraction of %iater that noves 
to the surface as vapor increases. [he duration of 
tile first stage and tire rate of tile second stage of 
drying are both influenced b. tire v, ater flow prop-
erties of the soil. 

Sometimes athird stage of e\ aporation develops 
after a deep. dry soil layer forms (Fig. I). (Inder 
this condition, the water loss rates are relativel\ 
low (fraction If mind I even under Iigh e\vaporir-
tive demand) and essentially constart. Water must 
dilluse as vapor through tire dry layer. which is a 
very slow process. IlecausC the rate is so slow, 
atmosplieric conditions ha\e much less influence 
on soil-water evaporation during third stage dry-
ing than during the first two stages. 

I()- Stage one 

E ... 

7.5 " Pan esapora . 

-

'St. 
\ / 

- Soil cvaporation 

(1 " I r I , -

0) 20 

Figure I. Different %tag(- :f soil dr*,sing as related to 
ite and rate of soil-"al eta poration (After Mas 

see and Care.,% 1978). 

Principles of Water Conservation 
by Crop Residues 

The potential for significantly reducing evapora
tion lies in the first two stages ofwater loss. Evapo
ration requires heat. Any surface conditions that 
reduLce the exchange of heat betwcen the soil stir
faccand atmosphere will slow the evaporation rate 
during either the first or second stage of drying. 
Surface conditions such as mulches ofcrop residues 
exert the greatest influence ol the first stage (wet 
soil surface) of drying out tie importance dirmin
ishcs during the second stage. 

A residue timulclh conserves water in three ways. 
First, it tends to reflect more sunlight (that other
55ise \%ould be absorbed as heat) than most soils. 
Second, ;i mulch acts is a thernmal insulator and 
restricts the flow of heat frorn the atmrosphere to 
tire soil. Third, tire mulch creates a dead air space 
aibo\c the soil surlace, sMitch rcdrrces the transfer 
of vapor frot tire soil it tire atlllospherc. 

lased onl these principles, it becomes "vident 
thiat. generally. surface residues reduce evapora
lion tlnost during the rain\ Season s.ien the soil 
surface is \,et and itt first stige of drvig. Slowving 
the evaporation rate in these cmnditions favors 
deeper soil-moisttire penetration because it cxtends 
the duration of nIoisture rLuosCrlletit. Ilossever, 
when rains cease ard extended drying occurs, 
cumtlative .iate loss frori a reisidue-cos ered sodi 
can exceed that front a bare ,oil. This isbecause the 
first stage of evaporaiotll is slower and longer 
under residues, whereas tire bare soil \ ill dr\ at the 
surface and go into the second stage of drving more 
rapidly, tlereby sharply decreasirrg tile ss:ater loss 
rate arid total armounrt. 

In t ese coinditions. \ at r loss from both mulched 
and bare soils can be shossCd b\ loosening tile soil 
by tillage. This tillage disrupts the capillary cmonti
nuitv with the deeper lavels arid hastens forruatirtm 
of a drv stirface laer that ir turn increases rcsis
tance to upward f0\%. lhris, [lie proper kind. 
anount, and timing of tillLue, co nined with 
residue managetmcnt. is needed to inptiri/e water 
conservation by residtes. 

Modeling Residue Effects 

on Water Conservation 

It is very difficult to studyti e eflect of residues on 
water conservation without tIre use of simulation 
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models, because of the number of factors involved A simulation comparing evaporation from a 
that control water storage and loss. Moreover, bare surface and a residue-covered surface of a 
most of these factors interact, which makes it diffi- deep loam soil was made for the period I Sep 
cult in field experiments to isolate their individual 1981 31 Aug 1982 using daily inputs of air temper
effects. A simulation model capabli r of describing atures, windspeed, precipitation, and solar radia
the dynamics of mass and cncrg\ transfer in a tion nmeasured at Pullman. Washington. (latitude 
soil-residue-atmosphere system has bLen developed. 47 46'N. longitude I17- 12'S) (Bristow et al. 1986). 
which is suitable for microcomputer application The .laerbot,ndary for soil-water content and 
(Bristow et al. 1986). The model couples surface temperat ure %%as set at a depth of 1.75 In. The 
residue ,kith soil atmosphere in a fundamcntal %\ay tesitic application rate was tkck as 3 t ha , which 
and uses a network analysis approach to describe gtse an area inte\ of unit\ anioreold a layer 
heat and moisture transfer. It accounts for short- about 1-cii thick. Ihe sOil \as aSsumeol to be 
and long-wave radiative interception by the residue oetilled. 
layer, infiltration, redistrihution. e aporation. and %lonthlv precipitation antd simulated evapora
drainage. Daily input requirements Ir the model tion accumulated from the daily values for a bare
include global short-was e radiation, maximum and residue-covered soil are shown in Figure. 2. 
and minintn screen temperattires, average \ind [rom late tall until early spring when most of the 
speed, precipitation, and temperature and water precipitation occurs. the soil sitlace is\wet almost 
content at one depth deep in the soil profile. continuously. I )uring this time, c.aporation from 
General site. residue, and soil characteristics are the hare soil is considcrahl. ge ater than that from 
needed as initial inputs, the residue-cos ered soil tr reasons already given. 

0It)O- 7 Rainlall 

I a e',il 

80I s.poi amion 
/2)-i I{ il tie-Lc-isered soil 

60 

x. 7-1 

.,511.4 1 ,1,th 

Sell ()CI N\ Da l Icceb % l I a.\ .l1il 1 twl AugCho 

I'igure 2. %linthl. prtcipitation aid ,imullltd v apolralion for the period I Sep 19,)81-31 Aug 1982 at 
~l~tolm n \\aoihinglon !..\Clhr |lristls tl al. 1980i). 
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After the rains decrease in May and throughout 
summer, simulated evaporation from tile residue-
covered soil exceeded that from the bare soil. The 
reason for this is that tile duration of first stage 
drying is longer, and tile transition to the second 
stage isslower for the residue-covered soil than for 
the bare surface. However, for tile year, simulated
evaporation from tile residue-covered soil was 36c1 
less than tfat from the bare soil. 

To improve the simulation. Bristow et al. ( 1986) 
point out the need for further research to quantify
the effects on water conservation. of spatial and
temporal variation of residies in tile field, spectral 
properties of residue as a ftnction oft imc.e.changes
in resistance of tile residuetio ",por flow due to 
water loss inder both wet anld dry conditions, andl 
the effect of residue configuration such as stand-
ing. flattened, or incorporated. 

More recent simulations have been made of 
tillage-residue and soil type-residue interactions on 
water loss by evaporation using tle S HAW (Sinul
taneotus Heat And Water) Model just developed by
the IJSI)A-ARS at Pullnan, Washington. These 
runs were made starting with amoisture profile at
field capacityv in carly May and inputting actual 
weather data for the sutilmer of 1986 at Pullnan. 
Recorded rainfall was used iii one analysis but 
taken as iero ill a second run to simulate extended 
drying. Simulatiotns were iiade for about It0 weeks. 
In Figure 3, the soil thermal and hydraulic proper-
ties are representative of a loam soil. Figure 3with 
precipitation (top graph), shows that evaporation
loss is highest from tie bare. untilled soil. Tillage 
has little effect on e'aporative loss for residue
covered soil. Although initial evaporation from the 
tilled bare soil is higher than that from the residuc
coscred soil. cumulative es aporation at the end of 
(he run is the same. 

Figure 3, for tile same soil and treatments, but 

wvith no precipitation (bottoim graph) during the 

sinulation period. shows that the initial evapora-

tion rateand cumuIativehlossi 
 highcst inthebare, 

untilled soil. The no-till, residue-covered soil re-

mains in first stage evaporation during the entire 

sitllulatioiand at thit, eld of 1(1
seeks, the etimila-

tive loss approaches that froni 
 the bare. untilled 
soil. Evaporative loss at the end of the simulation 
period for the tilled soils is half or less than for the 
untilled soils. For tie tilled residue-covered soil. 
the cumulative loss early in the simulation period
and at tile end exceeded that for tile bare, tilled soil. 
This occurred because the residue extended tie 

-No tillage No tillage with residue 
illage .... -illage ssith residue 

120
100

0-() 
 1) 

60- (43X. ni 
40 .. (43. 9 nun) 

42.9 tu)-ram) 
20 
0" 

120 140 160 l80 200 

-

(45. i111)
401- 40. mm) 

. . 

20- .20.2 1u"'1 
--....-.-- . . 11111)12.8 

0-I 
120 140 160 Is0 200 

.iuhan date 
Figure 3. lop: Simulated evaforation as affecled 1)s
tillige and residue for an initialli moist loam soil 
using ii eather inputs for 1986, Pullman, Washing
ton. The number after each curse is the total esapo
ration at the end of the simulation. Bottoti: Same as 
1o1) graph, escept ssilhout additional precipitation. 

duration of the first stage drying and delayed the
 
transition to the second stage.


Figure 4 compares the effect of residues on
 
evaporation for sandy and clayey soils. 'File top

graph with precipitation shows a reduction in
 
evaporation loss with residues (131(i reduction
 
with residue for 
 the clay soil) and considerably
loer losses with sand rather than clay soil for the 
same residue treatments. [lie clav soil, because of 
its ittich higher unsaturated conductivity. tends i 
remain ill first stage of drying longer than the sand 
%hich forms a surfacc dry layer Iiore rapidly. The 
sand %kithresidue goes into the second stage of 
drying a little more than halfway through the run 
whereas the clay with residues remains in first stage 
drying throughout the run. 
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Clay% Clay with residue "rite new SHAW model provides researchers
 
Sand .... Sand with residue with apowerful tool for studying residue effects on
 

120- (II ni1) water conservation over a wide range of climatic,
 

soil, tillage, and residue conditions. However,
100-

80- carefully selected field experiments with judiciously 
planned measurements must accompany such mood

60- (47.8 nm) cling efforts to validate results and to provide 
40 .. <-42.9 mm) essential soil and climlate input values. 
20 . (36.4 mam) 

E 0- Conclusions and Research Needs 
12() 140 160 IXO 200 

A brief analysis of crop resid ue-water conservation 
)60- . relationships for some dryland areas in tile USA 

(42.9 rm) shows that I t ha-I of crop residue managed as a 

surface mulch conserves about 9 mm of water dur
ing a fallow year in the Gre:t Plains, and that this 
water can potentially produce from 50 to 140 kg 

2-.. . I12.7 min) ha I of wheat in tile following crop for the different 

40-

. .. nmom locations in tile region. The efficiency of residues 

( _-_______for water conservation appears to decrease slightly 
I I ,as residue-loading rate increases over the range of 

120 140 I16) 1SO 20014)))) dalt 2)residue rates normally produced under dryland 

.1u han dam conditions. H owever, it should be recognized that 

I-igure 4. Top: Simulated e lporation for an these values are averages for a wide range of cli
initialls moist clai and sand soil, bare and iitlh natic, soil, and residue conditions and that there 
residues using the same %%eather inputs as for top could be a considerable spread for different loca
graph in ligure 3. [he number after each curse is tions and management. 
the total eaporation at the end of the simulation. Future studies should erphasiie alternative 
Bottom: Same as top graph. e,.cept Aithout addi- residue-tillage maiagement svstels to improve 
tional precipitation. residue efficiency for water conservation. More

over, since production is limited with most dry 

farming systems, studies should also consider the 
effects of low amounts of residues (e.g., in tile 
range of I or 2 tha or less). Studies are also 

needed oil crop rotations atnd integrated crop. 

Figure 4, without precipitation (bottom graph), lii estock production systemls to determine the best 
sho%%s that the bate clay soil has the highest evapo- way,, to use the additional water conserved by 

ration rate and goes into the second stage ofdrying residies. Not until crop residue-water conserva
about 10 days aflter the run begins, whereas tile clay tion relationships have been established catl sys
with residues stays in tile first stage h0otughotit tile tematic studies be conducted on the economics of' 
simulation period. [he c\ aporation loss for the altcrnative uses of residties such as for animal feed, 

cla\ \%ith residues is the same \kith or \%ithout luel. or building materials. Some specific research 
precipitation (compare top and hottom graph). needs, in addition to some already mentioned 
[he sand %%ithresidue remains in the first stage of incltde tile following. 

dr) ing forsecral da\s after the run is initiated ;til 0 I-lm the rauge ofcrop residues produced, estab
loses slightly less \water at the end of the run thani lish the relationship between aniount and type 

the sand without residue. In this case. cumiulativpe of surface residues, percentage cover, and water 

losses from the clay soil far exceed those from the cotseratliol for some of tie climates and soils 
sand \%hich is, as expected. based oti differences in of major dryland areas. 

hydraulic properties of the two soils and the 0 Determine how residue efficiency and water
extended duration of drying without rain. use efficiency can be maximized by tillage and 
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cropping sequence for the climates and soils of 
the major dryland areas. 

* 	 Determine how residue management (residue 
placement, timing, and tillage practice) can be 
optimized to achieve maximum efficiency of 
residues for water conservation. 

" 	 F-stablish percentage cover in relation to precip
itation pattern for some different cropping and 
tillage systems as a means olfmaxin,,zing residue 
efficiency for water conservation. 

* 	 l)etermine how the value of residues for water 
conservation compare economically with other 
uses where residues are removed from the land. 
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Agroforestry M the Semi-Arid Tropics: Strategies 
and Research Needs 

R. J. Van Den Beldt' 

Abstract 

Preliminaryanalyses of the substantialdata on agroforestryin the semi-arid tropics (SAT) 

throughdevelopmentand researchefforts, as well asobservationof traditionalsystems, suggest 

that agroforestryhas a significantrole to play in SA Tagriculture.Agrotbrestryplays a part in 

increasingtheir agroenvironmentalniches and the effect of competition that exists between 

crops andtrees. Futureresearchrequirements,particularlythe need to identilj,.nddecreasethis 

competition, are listed. Attention is given to a multidisciplinarv,networking approach,with 

e, iphasison West Africa, to avoid the site speciticity of adaptive research. 

Risumi
 

L'agroforesterie dans les zones tropicales semi-arides-stratigies et brsoins de recherche 
Les activitls Jies au d6veloppement et ;) Ia rechercheainsi que l'observatio,- des systbmes 

traditionnelsc nt permis de recueillirtoute unestrie d 'information-;url ,igrof,.-esteriedansles 

zones tropicalessemi-andes. L a:alvseprelininairede ces donnces montre que lagroforesterir 

joue u.n r6le significatif dans l'agricultured ces zones en v augmentant Ia stahilit6 et la 

productivit6des s.vstmes de production. Une descriptiondes svstmes agroforestiersles plus 

importantset une analyse des etfets de la concurrenceentre lesculturese les arhressont suivies 

d'une 6numMration des besoins futurs de la recherche et notamment dt ttdes sur les effets de 
cette concurrenceet les movens de les attnuer.Unc approchemultidi ciplinairefond&e surun 

r~seau, notarnmentpour l'Afrique de 'Ouest, devrait permettre ,!'6viter une localisationtrop 
&troitedes activitsde recherchesd adaptation. 

Introduction 	 side the SAT was a logical first step. Secondly, 

until the last few years, there has heen a lack of 
The adaptive natu -e of agrotorestry research in the commitment from donor and national institutions 

semi-arid tropics (SA F) has so far generated I support agroforestry rest-arch in the SAT. 

mostly site-specific technologies patterned after These initir" efforts have yielded several impor

promising agroforestry svs:eins of the more humid tant lessons which in turn, have given some idea of 

tropics. This has been due to several reasons. First, how best to proceed. This paper gives a brief over

there has :een a ned to 'start somewhere', and view of the findings of the past and present SAT 

testing the limits of agrofore.,try systems from out- agroforestry programs in India and West Africa, 

1. Principal /gronomist, Resource Management 	 Program. ItRISAT, Patan,:heu, AP. 502 324, India. 

ICRISAT Conference Paper no. CI' 399. 

ICRISAT (Inte: national Crops Research Institute for the Setni-Arid I ropics) 1989. Soil, Crop, and Water Management Systems for 

Rainfed Agriculture in the Sudano-S te!ian Zone: proceedings of an Inicrnational Workshop, 7- 11 Jan 1987. ICRISAT Sahelian 

Center, Niam'y, Niger. Patanchelit, A.P. 502 324, India: ICRISAT. 
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and proposes ways to expand and enhance them. 
Three main sections are presented: 
" broad types of agroforestry systems for the 

SAT, 
* research gaps, and 
* research strategies. 

Definition of SAT Agroforestry 

Systems 


Agroforestry has been defined by the International 
Council for Research on Agroforestry (ICRAF) as 
"a collective word for all land-use systems and 
practices in which woody perennials are deliber-
ately grown on the same land management unit as 
crops and,'or animals. This can be either in some 
form of spatial arrangement or in a time sequence. 
To qualify as agroforestry, agiven land-use system 
or practice must permit significant economic and 
ecological interactions between the woody and 
non-woody components." (ICRAF 1983). 

In the more humid parts of the tropics, agrofor-
estry systems are characteried by relatively large 
numbers of trees per unit arca. often intimately and 
intensively associaied with crops. Examples of this 
include shaded plantation crops like coffee and tea,
stratified and complex home gardens, and alley 
cropping. Such systems easily permit the ecologi
cal interaction of ICRAF's definition. 

However, in drier areas, where trees compete 
more with crops, proper spacing and management 
become important; even one or two trees per hec-
tare of cropped field could he viewed as agroforest-
rv. Trees without significant or even direct interac-
tion with crops must not be excluded as they may
constitute an important part ofthe overall farming 
system. It is advantageous in some cases to coil-
sider the economic interaction between trees and 
crops prior to the ecological interactions, either as 

asource ofincome or as ameans ofstabilizing farm 

production. 


The Role of Agroforestry in the SAT 

Although increased crop yields is an important 
justificatikn for developing any new agricultural 
technology, SAT agroforestry will, as an emerging 
discipline, generally have a broader perspective 
that will include sustainability of agricultural sys-
tens, provision of raw materials, and increase of 

net economic production of farming systems. The 
role agroforestry can play in farming systems of the 
SAT is briefly described below. 

Source of Raw Materials 

Much has been written about tree products like
food, fodder, wood, fiber, fuel, etc. Burley and von 
Carlowitz (1984) sum up the state of this knowl
edge, with appropriate descriptions of the limita
tions of trees in fulfilling the role of provider. Early
identification of tile products to emphasize and 
their ultimate use is important (Blair 1986). Emerg
ing data from ICRISAT and various Indian re
search institutes show that many experimental
SAT agroforcstry systems have land equivalent 
ratios (LIER) greater than one, mostly because of 
the high biomass productivity of the tree compo
nent. However, few examples of valid economic 
interpretation of these systems exist (Sumberg et 
al. 1985). It is the conversion of these biomass 
production figures into economic terms that will 
ultimately decide the potential value ofagroforest
ry systems to the farmer. 

Soil Amendment and Protection 

Incorporation of organic matter is an important 
part of agroforestry systems proposed for the 
humid tropics (Kang et al. 1984) and the SAT. 
Organic matter content, important for soil stabil
ity. cation exchange and supply, and many other 
properties, is decreasing in many SAT soils (El-
Swaify et al. 1985). This problem isexacerbated by

tile groving competitive economic of crop
use 
residues for fodder and the general decrease in use 
of manures and fallows. Agroforestry could pro
vide a source for soil organic matter additions, 
either as loppings from trees grown in situ, or as 
litter and /or loppings transported fron groups of 
trees established separately from cropped fields 
(Wilken 1977). 

Agroforestry can also be used to penetrate 
impermeable layers in certain soils. Hulugalle and 
Lal (1986) propose the use of woody perennials to 
break up compacted gravelly layers in tropical 
Alfisols. Chaturvedi (1985) suggests that strongly
rooted tree species may assist in the reclamation of 
alkaline, flooded soils in India by penetrating bur
ied caliche layers created by improper irrigation. 
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Environmental Protection 

The role of trees and tree loppings in lessening the 
impact of harsh environments on crop growth has 
been suggested by Charreau (1974) and Chase and 
Boudouresque (1987). This effect has been studied 
in several agroforestry systems -- windbreaks. tra-
ditional multitiered (parkland) mixtures of trees 
and crops, and the simple application of loppings 
to hills of newly sown crops. The use of trees and 
shrubs and their products can serve to reduce both 
soil temperature (thereby reducing soil evapora-
tion and providing a better environment for early 
crop growth), and wind velocity (thereby decreas-
ing evaporative demand and yield losses due to 
sand blasting). 

Agroforestry Systems for the SAT 

Four categories of agroforestry technologies pro-
posed for the SAT are discussed below. The pur-
pose of this section is not lo give an exhaustive 
review but rather to give an overview of these 
systems by emphasizing their limitations and their 
probable environmental niches in the SAT. 

Parkland Systems 

Although no definitive estimates exist, it is quite 
possible that parkland systems, characteri:,ed by 
mature or nearly mature trees widely dispersed in 
cropped fields, is the largest single agricultural 
land use in sub-Saharan West Africa. Iwo such 
systetns are reported -the Prosopiscierariapearl 
millet ( entnsettm7 ainetianul)mixture., of east-
ern Rajasthan, India, and the Acacia alhida grain 
system predominant throughout tie Sudano-Sahe-
lian /one. 

Several authors have conclusively shown the 
enhancing effect of,.*cack albidaon crops growing 
under it. Charreau (1974), for example, cites yield 
advantages of tip to 152c* for pearl millet and 44(7 
for groundntit (.rachis hupogaca) grown under or 
near Acacia albida as against that grown in the 
open. This effect is attributed to increased soil 
fertility under tile tree (Charreau 1974) owing to 
lack of competition from the tree itself, which is 
defoliated during most of the rainy (cropping) 
season. 

I.ike Acacia al'da.Prosopiscinerariahas beetn 

noted to increase understory crop yield, although 
most reports about this are more descriptive than 
definitive (Mann and Saxena 1980). However, sev
eral factors tend to support the observations. For 
one, the tree isheavily lopped for fodder before the 
cropping season, an operation that effectively 
removes its transpiring canopy. Also, the tree has a 
pronounced taproot, with few laterals at the sur
face (Muthana et al. 1984). 

Other than these two most tree species compete 
with crops, and experiments to mimic the effect of 
Prosopis cineraria and Acacia alhida have been 
inconclusive. Paroda and Muthana (1979) cited in 
Mann and Saxena (1980) reported a sevenfold 
increase in mung bean ( Viena radiata) grain pro
duction between lopped and unlopped treatments 
in a 12-year-old Acacia tortilisstand established at 
4 x 4 in. However, their experiment did not have a 
sole crop control to allow comparison of the effect 
of this extremely competitive tree on crop yield. 

A trial at ICRISAT on the effect of spacing on 
trees lopped at 3 in height twice during the crop
ping season showed that young leucaena trees, at 
low populations (400- 1300 ha 1), had little effect 
on cr.p yield. However, competition increased lin
early with increasing tree population (Fig. I). At 
tile extreme (10 000 stems ha-'), yield reduction 
was similar to that found in alley cropping experi
ments (about 30(). 

In a related experiment with 4-year old leucaena 
trees. Hocking and Gangadhar Rao (unpublished 
data, cited in Singh et al. 1986) showed the impor
tance of intensive lopping. Although plots under 
pollarded leucaena spaced at 2 - 6 m had half the 
sorghum (.Sorghumn) hicolor) grain yield of sole 
sorghum, their yields were 10 times more than 
those observed in the lightly lopped treatment. The 
I.FR of this pollarded leucaenai sorghum mixture 
was 1.35. 

Further work with such systems can be justified 
if in the often favorable I.F Rs that arc emerging 
from ongoing trials are economically advanta
geous, or if traditional systems such as the two 
mentioned above can be improved. It is likely that 
tile firs: criterion can be met, as there are several 
tree species to select from which are already consi
dered highly economical among farmers in both 
India and West Africa. Improvement of indigen
ous systems is also likely, as there appears to be a 
response to tile management of the major tree spe
cies concerned that enhances their favorable quali
ties (Charreau 1974, Miehe 1986). Further, selec
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ject in the Majia Valley, Niger, showed a 20% 
4.5- increase in pearl millet grain yield in crops grown 

between young (ca. 5 years) windbreaks 	 spacedStover 
 about 100 m apart (Bogtietteau-Verlinden 1980). 
y = 4.61 0.20 (P) However, recently completed studies on the same 

4,0- r'= 0.95 windbreaks 5 years later showed that crops grown 
between them did not have significantly higher 
grain yields, but did produce more dry matter than 

- 3.5- control plots established outside the windbreaks 
(Long et al. 1986). This may have been caused by 
increased competition between the wind

3. 
breaks and the crops, which extended 20 m into the 
cropped field, and did not exist in the earlier study.

The competition between widely-spaced arbo
real windbreaks and crops will undoubtedly be a 

2.5- major constraint to the long-term sustainability of
Grain 
 windbreak systems in the SAT. Windbreak research 

24 0. Mat tile
University of Agricultural Sciences, Bijapur, 
r: 0.96,
.0 	 Karnataka (India), shows clear competition be

tween rows of five tree species and safflower 
(G. Radder, UAS, personal communication, 1986),

0 2 4 6 8 10 so the long-term research task of screening species 
J ree popultiol ha-1 ('000) is 	important. 

Water relations of windbreaks in the SAT, par-Figure I. Effect of tree population on pearl millet ticularly for soil depths exceeding the crop rooting
.ield. zone, are not known. It is interesting to note that 

the free-water table in the Majia Valley site isonly 
7-10 m underground, probably within the neem 
rooting zone. Whether similar windbreaks would 

tion of superior germplasm and improved 	nursery perform as well in areas with deep or inaccessible 
techniques have been shown to hasten the estab- water tables remains to be seen. 
lishment of the often slow-growing Acacia albida Competition between windbreaks and crops
(Poshen 1986). might be reduced by silviculturally managing the 

trees. At the CARE project, partial pollarding of 
windbreaks still showed a 30% reduction in wind-

Windbreaks speed and yielded useful wood products (Persaud 
et al. 1986). Also, pollarded windbreaks lead to

In both temperate and tropical arid areas, wind- significantly higher grain yield in the adjacent zone
breaks have long been used to lessen windspeed of competition (Rorison and Dennison 1986).
and consequently, evaporative demand, and to
 
reduce damage by wind and wind-driven particles

like sand and snow(WM O 1964). Their applicabil- Alley Cropping

ity in the SAT is probably limited to drier areas, Alley cropping employs the use of pruned peren
particularly on sandy soils of the Sahel, where nial 	 hedgerows, regularly spaced to allow food
sandblasting and dessication can affect crop crops to be grown in between. During the cropping
establishment, season, the hedgerows are pruned to minimize

Short mechanical baffles have been shown to competition with the developing crops for light
improve pearl millet yield by 20% at ICRISAT and water. In the off-season, the hedgerows are
Sahelian Center (M.V.K. Sivakumar, ISC, per- either allowed to grow to cover the land (fallow) or
sonal communication). Vegetative windbreaks also are pruned again. Prunings are either used in situ
have a good potential. Studies conducted at the as mulch or removed and used as fodder or 
'CARE' neem (Azadiractaindica) windbreak pro- fuelwood. 
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The usefulness of alley cropping in increasing 
and stabilizing crop yields in the more humid trop-
ics has been clearly demonstrated at tileInterna-
tional Institute of Tropical Agriculture (IITA). 
Kang et al. (1985) showed stabilized maize (Zea 
mays) yields of about 2 t ha-' over a 4-year period 
in alley cropped plots using no nitrogen fertilizer. 

Alley cropping in the semi-arid tropics. how-
ever, does not appear as promising as in more 
humid regions (Singh et al. 1986). Citing work of 
the All India Coordinated Research Project for 
l)rylandAgriculture(Al('Rll)A),the authorsden-
onstrate that alley cropping, even at row widths 
nearly double those at IITA, markedly suppress 
crop yield (Fig. 2). As closely spaced (3.8 m) alleys 
age, crop losses approach 70"1 even when alleys are 
pruned up to 3 times during the short cropping 
season. This effect seems to be independent of 
rainfall. Mulching in such a competitive environ-
ment has little benefit (Singh et il. 1986). 

Studies at ICR ISAT demonstrate that competi
tion in alley cropping in the SAT occurs mostly 
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below ground. In one leucaenaalley cropping trial. 
polythene barriers were installed alongside the 
hedgerows to a depth of'0.5 ill and compared with 
control alleys without barriers. Grain yield of pearl 
millet in protected alleys-was equivalent to sole
crop plots (about 2 t ha- ). while vields in unpro
tected alleys were 301(' less (I. Corlett. ICRISAT. 
personal communication. 1986). 

l)espite these drawbacks, alley cropping m1ay 
have a role inmore assured rainfall areas of the 
SAI. where annual rainfall exceeds 800 mm and 
the soil-moisture-holding ability is good. Man
agement options like lower pruning heights, care
ful choice of tree species, and much wider hedge
row spacings (e.g., I0 20 m) have been proposed 
and sho\k some promise. The use of such widely
spaced alle s as an erosion-control measure on 
high risk soils, partic'flarly Vertisols, is being stud
icd in India,, and has been accepted by farmers in at 
least one area of the State of Karnataka. 

Miscellaneous Systems 

Paramount anong these arc the silvipastoral sys

tens. The iole of trees as browse and fodder in the 
SAT is well documented (Singh 1984 for India, I.e 
Houero.j 1980 for North Al rica). Bre\wbaker (1986) 

s, as have many before him, that trees, par
ticularly nitrogen-fixing trees, in the SAT, can 
serve the same purpose as ]lerbaccous legumiious 
components in temperate and humid tropical 

pastures. 
Although silvipastoral mixtires have been shown 

to be technically feasible in the SAT (Wildin 1986), 
may be significant social constraints regard

ing 'where to use them' and 'who will use them 
there'. In India. comonlt lands and wastelands are 
often considered to be target areas for such devel
opMCInt. However. as JOdha (1985) points out, 
productivity of these lands is declining rapidly 
because of ovcruse. It may he difficult to surmount 
the ethic of free (mis)tse of common lands, and it 

be expensive to bring them into a state that 
supports an improved gra/ing regime. 

of trec plantings for specific farm 
management obJectives is of significant potential 
but there has beeii little studv on it (Weber 1986).
Vegetative fences. either lie or in the form of 
thorny prtnings, are widely used iil the SA 1'.Sim
ilarly, bo n darics between fields and farms could 
be made productive by tree or shrub planting for 
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browse and other uses. Trees play an important 
part in bank- and waterway-stabilization efforts, 
livestock drivemass vegetative contour strips for 
soil conservation, and for shade (Weber and Hos-
kins 1983). 

Tree plantings can fill production 'gap.' in farm-
ing systems by making use of farm areas not usu-
ally cropped, e.g., bunds, field corners, rocky and 
unproductive ficld sections and the like. It is here,
perhaps, that the productive potential of trees can 
best be fulfilled, unhindered by limitations placed 
on management by the presence of crops and farm. 
ing activities. Besides fodder and wood species, the 
role of hardy fruit and food species like Zil'Vphus 
spp, Annona squanosa, Aloringa spp, Ptnic, 
gran3lurn, and even Alangilkra indica need to be 
studied. 

Research Needs 

All agroforestry research can ultimately be groupe,
into three majo- categories: the crop alone, the tree 
alone, and the tree crop mixture. While most 
agroforestry studies emphasi/,: the tree crop mix-
ture (even to the unfortunate extent of excluding 
necessary sole crop controls), thorough knowledge
of the tree and crop as separate components, e.g.,
the germplasm and genetic variation, and response 
to management inputs and pratctices, is important. 
Obviously, tht're is much known about crop coln-
ponents of agroforestry svstcms that can be directly
used without fui rther work. This section will dis
cuss the major gaps in the tree and tree crop cate-
gories that need to be addressed. 

The Tree 

It is not by chance that the tree species most studied 

in the past are most often selected for agroforestry 

research. 
 For example, the emphasis on leucaena 

in current agroforestry research is as much due to 

its multiple uses as to the exceptional body of 

knowledge generated by firage-managecent stud-

ies and breeding of that species in Hawaii, Austra-

lia, and elsewhere over the 
 past 40 years. F-ew' 
species in the tropics have been more researched 
and collected. 

The largegap in the knowledge between the crop
and tree components must be narrowed. Manage-
ment of above-ground growth of trees is impor-

tant. and more information about product quality, 
e.g., fodder and wood, response to grazing and 
lopping, and response to management inputs is 
needed. Of even gicater priority in the SAT are 
below-grotnd growth and phenclogy studies. Lit
tie is known about the rooting patterns of the SAT 
tree species, the reponse of their roots to wctting 
and drying of the soil, and their alielopathic 
tendencies. 

Greater knowledge of the genetic variation within 
species is also important. Variationsi in plhenologi
cal cycles (e.g., Acacia alhida), '.thniness (e.g., 
Piosopispallida Prosopiscineraria, A.cacia torti
fs), growth form (e.g., Ac;wia n'lotica, i'rosopi.s
cinerarta) and other charaI eristlcs have been 
reported, but there have been few systematic 
attempts to collect, cliaracteriic and exploit this 
huge gnertic potential. hI ,'ollect ion and increase 
of superior seed will be a major contribution to 
fut tre SAl forestry and agrolerestry projects 

)espite years of effort, nurscry practices and 
subsequent ontplanting methods in arid and semi
arid environments remain a major constraint to 
forestrv and agrofoestry projects (Veber 1986). 
Better ways of growing healthy seedlings that can 
sti ic transplant shock and subseqient environ
mental stress need to be either adopted, or discos'
ercd. Systematic research that builds on current
 
ouiplanting methods utilizing \%ater and conserva
tio techniqties \would be worthwIile. 

The 'Free/Crop Interface 

A coinmoi, theme in the ag roforestry technologies
 
discussed in the previous sections is the competi
tiin between crops and trees. In the humid tropics,
 
this competition is reported to be due to shading of
the crops (Kang et al. 1985). Conclusions from tle
 
study cited earlier, the alley cropping polythene
 
barrier, and numerotis observations in the field 
make it clear that in most uigrciforestry associations 
in the SAl, a majoir actor is competition for soil 
water. TIis probleii is se\ ecr etotitgli it manty cases 
to offset expected benefits from agroforestry sys
teis like mulching and protection from wind. 

Management studies like lopping intensity, and 
spacing pros idc cltes ott how to lessen Ihis compet
iire effect. lowever, there is always the danger 
that in the long run, such solutions will prove to be 
specific only to certain locations or tree/crop 
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mixes. There is a crucial need to adopt a niultidis-
ciplinary approach in management studies to learn 
more about the fundamental relationships of the 
mixes. 

Paramount among such studies is the need for 
research on water use and water balance, because 
the long-term water relations of these systems will 
ultimately determine their sustaihibility. Powerful 
new data-logging equipment that allow frequent 
repetitive measurement make this task easier (C. K. 
Ong. this volume). Improvements on old tech-
niques like heat-pulse measurement of transpira-
tion rates in trees should allow rapid advance in 
this area (Edwards 1987). Closely related to water 
relations research is the need It) Study rooting pat-
terns in agroforestry mixtures and the response of 
roots to changes in degree of' competition between 
crop and tree. 

This is not to say that applied and adaptive work 
is not important. On the contrary, it can give (and 
in the case of SAT agroforestry. has given) insight 
into future needs in research and extension. MI ulti-
location:l trials, like the Indian iley cropping 
netmisok, can overcOnc the danger of attempting 
to extend site-specific technologies and can as) 
provide the commnion denominatorts for discussion 
ioim scientists. It is o1nl\ through adtptie 

rcseslh that Ite\\ s\stCns, can be dCvChoped and 
traditional ones inprosed. lios\ever. luture ap-
plied research should locus ol efforts to separate 
colmrpetitive effects from beneficial effects, and find 
sottnd practical inanagement methods that reduce 
coumpetitive eflects. 

Strategies for Developing Agroforestry 
Systems in the SAT 

Agroforestrv its a decvelopment package for the 
SA I. is unique in that the benefits of improving 
traditional systens or extending new ones to 
farmers' fields are countered bv the Icngthl of time 
required for relev ant research. 

The time element can be !reallv shortetned by 

incorporating fornmal research compotnents intot 
ongoing deronstration (or even ad hoc research) 
and extension programs already uIndetwa'y in) 

ma,nV parts of the SAI . This has three major 

advantages: 
It is cost effective becaiuse it does not require 
each institutiton io de\ elop its own skills and or 
prograns in btth research and extension. 

* It lessens the risk of duplicating research. 
0 Networking and information-sharing is in

creased, aid therefore, results with wide appli
cability are being produced. 
In India, this has been simplified hy the estab

lishment, in 1983, of the All India Coordinated 
Research Project on Agroforestrv (AICRIPAF). 
With 20 centers now in operation and If others 
proposed for establishment in the current Five-
Year Plan. the project has the potential of addres
sing some research questions vital to the future of 
agrotorestry in India. The project covers four 
agroclilatic /ones: hill regions, arid and semi-arid 
regions, the Gangetic lain, and tropical regions. 
Three research programs are underway:( I)evalua
tion of traditional systems. (2) collection and eval
uation of tree germplasm, and (3) studies of man
age luen n lmixes ofagroforest rv s\ steris. Significant 
collaborative and fiancial input has becn made or 
proposed by several forcign mentor and donor 
insLittm ions. (Singl 19186). 

In West Africa. there is t10 equi, alent to AIC-
RPAI • program. Il-)ossever, several agroforestry 
programs in the region have been and are being 
undertmkei iv national governiments and foreign 
institutions in the region. Figure 3. compiled by an 
l( RISlI consultant (Weber 1986). sho% ssonic of 
the more important of these prograins. Most oftlte 
ongoing projects in the figure are located in the diV 
subregion of the Sahel. Although seeral feature a 
research component, much of this effort is infor
mal or ad hoc. Nevertheless. a review%of the find
ings of past and ongoing projects is of critical 
importance. Obviously, networking and task-shar
ing amlong these projects and other institutions 
deloping agroforestry expertise can be very 

importtnt (lores 1985). 
NI ucI roundwork will have to be done to make 

collaboiration effective. Belore all else. I database 
of existing information must be established so that 
past efforts are not duplicated and new efforts are 
relcamnt. Institutions interested in collaboration 

should have close]\ allied fprioritics and compara
tis advantages that to not compete but rather 
complement one ainother. Lastly, ct\\ot-king with 

similar or identical methodologies, experimental 
dcsigns, and data collection and evaluation proce

durcs is important to ensure that generated infor
mation is widely adapted. 

0 
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Reponse des cultures aux engrais et influence des facteurs 
agroecologiques sur les rendements dans la zone 

soudano-sahe'lienne 

C. Joly' 

Rsum 

Les r6sultats du Programne engrais de hi FA 0 dans a zone soudano-sahdienne montrentque 
dans Iensemlc des pratiqus cuulturalesam ionreshi,lam ure--organiquje t minbrale--estde 
loin Ic hacteurleplus dMcerminantde /'; uglmentationides rendements. Une tentative d stimation 
de I'influence des facteursagroecologiques sur a reponsedes cultures aux engrais fait ressortir 
S'importance de lacteurs te/.s que."t 'ypesde sols. zones agroccologiques et variationsclimatiques 
annuclles.L 'infTlueneentre ut'lisation des engrais el/ es lacteurshi que le nitveal deumains te/s 
technicit& dtes aigriculteurs tfIcur etnvironntnment conotniqueest aussi nise en evidence. En 
concusion,hi luinuredlei raitjouer un rle dtctertninantdans intensihcationdes cult ures, nais" 
elle doit trepklacee datins Ic conte.\e p/us hirge des sisteines intCgrcs dc la nutrition desphintes. 
Enlin. Ic docunent rappel/c quc pour tre ellicaces. les stratgics de Iutiisationdes engrais 
doit'entctrv con ues .}dilerenisnileau. exploitalionsagrco'les.rtgions.zones honognes et 
pays. 

A bstract 

Crop response to fertilizers and influence of agroecological factors on crop yields in the 
Sudaino-Sahelian zone: ihe results of the F-,(O FertilizerProgram in t/le Sudano-Sahelian 
zone tor a lrut.' part shotw that anong tile improved agricultural practices, manuring, both 
organic and mineral. is by If'irthe most important for obtainingyield increases. An attempt to 
a.sess the elfcts of agroccoloicalcompone0nts on crop response to fertilizer applications 
highligh.s tie role otf'lctors suih as soil typc.%. agroecologicalcharacteristics. and seasonal 
climatic tariations.A litention is gi en to tic influence of hunait fitors such as the technical 
/evel of fiarners, and tii relationship bettcen tii economnic enviroinient and the use of 
krtii,,er.s. In conclusion, itis leit that fertilizer use is important in agriculture intensification. 
and that manuring should he seen in the broader context oflintegrated plant nutrition syvstems. 
Finallv it is stated that to he vkcftiv. tertilizer u.se strategies should be defined at diffe.rent 
levels: tie Lhirn. the region. the agroecologicalzone,and the country as a whole. 

Introduction lion agricole etdans l'hvation du niveau de vie des 
petits agricultenrs, I'Organisation des Nations 

Reconnaissant ler61e que les engrais minratux Unies pour I'alimentation et l'agriculture (FAO) a 
peuvent jouer dans l'augmentation de laproduc- cr& digs 1961 leProgramme engrais. 

1. Coordonnateur pour l'Afrique du Programme engrais. FAO, Kinshasa, Zaire. 

ICRISAT (Iniernationml Crops Research Institute for the Semi-Arid Tropics) 1989.Soil, Crop, and Water Management Systems for 
Rainfed Agriculture in the Sudano-Sahelian Zone: proceeding, of an International Workshop, 7 11Jan 1987. ICRISAT Sahelian 
Center, Niamey, Niger. Patancheru. AT'. 512324, India: ICRISAT. 
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11s'agit d'un programme unique en cc senrs qu'iI 
combine la coopration des gouvernements, des 
organisations non gouvernenentales, de l'indus-
tric des engrais, du personnel international de la 
FAO, des services de vulgarisation nationadx et 
des agriculteurs auxqtIuls le programme est destin . 

Le principe gbniral de cette cooperation est 
d'dlaborer des projets adaptbs ,i la situation de 
chalcun des pav!s destinataires. 

Tr+., vite, les projet:; de terrain dti Programme 
ont &'endu leur champ d 'action aux autres faceiurs 
de pritduction---pratiques cllturales anteiliorces et 
intrants connexes is ,'ilafertilisation des sols ou 
fiavorisani celle-ci ainsi qU'MUX opratlions pilones 
de distribution et Lie Cldil pour les intrants agri-
coles saisonniers et ,I i lormaitio. 

L'inmpact des projets nationaux d, IiPogrimmern a 
etc considerableniertt augnhent par li cration, en 
1974. di Programme international d';pprovisioll-
nelrnenlt en enlgrlisi Ilt ) Lieal At ). Out eIC fait 
que cc Programme a couti ihtl' " laIpprovisionIne-
ment el enrlais des pays ci ,,oic de dvchoppc-

eit. il a perlnis de d(xcloppCf los aclivils de 
terrain en cc sels tie Ics soirues obtenlres ell 
contrepartic des \crites d'cngiaris li\i,&s dans le 
cadre de cc Prograrinic sonit. ;.ieC accord dies 
pays bri ficiaires, allec&C, airx act ivit's des 
projets du Programnme enviais. 

Le Programme engrais de la FAO 
dans les pays de la 

soudano-sahlienne 

Origine 

les sa creation. le Progrimmrle erigrais a e'tL opera-

tionliel ell Al'rique ItOUiillllIII daIs Il one SOi-

dano-sahlicrnre. Otiltr Ic S, ngal oti les op.ra-

tions Ont comnlecC iks 1961. plusicurs pays de la 

/one otil proclies de celle-ci ont b, nilici, darts le 
passe des acti\ itKs du Prograrnine I: 1nin. Ganthie. 
C'Ctc dl'Ivoire. Nig01ia (tiais diu Nord) et hirkina 
Faso oil 'assistance F:A() s'cst terliilre ei d~ceni-
bre 1986 (. ol 1985). 

Acitiellelient, qtiailre protets sonr t cotirs en 
Gainbie, (uin e-issau. Niger et Soudan. 

A la fin de chtique projet, tin rapport final 
reprend pour chiquCiype d'Icliil. les rstlltIts 
principaiux, les contrainites identilies e les concln-
sions: des recoriunandai ions sonl ?raises. 

Les types d'activit6 

Place sous la tutelle de Ministres techniques, Mi
nistLres de l'Agriculture ou Ministire du DIvelop
pement Rural. tin projet du Programme engrais 
constitue ,i terme Lin service spLcialis en matire 
d'engrais et de nutrition des plantes, soivenlt 
appele "Programme iaational engrais". 

Selon le concept FAO de Svstines int~grbs de la 
nutrition des plantes (SINP). le Programme engrais 
recherche les meilleutrs morons d'aneliorer li ferti
lit& des sols et Ia nutrition des plantes (Briun et 
Coursier 1985). Rappelons ici que ce concept 
prend en consid&ration pour une rotation donn~e 
ei non pilus pour Line -ulttire annuelle ou saisonnii
re. I'ensemble des sources d',I51ments fertilisants 
disponibles au niveau des exploitations, aIsavoir 
0 la fertilit& naturele dII sol: 
0 les 1,Sntenrs nutritifs des applications de rnatii

re organiqiC : funure organique, r~sidus de 
recolle: 

6 ['a/ote pro\enant de hi lixation biologique: 
0 les lurnures nin~iales ei leurs effets r&idiels. 

Les activitbs de terrain sort conduites ell &troite 
collaboration avec les institutions nationales de 
recherche agro nonliqu ticles tie l'instittut naitional 
diludes et ie recherchies agricoles (INERA), an 
Burkina Faso. 'linstitut national de recherches 
agrornomiques diu Niger (INRAN) air Niger. etc. et 
des pro jets de d[veloppernent rural tels que les 
Organisnies rgionax de d&vclopperient (ORD) 
al Hurkina Faso et les projets de productivit all 
Niger. 

Lia recherche appliqu e 
A leur cration. les projets dui programnme engrais 
se sont sotivent trotvs de\ant Line absence relative 
ie donri,[es ell inatii'rc tic fertilisation des cultures 

vivri, res. [+orsqu'ils exist ient, les rKsultlats laient 
soivenit fragiientaires et localiss aux stations de 
recierches: l'aspect &conoiniqueet eniparticulier la 
rentabilit& tie l'uilisaltion des e:gralis &Iait le plus 
Solvent ignore-. 

I)is lors. une des prenii res nissions des projets. 
sits Lioutefois perdre Lie ,ue leur vocation foida-
Inelitile qu'esi lI \nlguisatiorn, a souVent consist,, 
I V'rilier I'efficacit. Lies engrais et prciscr leurs 
conditions d'uitilisationl iectniquciretcononiiques. 
ILes rKsultats doivent tre significatifs et reprien
tatifs de lI ralit paysaine--c paysan li-itrre, 
son travail, son champ-- ei du pays et des rgions 
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done provenant d'un nombre d'implantations 
maximum. 

Dans ce but, le Programme engrais recourt 5 la 
m6thode des essais &clat~s encore appels essais 
simples ou tests. Cette mthode implique : 
" une reduction du nombre de parcelles Wlmen-

taires par la suppression des r~p~titions clas-
siques dans chaque implantation--chaque essai 
simple repr~sentant dans une region donn&c 
une r~ptition-et la simplification du proto-
cole en r~duisant le nombre de traitements par 
essai Al'essentiel; 

* 	 la non standardisation des facteurs autres que 
ceux spcifiquement &tudi~s ii moins que F'un 
d'eux ne conditionne fondamentalement la r&-
ussite de la culture. 

Les r~sultats analyss par ordinateur permettent 
d'obtenir les fonctions de production par WlLments 
et les paramtres y aff'~rant tandis que I'analyse 
conomique (niveau de rentabilit maximum, ni-

veau de rentabilit optimale, Rapport valeur stir 
coft--(RVC) est rialis~e par le biais des courbes de 
r~ponse profit tablies, si ncessaire, dans diff&-
rentes conditions de prix (FAO 1971). 

En complement de la dketrmination ou de I'af-
finement de formules de fumnres adapt:es et co-
nomiquement recommandables, lc Programme en-
grais conduit aussi des essais de nouveaux types 
d'engrais (supergranules d'urec par exemple), des 
tests de matizres fertilisantcs locales tels que phos-
phates naturels, des tests de rnicroblments ainsi 
que des tests d'introduction de souches de rhizo-
bium stir Ilgumineuses. 

Vulgarisation 
Sur la base des recommandations de li recherche 
agronomique ou des rLsultats obtenus par le Pro-
gramme, des dnionstrations sont mises en place 
dans les champs des agriculteurs. 

Principal outil de li vulgarisation, les dmon-
strations ont pour but de familiariser I'agriculteur 
avec les techniques culturales am~lior3es, l'utilisa-
tion rationnelle des engrais et des intrants connexes. 

Selon Ics pays et les cultures, lcs dnonstrations 
comprennent de deux iIquatre parcelles; le dispo-
sitif le plus souvent employv comprend les quatre 
parcelles suivantes : 
o 	 Techniques culturales traditionnelles sans en

grais (tbmoin); 
" 	 techniques culturales traditionnelles avec 

engrais; 

0 Techniques culturales am~lior~es sans engrais; 
0 Techniques culturales am~liores avec engrais. 

Des visites commentes sont organis~es sur les 
champs de demonstrations Lidiff~rents stades du 
cycle cultural. Elles permettent non seulement d'in
troduire la nouvelle technique ou l'intrant aupr~s 
des agriculteurs visiteurs mais aussi de souligner les 
differences croissantes entre ies parcelles. 

l valuation des r~sultats par des pes3es de ren
dements est faite par les agriculteurs eux-m mes; 
trbs souvent la rentabilit&economique est estime 
sur le site des demonstrations. 

Les dL'monstrations permettent aussi de tester, si 
besoin en est, deux niveaux de fumure (faible/ 
forte) ou encore d'effectuer le test de la potasse 
comparant une lormule de fum ure NP, sans potasse, 
avec une formule NPK. 

Banques de donns 
Les analyses des rbsultats des essais et des dmon
strations sont rtalisbes par ordinateur soit au siege 
de la FAO soit, de plus en plus souvent, au sein des 
projets mnmes qui disposent de microordinateurs. 

Des banques de donnes sont ainsi constitutes; 
elles permettent le stockage des rbsultats par pays, 
re'gions, zones agroclimatiqties et pour chacune des 
campagnes agricoles et cultures tudikes. 

Pour chaque site d'implantation, Ia banque pos
side tin enregistrement des traitements pratiqus, 
des variLtts cultivbes, des rendements obtenns ainsi 
qu'une sbrie de donrines li~es au types de sol, au 
climat et &ventuellement ,i li date de semis (Van 

den Bergen 19H6). 
Les banques de donn'es sont utilisbes pour 

* 	 rbsumer chaque ann e, les rbsultats obtenus par 
pays. par zone agro-&ologique et par culture; 

a 	 synthbtiser les rbsultats obtenus stir un certain 
nombre d'annbes et sous des conditions clina
tiques et conomiques variables; 

0 	 calculer les doses optimales d'engrais pour des 
prix donnes des engrais et des produits agricoles 
et vrifier li rentabilit& des traitements 
reconimandes; 

0 stratifier les rLsultats en fonction des zones 
agro&ologiques, des types de sols et des autres 
facteurs pouvant influencer les rendements. 

Une importance toujours croissante est accord e A 
la formation notamment celle des cadres natio
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naux des projets et du personnel de vulgarisation 
charg( des operations de terrain. 

Distribution 

,.orsquuite demande est cr &e, le Programme 

engrais s'emploie I hit
satisaiire en contribuant it 

r.soudrc les prohlimcs d'approvisionnement et de 

distribution. l)i;s les villages sensibilis&s, des
 
pri,jetspi!otes tiedistribtution Itcredit sont mis I 
place, Ils out pour but ieprocurer all moment 

ad&. tdttlcstypCsit tiIt~itit&Nsd'Cograiis n3cCsaiics 

ctticcrcei les Conditions lintancii'res perllettlnlt 

altx aIgricuteus (ICIesalcheter (At) 1980). 


Resultats du Programme engrais 
dans ia zone soudano-sahlienne 

116Ie de la ftilure miticrale 
el des [)ratiques culturales aminliores 

I'oii Ic ps on ele a pt t1rC dC'tcrninlec. I'impot-
lillicIelltiseil I i ltC.lt1111tit Illilcrale cl tiesIp[;[-
liRltes Cilltiialcs ;itteloclsl't, da ',I';Iinetitatil!iu 1 
des tlldtllnlit,,lcli iessortl lit pieltI-h.1l i'tcilt 
ilMIC iIlitunttic nirMIc laIib. I ctl'e. I L-12). 

(is riltlts ii', plo lntlMlls ,leNoldohciitls, rd 
ditNigeit (iats LieKano c1 LieSokoto) claui 
hulkili iast Illlt re clllicncti leslulnites dc(, 

praltiloC, 'iiIltiial , lni)IiOlieCS. tcot IplIl IAlI ur-
kina Lst idle ltiiiu ti culture atte-i di 
ke, lorsquc cts pratiltuCs so1t u1tilisl) sais 
niintraulc F.\() 1979a, 197t)0. I9s2). 

llsfont aussi ressortir que plus de 50% de Paug
mentation des rendements est dc1itla fumure min&
rale. II n'empeche titled'autres facteurs tels que le 
niveau de rendcinent de la parcelle t~moin, letype 
de sol ainsi que des facteurs sp&ciflique'; (litte phy
tosanitaire pour lecoton par exemple) petivent 
modifier sensiblement l'importance relative des 
divers facteurs Lie production dans I'augmentation 
des rendemncnts. 

mportancen des funmures organique elminbrale. 

I 'itportance de lhi fumure organique dans le 
maintien Liela fertilit, (les sols n'est plus i d
montrer. Son uilisaltion gtn~ralise ne peut 
cependant se conceoir qu'en liaison avec I'intro
dIICtion (it' hi Culture aitel'e. 

I'n dehors ic cette lernire, les sources de 
litttrt orgaitiquC soot pen ahnldantes el les 

applic;tions soat soisCnt liiniities aux parcelles les 
plus proiehs des habitations ainsi qu'aux petites 
super!ficies reser&ces aux cultures intensives, ma

iiticlhi utu t:1nlltzllincni. collsitiece. les applica
tios de nin1tiLe oregililiLUC stir Ics champs de cete
aleCsOn de culture,s Inixtes sott Lie lfihibcsijIUMtits 
eicspac cs dall"s e Itllps. 
I.cs1Ksultats obteills anl lur1kinla l:aso (Wig. 3) 

mlittreill Cla*inCell title,sapplications de Illtc 
mier dc fertic :i raiIt Lie 4 h I idonnent des aug

tellniltis dieICeilCIniC inlpollantes iesorgho
 
di I'oidre dei230 Ihla corrcspdtii(lant i37t'iehI
 
paiclIe tt.loin iion ftice oti encore i 44(1 dc
 

I ltltIittioi :Ititle 1liltnure 
plc.' NT K plus,'r,. I'apport conjoitit d'tne 

Ittmtre Idutie luiture minratlc double 

eLltt tlin ralc co it

tuuie oraIHiqte 
is IClndct.llellis195a).
(FAO 

TaIleIau I. Impirance reIaiIi% dv lIafuimure minerale I des pratiqiti's cilIturaIes amlior cs. Ni,ria. RisuIltats du
Progrante engrais, l'rojel I' t)O (Al'! NI 0121 / NO R.(Oo)enie stir qual re saisons culiu rales 1974-1977.) 

n l .-\n iti' llttI Iti.demiCntI t dtlii01oin (PII dtlCdi' i I it 
('tultlle IKv Ia 1IA-t- I' ' -1 F:lacc P.: 

NI I illt 11 47 35

S I" 
 I 41) I 77 (12
Ar ehidte (5. 7 S5 (t
('tltiu s IltiXtes 52)- 21) [ 71 

Coto) ) 8 7 58 

2 1P'I- I I W1I I 'AlIgIllt'l1IMl101 1.1Ihimulc ldCdIc.1 111llk',C1ult
 
) (11 tllc .113 1I'A - 1 ) A tIIlI11.1 11dtIh , l\ 1IM 1 I cltutts' l .llt'1111ch"]I CL.tt, l ' IIIx It l l l l ll11w ral . 

I1I I14. W I I - . 1\,1griilWt .1 I'tIlpII CIIII c It ll:lrtc£l (It', c 111,110,1t' elt , plaltzllt"uirals a idi rees. 
AI- tpitcs ctllttile, ameltojtic5 1 I I) t .- t lctlt I i l tt [ , tIltLt 1iiiclat tlltcImrq ic, 't[l sti tppliques. 
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_____ 

Arachide Sentences L.ocales + Cultures 
8I00..J Manuelles 

0CA Culture attel&e 
L.:.PA SS Senccs slectionnes

~PA- F 
.600-] N PA+ F.100 kg NK' + 100 kg Ur& 

- ~ PA +F 

50 kg N11K 

" 1000- Mvais 

400- 90,1

a" - 800

700
200-, ± 600

- z  Iertdement de la parcelle t~inoin (kg na 100- ,. 

800- Sorgho O- ---_ __ - .. .
 
u S00

400 300-.. 

U 500 

300 600( 900! 1200 oa% 2 
Rendement deClit parcelle temoin Ikea- 1rtrnt 

O10- - ! :>. ;i-i 

80 0o d0-. .
 

et dscuprailes(1973-977) (n.irliore au Nialria : dutaerndmen. Bri' ao:reutl up 

pour les s~0noles). 
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 302 Nombre de engrais. (Le Programme engrais considre 
dt5mons;trations qu'une formule n'est vulgarisable chez les agri

u.+ 

" 
1200 4u 

X PR + 
d0-culteurs 

1000-900= P4d 

800-


700-


(()6conomique
E ,0), 

tmaximum 

400_ 

300-
200-

lo( 


_tes 

Movcnne 
1984 1977-1984 

Fig u re 3. Rl6e ulelifum ure organiqu e 

culteurs que si elle permet d'obtenir un multi
plicateur d'investissement ou un RVC sup~rieur 

gal i 2); 
facteur risque qui exprime lepourcentage d'agri

susceptibles d'obtenir avec une formule 
de fumure donn~e un RVC inf&rieur h 2. 

En ce qui concerne les essais, hpartir des courbes
 
de r~ponse production et profit, ilest possible de
 
alculer pour chaque element nutritif N-P-K, la
 

dose &conomiqueoptimale, (niveau de production 
maximum, taux de revenu marginal =I'augmentation de rendement, leb~n~fice net 

et le RVC dus Acette dose ainsi que la 

dose &conomiquela plus int&ressante (RCV de la
dernihre unit&fertilisante aplpliqu~e est de 2, taux 
de revenu marginal = 1). 

Les courbes de r~ponse Net P sur lemil pour les 
zones agricoles Sud et Nord du Niger sont pr~sen-

Ala Figure 4 Eur labase des rbsultats de trois 
saisons culturales (FAO 1985b). 

Au Niger, sur la base des r~sultats des trois pre
emires annees de tests (1981-1983), on rouvait diseide Iati g e d ux o n s N rd tS d . es r ul a sd
 

fumure minitrale. Burkina Faso :risultals du pro-
gramme national engrais, IProjet FAO/G('IF/
BKI"/028/BEI.. (NPK: 15-20-13, 100 kg ha-';
1: tre. 50 kg ha 1,Ffumure organique, 4 t ha-). 

Rponses des cultures aux fumures minirales 

Le Programme engrais &tablitla r~ponse des cul-
tures aux fumures minrales en prenant en consid&-
ration les facteurs physiques et &conomiquessui
vants 

Facteurs physiques 
* augmentation de rendement par rapport au t&-

moin,exprime en kg ha-1; 
" pourcentage d'augmentation par rapport au 

t&rnoin; 
" indice de productivit& (kg de produit agricole 

par nit& fertilisante). 

Facteurs konomiques 
" b~n~fice dO Al'utilisation des engrais; 

" RVC, rapport entre lavaleurdel'augmentation 
de rendement due aux engrais et lecoot des 

tinguer deux zones, Nord et Sud. Les rsultats de 

I100-

1000 -

Mil N 

900

0U) 

1 
700-

R I 
RO R 

PORO1 

N 

40o-

R2 N 1) 

12.5 45 67.5 
1 nit.s engrais 

Figure 4. onction de production N et1.Niger 

risultals du programme engrais nig&ien, (saisonculturale 1983), Projet FAO/(;CIF/NER/020/ 
I)EN. (X-rendements observes pour N; R-rapport 
entre la valeur de I'augmentation de rendement due 
aux engrais etlecoot des engrais). 
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l'annbe 1985, non repris dans la Figure4, ont toute-
fois fait nettement apparaitre une zone inter-
mbdiaire. 

Les conclusions prbliminaires de l'analyse des 
rbsultats disponibles sont les suivantes 

Zone Sud. Elle a moins d'alkas climatiques vrai-
ment catastrophiques, la rentabilit de l'utilisation 
des engrais est Apeu prs assur~e; les RVC tant de 
l'ordre de 2 A3. 

Zone intermidiaire. Les essais simples (tests) dev-
ront tre poursuivis sur plusicurs ann~es et dans de 
nouvelles implantations pour la circonscrire et y 
d~finir un gradiant de risque croissant Sud-Nord. 

Zone Nord. Elle ne peut pas &tre consid&rbe 
comme zone agricole susceptible d'intensification 
par l'utilisation des engrais; la rentabilit& 6tant 
nulle et le facteur risque trbs &lev. 

Riponse des cultures aux fumures NP 

Les nombreux r~sultats montrent c'airement uine 
bonne riponse des c&rbales traditionnelles : ril-
sorgho Al'azote et au phosphore avec toutefois tin 
gradient de r~ponse diminuant du Sud au Nord de 
la zone en fonction de la pluviomntrie. 

Le rnil qui, en conditions climatiques adiquates, 
ripond moins bien ii l'engrais que le sorgho, semt-
ble, grAce itsit priode vbgitative plus courte et t sit 
capacite de resister au stress hydrique, valoriser 
mieux la funiure en zone it plus faible pluviomntrie. 
Dans le nord du Nig&ria (Etat, de Kano et de 
Sokoto) ainsi que pour une grande partie du Niger 
(FAO 1979a, 1979b, Landez 1985), des augmenta-
tions de rendement de 350 it 500 kg ha- I peuvent 
tre obtenues grace i l'emploi conjugu& des pra-

tiques culturales amlior~es et de la fumure 
min~rale. 

Au Burkina Faso, I'emploi des engrais sur mil 
semble plus alkatoire que stir sorgho, sauf dans 
1'ORD de Kaya (FAO 1984). 

La culture du mais, sans irrigation, est limit~e it 
quelques regions de lht frange sud de lIt zone 
soudano-sablienne (ORD des Hauts Bassins au 
Burkina Faso, notamment) correspondant au: 
deux zones agrocologiques FAO G et H (FAO 
1985a, 1979c). De ma.', grnbrale et mme en 
annie climatique ddficita,,e, on constate une bonne 
r ponse du mais aux engrais, spbcialement i I'ur~e; 

les rbsultats de l'annbe 1984 se situent toutefois 
entre 10 et 15 %, en dessous de la moyenne (FAO 
1985a). 

Les cfrbales cultiv~es en conditions irrigufes, riz 
et bi&de contre-saison, saufdifficultbs d'irrigation, 
sont peu dbpendantes des conditions climatiques. 
Les r6ponses de ces cultures aux fumures NP sont 
excellentes. Ainsi dans l'extr~me nord du Nig&ria, 
des essais de bl de contre-saison ont montr&des 
rendcnents de plus de 4 t ha-' (FAO 1979a) avec 
des rbponses aux fumures NP tris 6levbes. 

Avec les lgumineuses alimentaires, arachide et 
ni~b&, les rbsultats sont moins 1 robants et plus 
variables. 

Au Niger, sur arachide, seul l'acide phospho
rique permet d'obtenir un rbsultat conomique et 
ce pour autant que la productivit&potentielle sans 
engrais soit suprieure a 750 kg ha-' considbr 
comme scuil de fertilit& natureile du sol (Landez 
1985). 

Au Nord du Nigfria comme au Burkina Faso, de 
faibles apports d'azote ( !0 1 20 unit6s ha-i consid&
r~s comme "azote starter" semblent tre souhaita
bles (FAO 1979a, 1979b, 1985a). 

L'exp~rience du Programme engrais stir le ni~b 
cultiv& en culture pure est limit~e; au Niger aussi 
bien I'azote que le pinosphore ont montr un effet 
technique, mais peu marqu&. Les r sultats ont 
aussi fait russortir qu'en dessous d'un scuil de ferti
lit& de 250 kg ha-', la culture du nib ne valorise 
plus l'engrais (Landez 1985). 

Partout e" " est cultivu, Ic coton a montr&de 
bonnes ripon.es aux fumures NP (FAO 1979a, 
1984). Les principaax facteurs limitants ne sont 
cependant pas la fumure minrale mais ien plut6t 
le semis tardif et l'absence totale ou partielle de 
contr6le phytosanitaire (FAO 1979a). 

Bien que I'exprience du Programme engrais sur 
les cultures mixtes soit limit~e au nord du Nig&ria, 
celle-ci fait ressortir tine rentabilit& &vidente des 
fumures min&rales stir les associations lkgumi
neuses crbales du type arachide/c&rbales (mil, 
sorgho) et mil/nibi:; l'association sorgho/mil 
semblant beaucoup moins intiressante (FAO 1979a, 
1979b). 

Compte tenu de I'effet starter de l'azote constat 
sur les k6gumineuses, unc fumure de fond N-P du 
type 18-46-0 Atraison de 100 kg ha-' semble tre 
bien adapt~e aux association culturales Ikgumi
neuses/cr&ales. En conditions climatiques favo
rabies, elle pourrait tre complte par tine fumure 
azot~e de L,,,verture (20 kg N ha-i) applique sur 
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c~r~ale uniquement. Pcur le mais, en zone Sud, 
cette dernibre devrait tre plus importante. 

Riponse des cultures i la potasse 

A l'exception du Burkina Faso oi l'engrais coton 
NPK est aussi applique sur c~r~ales, les fumures 
comprennent rarement de lapotasse. 

Selon Pieri et Oliver (1986), la r~ponse des cbr&
ales Ala fumure potassique dans les sols ferrugi-
neux tropicaux d'Afrique est difficile A ivaluer. 

Au niveau de productivit actuelle des cultures 
traditionnelles, les rbponses Ala fumure potassique 
sont g~n&raiement trop faibles pour justifier l'ap-
port syst~matique de cet l3ment (FAO 1979a, 
1979b, Landez 1985). L'intensification des cultures 
et l'obtention de plus hauts rendements ainsi que la 
reduction de lajachre dans une grande partic de la 
zone, devraient ii long terme donner une impor-
tance plus grande Alafumure potassique. 

I)ans certaines conditions, des carences relatives 
et des r~ponses aux apports de potasse ont t& 
mises en &vidence (FAO 1979a, Pieri et Oliver 
1986). 

S'lon l'histogramme de lhFigure 5, larentahilit: 
des engrais stir mil 6tait pour l'ann&e 1984, nette-
ment infrieure iilarentabilit moVenne de la piri-
ode 1977-1984. De plus, pour deux ORD sur qua-
tre. la rentabilit, tait ngative cc qui inontre un 

LI 19s)~4 Ni t\ Clilcn I 77-
16001) 

+ 140004 

7 + 2001) 

+ 811111-

C6000- , 
S+ 4000-

CJ 

-SI2000 

- 2000- (R I) eta[nI.'e 

-40)0, 


Figure 5. Influences des conditions climatitues 
annuelles sur les rendenents. lurkina Faso :ri-sul-
tats du programme national engrais, Projet 
FAO/(;('PF/IKF/t28/BEI.. 
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risque plus &lev&pour les agriculteurs de ces ORD 
qui utiliseraient les engrais. 

Pour les agriculteurs mais aussi d'un point de 
vue macro&conomique pour les gouvernements, il 
est extr~mement important de pouvoir dterminer 
les zones risques et si possible de pouvoir chiffrer, 
filong terme, le pourcentage de risques pour 
chaque zone homogne. 

Influence des zones agro-icologiques 
sur les rendements 

La zone soudano-sahlienne se caract~rise aussi 
par un gradient pluviom&trique d&croissant du Sud 
auNorddelazone. Dans son rapport sur les zones 
agro-&ologiques, la FAG a dtermin , pour ]a 
zone soudano-sahblienne, cinq "zones de pbriodes 
de croissance" (FAO 1979c). 

l'analysedes r~sultatsdes projets du Programme 
engrais dans lazone soudano-sahl1ienne niontre 
clairement les tendances de niveau de production 
et de r~ponse aux engrais des principales cultures 
de la zone, iail, sorgho, arachide; de faibles rende
ments et rtponse tr~s limit~es en zone aride et 
semi-aride jusqu'aux hauts niveaux de la zone 
marginale sub-hunide. 

Comme les courbes de reponse aIl'azote et au 
phosphore du mil (Fig. 3), les courbes de la Fig
urc6 expriment cos tendanccs pour lesorgho et
 
I'arachide dans les deux conditions de culture, it 
savoir pratiques culturalcs traditionnelles et pra
tiques culturales amnidior~es + fumure minrale 
(FAO 1979a-loly !)79). 

L.es rtsultats ont aussi fait ressortir que, pour
tine zone donne permettant Line rentabilit6 suffisite de I'utilisation des engrais en conditions cli

matiques normales, I fumure pouvait tre partiel
lement adapt~e aux conditions climatiques annu
elles. En effet, sur c~r~ales, lhfumure recommand~e 
coniprend souvent un apport d'azote en couverture 
au sarclage. En fonction de la pluviomtrie enregis-
trL'e, plus oti moins favorable, l'agriculteur petit 

choisir d'effectuer ou non I'apport d'engrais azot& 
de couverture, adaptant ainsi sa fumure aux condi
tions climatiques locales et saisonni~res. 

l.a stratification des risultats par zone agro
&cologique a cependant aussi ses limites car elle ne 
tient pas compte du niveau de d~veloppement agri
cole de la zone et de technicit& des agriculteurs. 
Ainsi, au Burkina Faso o6fle niveau de dvelop
pernent agricole est plus lev' en zone cotonni~re, il 



Sorgho, Pratiques culurales de sols.
 
ameliorees + IIiumic inicralC La mise en 6vidence d'une telle correlation nest
 

Arachide, Pratiqucs culiurales cependant pas facile car los contraintes i surmon

aieliores + fumure mini'rale ter sont nombreuses :
 
0 elle implique que la correlation entre m~thodes 

Sorgho. I'lratiiliUCs cuhiurales d'analyse/facteur etudi soit r~clle et perma
traditionnelles nente or ce n'est pas toujours le cas, l'interprbta

tion des bulletins d'analyse restant difficile;I~ratiiLCS culttirales 
2000iradiionnelles une des caracttristiques des sols sahliens, sou-
SArachidle. 

vent en voied' puisenient. est Icur extreme hbt 
rognit : celle-ci engendre des coefficients de 

/ variation &v&ls et r~duit considerablernent li/ 

signification statistique des essais. De sorte que
1500) 15"lIa precision peut ne pas &trc suffisante pour 

mettre en evidence les ph~nonincs; 
0 elle implique aussi que les chantillons de sols 

I0l00t) soient reprsentatifs, or l'ht~rognlit des sols 
- - , d(;jil soulign~e rend cette rcprsenitativit 

"-" -- abatoire; 
- -• li precision n&cessaire exige tine grande r&gula

500-	 rite dans la r~alisatio des analyses, donc un 
personnel stable, exp&riment,5 et soigneusement 
conir61&ainsi que des moyens importants, con
dition; souvent difficiles A.obtenir; 

I I I I l'interaction entre les diff&rcnts facteurs de pro-
Jours 90 120 150 18) 210 240 270 duction et les conditions climati iques locales est 

D1)'aprs .I 1 ( P : souvent tres importante. 

/ones d&CIriniIns IL'action preponderante de tel ou tcl facteur dans 

par FAO) des conditions diverses petit ulasquer Ou attnucr 
lI correlationi iudi,e. 

Figure 6. Influences des zones agrokcologi(lue%stir I.cs corrlaitions sols' fertilisation devraicnt four
' les rendements. Ni gi.ria : rsulltas du programme nir des recommandations prcises stor I'an iliora

engrais FAO, Projet (;(CP/NIH /021/NOR. tion dCela productivit& des cngrais utilisbs par lcs 

paysans. Or, peut-on deinandcr it des paysans, 
lont la superficie des champs cst Ic plul, sou'ent de 

a ,t montr&que les conclusions tirees des rende- ord re ke quelques dizaines d'ares, de supporter les 
ments movens par 7ones agro-ecologique pou- frais ,devs d'analyses de sol? (es paysans pour
vaient &treestimbes i li hausse en zotie cotonnii~rc ront-ils toujours compter siur les techiniciens n~ces
et ila baisse pour les autres (FAO 1985a). saires pour fair,: les prblvemcnts. les transmctire 

au laboratoire, traduire ICs rstultats ci1 recoi
mandat ioils' 

RWponse des cultures aux engrais On est done contraint, dans un premier temps, 
et aux types de sols de limitcr les analyses :iquclqucs sites sdlectionn, s 

et d'extraipoler 'vCniuellenlent les rstltats i (IC 
II est utabli que parmi les techniqtues susceptibles vastes iones homogbnes en teianit coinpte ties dis
d'accroitre la production. la fertilisation -at sells parits tech niques Cxistant daits ces zones CI des 
large du terne est sails dout le factur de pro- anttle: corraiations. 
duction le plus puissant. Modifiant le sol. la fertili- Ainsi, l' tudC pouss/e de corrlations, r&sultats 
sation ne petit fondanentalcment tre &tudiL qie d'analyses de sols fertilisation, pour aussi inlres
dans le cadre des relations sols fertilisation. 11est saniCqu'elle soit, ne pourra d6boucher sur quelque 
done Iogiqtue de vouloir corrder les r,sultats d'cx- chose Lie concrct qii',i long ternie elle exigera la 
ptrimentation de la fertilisation avec les analyses nobilisation de gros moyens. 
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Sans pour autant abandonner les recherches en 
stations et pour certaines zones d'intensification 
precises, il est done n&cessaire de concentrer lc',
efforts sur des objectifs plus immtdiats, dbo,-
chant sur des techniques faciles ii mettre en oeuvre 
par le paysan ainsi que sur des &tudesde facteurs 
simples voire simplifies. Par exemple, point nest 
besoin d'analyser pour distinguer un sol lourd d'un 
sol 16ger. Pour aussi relative et empirique que soit 
une tlte classification, ellc petit ire faite dans tine 
zone r~piite homogne ltiant atix autres facteurs 
(cau noamment) et montrer rapidement une corr&-
lation entre c,-!; types d sols et la ri~ponse ii la 
fertilisation. 

Une corrlation de cc type a t& tablie I partir 
des rbsultats d'experimnitation stir bh& irrigul.
conduite conjointement par lc Programme engrais 
nigerien et le Projet de dveloppement rural de 
Maradi (FAO 1985b). ScIon ces rtstiltats, l'influ-
ence de la nature di t sol s'est rv'bl hautemlent 
significative tant pour la prodductiviit naturelle des 
sols (rendement du ti oin sais engrais) que pour
la rbponse I l'azote. Ainsi, Its rendements en grain 
du bik s'bIevaient respectivement ,i 1700 et 2600 kg
ha-' soir sols sableux ct argilCUx, cCUx en paillC
etaient respect ivement de 3010 c 4000 kg ha-. 

Dc plus, hi productivitt des engrais parait atig-
menter avec la lcgiret, du sol surtout pour l'azote, 
&lknment pour lequiel es resuthats sont cxprimes
dans Ic Tableau 2. 

L.a itratification des rtsulats des cenionstra-
tions recoltes dans Ic nord dlii Nig6ia (Flat de 
Sokoto) en fonction de trois types de sols (sablon-
neux, linioneux, argileux) reprise au Tableau 3, 
nlonitre clairenlent l'imporitancc du type de sols stir 
les rendements (FAO) 1979a). 

Fn cc qui concertie Icmil, bien quc les meilleurs 
rendements soient obtenus stir les bons sols, lia 
reponse aux applications d'engrais semble trc sta-
biliste it un plafond d'augmentation de l'ordre de 

350 kg ha-. Ce plafond rellte, sans doute, le faible 
potentiel de production du mail. 

Effets risiduels des fumures minhrales. Les rhsul
tats d'essais dans le nord du Nig&ria ainsi qu'au
Niger ont mis en vidence des effets rbsiduels 
importants des fortnules de fumure NP et NPK 
classiques. 

Au Niger, il a tb constat&que mmc l'azote a un 
elfet rtsiduel marqu&, cependant moindre que celui 
du phosphore (Landez 1985). 

Pour trois annces d'apports rbpbtbs d'une dose 
annuelle de 45 units fertilisantes, la productivit 
rbsiduellc est respectivement de : 1,8 soit 0,6 par an 
pour l'azote, ct de 3,6 soit 1,2 par an pour le 
phosphore. 

l)ans les conditions de la /one soudano-sah&
lienne, les fumures minralcs surtout le phosphore
mais aussi dlans tit neoindre mesure l'azote ne sont 
pas cntiLrcreont utilis'es en title seule saison cultu
rale. Une partie reste done disponible dans le sol, 
augnientant la fertilit& naturelle. 

Fn consquence, la rentabilit& de ces applica
tions, calcu~e st[r title setile saison culturale, ne 
donne pas title image r ellc du bLn(fice que les 
agricultcurs retirent de ces applications. IIapparait 
done iniporiant qutie les effets rsiducls soient repris 
parmi les thbmcs de vulgarisation lis i la fertili
sation. 

Si les efiets r&siluels des funiures niincrales clas
siques tic sont pas negligeables, ccux des applica
tiots de phosphates naturels sont encore beaucoup 
plus importants iant do point de vue physique, 
augmictation des rendencts, Llue du point de vuc 
cononiique. Scon les non lhreux tiSUltaitS du Pro

gramnic cngrais FAO au Biurkina Faso ct au Niger,
tine rentabilit suffisante tIe la funiure phiospliatbe 
par apport de phosphate naturel 11e petit tre 
obienue que si l'o prend en compte les effets sur 
deux aimS on micux trois ans ct cc pour autant et 

Tableau 2. RWponse du bik a I'aiote sehon les t1pes de %ols, Niger. RWsultats du( Prograimne engrais, Prajel FAO(;('PIF/NEI?/020/NOR. (Culture de confre-saison 1984/1985.) 

Augiiincation Rdt. (kg ha 1)tPs D~ose optiate Indice Iln'ficede sol (kg N ha 1) Grain Paille produclivitl net RVC' 
Argileux 68 81(0 2060 12 136 757Argileux sahleux 76 1134 2860 15 

16 
193 973 20Sableux 98 2062 3750 21 358 089 28 

1. RVC : Rapport valcur stir cofit. 
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Tableau 3. Influence du type de sol (structure) sur les rendements (kg ha-1), Nigeria. Risultats du Programme engrais, 

Projet FAO GCP/, TIR/021/NOR. 

Mil Sorgho 

Augmen- Augmen-
tation de tation de 

Types de sols Rendement rendement Rendement rendement 

Sols sablonneux (78)] (32) 
T- 679 624 -

T + F - 819 195 
PA4 782 103 713 89 
PA + F 1040 361 1049 425 

Sols limoneux (53) (64) 
T 798 716 -

T + F - - 1131 415 

PA 	 878 80 880 164 

PA + F 1146 348 1368 652 
Sols argileux (5) (36) 
T 960 884 -

T+ 	 F - - 1148 264 
PA 1030 70 943 59 
PA + F 1320 360 1514 630 

Arachide Coton 

Augmen- Augmen
tation de tation de 

Rendement rendement Rendement rendement 

(64) 
633 - 

884 251 - 

750 117 - 

1186 553 - 

(28) (15) 
810 - 448 

1087 277 - 

959 149 571 123 
1465 655 829 381 

(13) 
- - 522 

-

- 681 159 
- 1005 483 

I. Chiffres entre parenthses indiquent le nombre de rsultats, rsultats moyens 4 saisons culiurales 1974-1977. 
2. T = Parcelle trnoin. 
3. F - Fumure minrale. 
4. PA = Pratiques culturales aniliori~es. 

que I'on se situe dans les conditions climatiques 
favorables du sud de la zone (FAO 1985a, MDRI/ 
MESRS 1983). 

Influence du rendement de [a parcelle timoin 
sur les augmentations de rendement 

Tant pour le nord du Nig&ia que pour le Burkina 
Faso, la stratification des r sultats de drnonstra-
tion montre clairement une augmentation de l'ac-
croissement des rendements par l'emploi de la 
meti formule de furnure iImesure qu'augmente lc 
rendement de la parcelle tunmoin. Cette augmenta-
tip- est ,tautrc part plus nette avec une formule 
forte qu'avcc unc formule faible (FAO 1979b, 
1984). 

Les rbsultats du Tableau 3 mettent aussi en &vi-
dence que sur arachide, plus Ic rendement de la 
parcelle trnioin est faible, plus l'importance rela-
tive des pratiques culturales ameliorces est grande. 
A l'inverse, plus les rendements de la parcelle t&-
moin sont lev6s (les meilleurs agriculteurs ou ceux 
cultivant dans les meilleures conditions) plus l'im-

portance relative de [a fumure est Olevec. Ces r~sul
tats confirment aussi le fait que la combinaison des 
pratiques culturales amI31iories et de la fumure 
donne de loin les meilleures augmentations de ren
dement (FAO 1979a). 

Fumure et types d'engrais 

l'application des fumures recommand~es par cul
tures, pays ou regions, qu'elles soient des types P, 
NP ou NPK, implique dc ha part des gouverne
nients un choix dans la gamme des engrais dispon
ibles localement ou sur le march& international. 

Iit o6iil est opfrationnel et en collaboration avec 
les institutions nationales, le Programme engrais 
s'efforce de prendre en consid&ration les diff&rents 
&l&nmeuts techniques et &conomiques pouvant in
fluencer le choix du type d'cngrais. Ainsi, au Nig& 
ria: 
* 	 pour viter 'acidification du sol par l'utilisation 

r&pi:t& du sulfate d'ammonium, l'application 
de I'ammonitrate calcique a t& prfft&e et 
recomniandee; 

* 	 l'engrais binaire NP, du type 1-1-0 plus facile h 
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l'emploi que les engrais simples, a ti progres-
sivement introduit; 

G 	 i'application du bore stir coton a&t&introduite 
par l'utilisation de superphosphate triple borate, 

Ces dernieres ann&es, tin gros effort a W fait par
le 	 Programme engrais pour tester (Niger et Bur-
kina Faso) dans les conditions paysannes i'utilisa-
tion des phosphates naturels (FAO 1985a, [landc/
1985. MDR MESRS 1983). 

Au Niger, le Programme engrais a entrepris r -
cerment I'tude de I'application de supergranuiles 
d'ure stir riz irrigu,. 

Le Programme d'action de la
FAO pour I'agriculture africaine 

L.e "Programme d'action pour I'agrictihure afri-
caine"propose par le l)irecteur G(nral de la FA) 
(FAO 19 86a) a retenu parini les quatre grands axes 
d'intervention qui constituent I'ossature dii Plan 
d'action preconise, l'amlioration des quatre 'i'du 
di6veloppemnit agricole. ai smvoir : incitation, in-
trants, itnstitutions et infrastructures. 

Tel qt'.e d~fini dans l'0itudciFAO intitulle'l.agri-
cultture africaine : les 25 prochaines antdcs" FA() 
1986a, 1986b) l'objectif prioritaire entre totis esi tic 
relever dtirablement li productivit,, des lerres 
actuellement cultives. IL FAtO reconnait que cel 
objectif ne petit ,tre obtenu title pill I'utilisatlion 
accrue des fuitires organitltUCS Ct nin.rales ci 
l'amllioration des lechLnitICts CtilturalCs inletlgrcs
dans des systi.mcs d'exploitalion tidapts aux con-
ditions agro-&cOlogijluCs cl attx Iraditions locales. 
Les techniques d0iics devront cOmporter ela-
tivement peu de risques si ['o1 %cit que le pasan-
nat abandonne rapidemeni les s.slnmes tradition-
nels ii faible niveati tie teehnicit& et it b.isse 
productivit0 potir des sytLntes faisant plus la-ge
ment appel atx intrants externes. 

En lone sotidano-sahlitinne, les techniques d&-
finies devront ire t'atitlant mietix 0tUdies q Cla 

zone est soumise itdes conditions clin atiques iris 

variables pouvant occasionner ties deficits hvdri-

ques importants. 


Conclusion 

La strategie de I'utilisation des engrais en lone 
soudano-sah~lienne doit tre d3finie en fonction de 
I'environnement physique des agriculteurs et des 

nombreux facteurs de cet environnement (zones
agro-ecologiques, types de sols, variations clina
tiques saisonnibres, cultures, etc.) qui condition
nent les rendements des cultures, parfois de mania
re dtterminante. 

l.a strategie doit atssi prendre en consideration 
l'environnement economnique plis ou moins favo
rable des agriculteurs, notamment la relation coat 
des engrais/prix des produits agricoles ainsi que 
I'volhttion de cette relation. 

La fumure min&rale pour tre bien comprise 
doit: 
0 &tre tutilise dans le contexte des systbmes int&gras de la nutrition des plantes: 
• 	 tenir compte du niveau tie tcchnicit& des agri

culteurs et l'application outi non des pratiques 
culturales amdlior~es, culture attelke notam
mnl et de l'itilisation des autres intrants agri 
coles tels que sentences ami1ior~es et pesticides; 

0 	 tenir compte de I'existence oti non d'une culture 
de rente dans Ila rotation (colon, arachide) 
et oti de l'existence d'un march0 pour une pro
ducliton vivrirc excedentaire. 

Potui tre efficace. la stratgie doit etre con'tue i 
diffkrents niveaux, "t savoir respeCtivement au 
nimeau de 1'exploitation agricole. des rZgions, des 
principales /11es agro-0Cologijtlies homogines et 
des pays concernts. 

L.e rlCde tes lechniciCns est tc lournir ics elements 
techniqttisLi Ct'onolmiqlCs qui permettent aux 
planificateurs el dcidettrs tie dfinir I bon esc,.nt 
les stratt~gies les mieux adaptes. 

Ies pioicts tiu Prograinc engrais de l FAO et 
les scrs ices sptcillss (ies NI inist.res. qui soiveni 
en dcoulent. ont it coctir tie contribuerit la fotrni
litre de ces renseigneinents et t la prLparation de 
dossiers techniqtes et ,cononiqties. 
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Causes and Effects of Acidity in Sahelian Soils 

L.P. Wilding and L.R. Hossner' 

Abstract 

Extensive areas ofthe Sahel are covered wtith sandy acid soils with lo w buffering capacitiesand 
low activity clays vstems. Thlis is in markedcontrastto most soils ofNorth America, developed 
in semi-aridconditions. Acidit v in these soils is believed to be a consequence ofparentsands 
derived frorn acid continental terminaldeposits, st;ong paleoclimateand contemporaneous 
leaching, and base-cycling processes. Acidity in these soils negatively alffcts land use, soil 
physicaland chemicalproperties,andplantandcropdiversilication,anddisturbsthe balanceof 
pastoraland agrarianagricultureofthe region. Finallv, it makes agronomicresearchdifficult 
because random variability within plot treatments often exceeds s'stematic variabilitvdue to 
treatments. This is a significantproblem worthy of continued efforts to determine the scale, 
magnitude, and extent of spatialsoil variabilitydirectly or indirecth,due to soil acidity. 

Risum6 

Causes et effets de I'aciditi des sols sahiliens : De vastes zones sah6liennessont caract~risdes 
pardes sols sableux acidesavantde faibles pouvoirs tampon et des s'vstbmes argileuxd'activit6 
r~duite. Ceite situationest en contraste avec celle de la plupartdes sols soumis aux mimes 
conditionsde semi-aridit6en Amnrique du Nord. Dans le cas du Sahel, on penseg~n&alement 
que lcidit6est l'une des multiples consqluncesde sablesd 'rigine dpossparle continental 
terminal, de pakoclimatsplus hufnides et plus lessivants et de processus contemporainsde 
lessivage et d' change des bases. Elle a un elc't nc.,atif sti I'utilisation et les proprit& 
physico-chiniquesdes sols, la diversilicationdes plantes et des cultureset /es rendements. De 
plus. l'acidit est prjudiciahleitI quilihreexistant entreles sist'mespastorauxet agricolesde 
la r6gion. Enfin, ele gwne la recherche agronomiquedu fliit que Ia variabilitit6al&toire entre 
traitementsappliqu5stir les parcelles est souvent plus grandeque Ia tariabdit s*vstmatique 
due aux traitementseux-mLnmes. Cest li un probkme important dont I tude m~rite d'tre 
poursuivie en vue de determiner I'cheile, Iordre de grandeuret Ia mesure dans laquelle Ia 
variabilitbspatialedes sols est dti, directement ou indirectement,it lacidit6de ces sols. 

Introduction 	 forms, and reflect both semi-arid tropical environ
ments and the more pluvial paleoclimate. Most of 

Extensive areas of the Sahelian region in West the soils are Ustalfs, Ustults, Tropepts, and Psam-
Africa comprise red, sandy, strongly leached, acid ments, indicative of their diversity in soil texture, 
soil resources utilized for pearl millet cowpea pro- acidity, and subsoil clay enrichment (Daniel and 
duction (Fig. I). The soils vary greatly in thickness, Wilding 1983, West et al. 1984 and 1987, Wendt 
associated geologic deposits, and geomorphic land- 1986, But 1986). Chemically and mineralogically, 

1. Professors of Texas A&M University and Texas Agricultucal Fxperiment Station, College Station, TX 77843, USA. 

ICRISAT (International Crops Researh Institute for the Semi-Arid Tropics) 1989. Soil, Crop, and Water Management Systems for 
Rainfed Agriculture in the Sudano-Sahelian Zone: proceedings of an International Workshop, 7- It Jan 1987. ICRISAT Sahelian 
Center, Niamey, Niger. Patancheru, AT' 502324, India: ICRISAT. 
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IFigure~I. I.ocatlion of saindi ucid soil,,in the %emi-:aricI lropic,%of \~et,.. frica. 

these sandy soils are uniquely different from their 
fertile hase-rich. neutral-o-alkaline North Amcri-
can counterparts (Nettleto and Petcrson 1983 

Allen and Fanning 1983). Th1w Sahelian so~ils a|rc 
generally strongly acid. infertijle. we,'ak v holfere.d.kaolinitic systems with les c .,. athcrahlc mineral 
reserves. T'hjs tact is no~t wvel appreciate.d by many 
soil scientists and agronom'ists,.

H-ence, the purpose of this, papcr is to propose: 
(I)multiple working hypotheses for the observed
acidity in sandy soils of thew Sahel; and (2J cffccs of 
such acidity to their use and maInagemnent. Recent 

research conducted onl sandy' soils in Niger, which 
arc i,'presentative of many soils in the Sahel, serves as thc basis for this report. 

Stratigraphy, Geomorphology, 
anld Soils 

Stratigraphiy 

Surfa|ce deposits are aseq uence of sandy materials 
that cover ironstone caps, which in turn cover 
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loamy Miocene (possibly as young as Eocene) 
deposits (Continental Terminal). These units con-
trol the soils, geomorphology, and hydrology of 
the area. The Continental Terminal sediments that 
are about 25 million years old are deeply weathered 
and exposed only in road cuts, seldom at the sur-
face (Sombroek and Zonneveld 1971, Gavaud 
1966, Greigert 1966). Ironstonecaps the Continen-
tal Terminal in most parts of tile landscape alld is 
exposed at escarpments or brcaka\ ays along multi-
level pleateaus and ledges within the Miocene sed-
iments. The ironstone cap is i prominent pedo-
genic landscape feature formed during the late 
Pliocene or Early Quatenary periods (about 2 mil-
lion ,ears ago). presumably tllider wetter palco-
climates. It can be between 20 cii and I inl or more 
thick, either as a continuous unit, as sesquioxidc 
blocks, or as cemented ironstone gratels. The iron-
stone scrvcs as an effectisc base for the modern 
soils and as a root-and-,.ater restrictive layer, 
When on a sloping gradient. it is the interface along 
which interflov occurs. lie sandy cover materials 
are between 2 and 8 cm or more in thickness, o\er 
an alhost universal ironstome cap. The texture of 
this sandy cover is lile sand. line loamy sand. atnd 
rarely, fine sandy loan. In the uplhnds. it is mostly 
of colian origin \hile on loss let racos, floodplains, 
and ill tile dallols, it maymbe a colbination of 
fillvial and colian processes. lie age of these de-
posits range froni a fe\\ thousand ye,rs iin dallols to 
aibout 40 000 years in tiorc stable uplands. 

(;eolnorphology 

The area cali be di%ided into lot geonmorphic elc-
ments (Daniels and Wilding 1983). The landscape 
is domiated by broad, gentl. -sloping plateaus 
with discontinuous Sald co\er. sandv valley svs-
terns that slope gently from the ironstouie-capped 
plateati towartd a dry Stream bed. broad (terrace-
like) sand plains. aind dallols (dry fossil \alleys). 

Major plateau,, several kilometers across. are 
recognii/ed at 220-, 240-. aud 260-ni elevations 
along the Niger River. Ihe\ gencrally have thin 
sand covers with or \\ ithout ;ow dlitle forins. 'I lie 
\alley systems start just below tile ironstone cap of 
the plateaus, have thick sands near the escarplent 
brcakaway with discontinuous palcosols in tile 
lower sand unit. aind slope smoothly to the valley 
iloor. [lie sandy surfaces are apparently a comobi-
nation of fluvial and colian processes. 

The sand plains consist of thick (2-6 n) eolian 
sands over "stepped" surfaces or levels of laterite 
gravels that slope gently toward adjacent river or 
stream systems. The sand has a well-expressed 
dune relief and some deflation depressions occur. 
The sanl cover on all "stepped" levels only differs 
in color, texture, and pH. It abruptly overlies a 
cemented laterite gravel contact that probably 
represents a constructional floor of fluvial gravels. 
The sands were emplaced on these surfaces proba
b1N about 20 000 to 40 000 years ago: thus, the soils 
are more strongly developed than their dallol 
counterparts (Sombroek and Zonneveld 1971). 

The dallols are unique, sand-plugged fossil stream 
valleys. Construction of these nearly level land
forns wits apparently by both fluvial and eolian 
processes. Surfaces express marked d unal relief 
and activity: these sandy deposits are probably less 
th-in 1000 years old, and commonly have shallow 
water tables between I and S in below the stirface in 
soutlern Niger (Bui 1986). 

Soils 

Soils on the ICRISAT Sahelian Center (West et al. 
1984) are representative of extensive areas of major 
pearl millet:cowpea production centers in the vi
cinity of Niamey, including the sand plains and 
uippc reaches of valley sand systems. The Center is 
located on a sand plain. These areas comprised 
deep, red, sandy soils with weakly developed sub
soils (I'saitiinentic Paleustalfs, Psainmentic Ha
plustalfs. and listoxic Quartzipsantnetts). The 
Labucheri and l)avobu arc extensive series in this 
area (I ables I and 2) arid are deep arid soils oti the 
saud plains. I)allols are also extensively used for 
pearl millet. cowpea production btit the soils are 
coarser-textured, less red, anid less acid than their 
upland counterparts (Bui 1986). Soils on nearly 
le\el, broad, laterite-capped plateaus are very acid, 
thin, and variable in texture and thickness of sub
soil, over laterite or laterite gravels. Most of these 
soils are Itstoxic Dystropepis and Petroferric sub
groups of H-aplusttlts, Hhplustalfs, and Dystro
pepts (I)aniels and Wilding 1983, -Hagen et al. 
1986). The Gagani is a representative soil on pla

tWats (Fable 3). They are generally loamy in tex
ture rather than sandy. These areas are not exten
sively used for pearl millet ,cowpea production but 
are important forest and pastoral grazing lands. 

Textures of soils in uplands are dominated by 
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Table 1. Selected soil physical and chemical properties of the Labucheri soils in Niger (Psammentic Paleustalf; sandy, siliceous, isohyperthermic), sampled at theICRISAT Sahelian Center, Sadore, Niger, Africa. 

particle size NH 40AC KCL 
distribution (rm) extractable bases extract-Organic pH PHDepth Sand Silt Clay 

able NH4OAC Base Extr.C IH.O) (0.1 N Ca Mg Na K Al CEC ECEC saturation(cm) Horizons ("%)....... (') Fe

1:1 KCI) meg (l00g) - ------- (%)


0-9 Al 90.7 6.2 3.2 0.31 4.9 3.7 0.3 0.1 0.0 0.1 
 0.3 1.6 0.8 309-30 A2 90.6 0.45.6 3.8 0.18 4.9 3.8 0.1 0.1 0.0 0.1 0.4 1.1 0.7 2830-58 Btl 88.3 5.7 6.1 0.13 0.4
4.9 3.9 0.2 0.1 0.0 0.I 0.3 1.2 0.8 3658-78 Bt2 88.7 0.55.5 5.9 0.11 5.0 4.2 0.4 0.2 0.0 0.1 1.1 0.1 0.8 6078-98 Bt2 88.0 5.3 6.8 0.10 5.1 4.2 0.3 0.2 0.0 0.1 

0.4 
0.1 1.1 0.7 5598-122 Bt3 88.7 0.65.0 6.4 0.09 5.6 4.5 0.3 0.3 0.0 0.0 0.0 1.1 0.7 63122-146 Bt3 88.6 3.5 8.0 0.07 0.55.5 4.6 0.3 0.3 0.0 0.0 0.1 1.1 0.7 61146-173 Bt4 89.1 4.2 6.8 0.10 5.5 4.5 

0.5
0.3 0.3 0.0 0.0 0.1 0.9 0.6 66 0.5173-200 Bt4 89.0 4.1 7.0 0.07 5.8 4.6 0.3 0.3 0.0 0.0 0.1 0.9 0.7 68-0.6430-460 C 90.0 7.3 5.1 0.04 5.1 4.2 0.3 0.2 0.0 0.1 1.1 1.2 0.6 39 0.5 

Table 2. Selected soil physical and chemical properties of the Day obu soils in Niger( Ustoxic Quartzipsamment, isohiperthermic, coated), sampled at the ICRISAT
Sahelian Center. Namey. Niger, Africa. 

Particle size NHOAC KCL
distribution (mm) extractable bases extract-Organic pl PHDepth Sand Silt able N CBase Extr.Clay C (H:0) (0.1 N Ca Mg Na K Al CEC ECEC saturation Fe(cm) Horizons ('-) - ) 1:1 KCI) meg (100g)' -_ -_ _ --- (%) -- ,

0-15 Al 92.5 3.0 4.5 0.25 5.1 4.0 0.2 0.1 0.0 0.1 0.6 1.5 0.915-27 A2 91.7 3.2 5.1 0.15 4.9 3.9 
22 0.3

0.1 0.0 0.0 0.1 0.7 1.527-44 Btl 92.1 3.2 4.7 0.11 4.8 3.9 0.1 0.0 0.0 0.0 0.7 
0.9 10 0.3 

1.3 0.9 II 0.244-62 Bt2 92.7 3.0 4.3 0.08 4.8 3.9 0.0 0.0 0.0 0.0 0.6 1.1 0.762-80 Bt3 93.0 2.5 II 0.34.5 0.08 4.8 4.0 0.1 0.0 0.0 0.0 0.680-103 BW 92.5 3.2 4.3 0.07 4.8 
1.0 0.7 12 0.3

4.0 0.1 0.0 0.0 0.0 0.6 1.0 0.7103-126 BW 93.4 2.5 4.1 13 0.30.09 4.9 4.0 0.1 0.0 0.0 0.0 0.5 0.9 0.7126-150 BC 94.5 1.9 3.6 0.06 4.8 
20 0.3

4.0 0.1 0.0 0.0 0.0 0.5 0.8 0.7150-173 BC 95.0 2.0 23 0.33.0 0.05 4.5 4.0 0.1 0.1 0.0 0.1 0.4 0.7 0.7173-200 C 94.6 2.9 2.5 0.04 4.9 
39 0.3

4.1 0.1 0.0 0.0 0.0 1.4 0.7 0.6 24 0.3
200'- Laterite contact 



sands and loamy sands, but shallow soils asso
ciated with plateaus are gravelly and finer textured
(loamy sands and sandy loams,T"able 3). M ost, but 
not all of the upland soils on stable landforms have 

weakly expressed argilic horizons that slow the 
.a rate of saturated flow, increase the rate of unsatu-M 

rated flow, and increase the sorptive capacity 
E (West et al. 1984 and 1987). Water retention is low 

W +. +. . and plant-available water ranges from 0.05 to 0. 1 
cm cm-'. Infiltration and permeability are rapid 
but upon high intensity, short-duration storm 
events runoff has been observed even on these 

:1 Z I sandy soils. 
UMineralogically, these soils are residual systems 

dominated by quartz/ kaolinite/ Fe-oxide (geothite) 
" systems (Westo et al. 1984). rQuartz comprises most, E : 	 oo th ssk et n gainsn interlinked ttogethere into a 

weakly cohesive soil matrix by kaolinite/ Fe-oxide 
= : "E grain coatings. This matrix provides for large mac

ropore conduits through which rapid water and 
.. .solute transport occurs. The buffering capacity is 

olow 	 because of the low-activity clay system and low 
o 	 clay contents. Hence, soluble and readily-exchange

": 	 able components are rapidly transferred vertically 
to subsoils or restrictive layers via the wetting 
front. The low water retention characteristics of 

0. 	 - these soils favor this process. 
Chenicallv, these soils have s'veral properties in 

common: they are acidic, low in cation exchange= capacity (CFC), mineral reserves, and organic 
:E -r matter, and have low buffering capacity. The p1is 

,_ -are acidic to strongly acidic and base saturations 
,-are generally less than 35(7 in the upper 50 cm 
co, (Tables I to 3,and Figs. 2 to 4). Extractable Al (IN 

KCI and Al percentages are correspondingly high-
S,-. est in superficial and upper subsoil zones (Figs. 2 to 

S.-	 4). Base saturations increase with dL1th in deep 

E 	 = sandy soils with argilic hori/otis (Labucheri, Table 
" - _ 2 and Fig. 2) to more than 50% in lower Bt hori

.C zons. Exchangeable Al percentage is greatest be
-- , . -c tween 9 and 30 cm. Parent sandy C horizons, when 

0,I : -	 observed at 4-4.5 m below the surface, remain very 

strongly acidic and contain small quantities of 
exchangeable Al. Deep sandy soils without argilic 

- horizons (l)avobu, Table 2 and Fig. 3) also increase 
= -- in base saturation with depth but never more than 

40%: exchangeable Al percentage in this soil is 
greater than 75% between 15 and 100 cm. The C 

. + , ' +horizons in these soils also remain extremely acidic 
8 0, 1 	 with base saturation of about 25% and exchange

able Al percentage of about 65%. Shallow soils, 
representative of plateau surfaces (Gangani, Table 
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Figure 2. )eptlh distribhution of pl, base satura tion 
percentage. :in(!aluminum saturation )ercentage in 
the Lahucheri soils. 

3 and Fig. 4), are extremely acidic inlboth A ad Bit 
hori/ons ofthe sand mantle and in the 213t gravelly
sandy loam horizons just above the laterite con-
tact. These gravelly subsoils reflect the weathering 
profile into the Continental Terminal sandstones 
fron which tilelaterite was also formed. The base 

saturations are coninon! .*25(' with correspond-

ing exchangeable-Al percentage values between 6) 

and 80()C. 

While degrees of soil acidity are associated with 
mappable differences in morphological properties 
of soils in tileSahel. remarkable spatial variability 
inacidity also occurs at lateral intervals too small 
to be delineated by conventional semi-detailed soil 
surveys. )etailed research on these poorly-respon-
sive pearl millet areas tare reported in this volume 
(Chase et al. 1989). Possible hypotheses to explain 
the origin of acidity in these seni-arid tropical 
environments are proposed in the following. 

Saturation (%) 
0 10 20 30 40 50 60 70 80
 
- I I I 1 1
 

20

40- ... 	 Base saturation ((i)
Al saturation ((4)60 - p !

0-

E.- t"
 
E 


12 0 - i
 

140

100 a teril> 

4 5 6 7 8 9
 

p1I
 

Figure 3. Depth ditrihution of I)II,
base saturation 
percentage, and aluminum aturation percentage in 
the 1)aolu soils. 

Saturation (4
 
10 20 30 41 50 60 70 80
 

0- I I I I I I
 

W

-

21 " 

30-"
 

Base sattration 
I a cric\ Al saturation ('7i 

5I
 
4 5 6 7 8 9
 

PH
 
Figure 4. )epth distribution of p1l, base saturation 
percentage. and aluminum saturation percentage in 
the Gagarti soils. 

220 



Origin of Soil Acidity 

Acidity in soils of the Sahel may be attributed to 
the (1)indigenous acidity of the parent sands, (2) 
the development of acidity in soils weathered in 
wetter paleoclimates, (3) leaching of bases from 
shallow soil systems in contemporaneous climates 
with concomitant development of acidity, and (4) 
vector dynamics between base renewal at stiface 
horizons and base loss at lower subsoils by leach-

ing under contemporaneous climates. It is proha-
ble, however, that soil acidity in these soils reflects 
multiple causes and counterbalancing base renc-
wal vectors, 

Effect of Parent Material 

The parent sandy and fluvial sediments from which 
most of these acid soils developed, were apparently 

locally derived from polycycled and preweathered 
Continental Terminal sandstone bedrocks (Som-
brock and Zonneveld 1971). Valley incision and 
dissection into the Contincutal ferminal provided 
an anipie source of skeletal sand grains of the siue, 

shape, and mineralogy is found in valleys and 
uplands of the surrounding soil landscapes. These 
parent sands are acidic, contain small quantities of 

exchangeable Al. and hae kaolinitic Fe-oxide 
grain coatings as found insandy soils of the region; 

tile color and acidity of thesecoatings impart tile 
sediments. However, during the fluvial and colian 

transport process, a large component of the easily 
detachable clay would be lost from tilecoatings 
about skeleton grains. Ilie sands would then 

become less red, less clayc. and less acidic; this 
condition more closely approximates observed 

sandy parent materials (C horizons) of soils in tile 

vallcv sand system, sand plains, and dallols. In 

sum mar. *,videncefor soil acidity being an inher-
itedlproperty includes (I) tilepresent seni-arid 
conditions, (2)the strongly acidic nature of soils 

and geologic material associated with the Conti-

nental lerminal deposits. and (3) tileacidits of 

parenlt eolian and flUVial saildv C horizons of tile 
soils in question. 

From field morphology and laboratorv analssis 

(Table I to 3), only part of tie present clay, Fe-
oxides, and acidity ofthiese soils could be explained 
by inheritance. Pedogenesis of preweathered par-

cnt materials must also be taken into consideration 
to explain local regional patterns of soil. Following 
are several mechanisms by which this could occur. 

Effect of Paleoclimate 

There is a wealth of reviews of paleogeographic 
studies in Africa that have been published (Fair
bridge 1976, Williams and Faure 1980, Maley 
1981). Reconstruction of the climatic history has 
been attempted on tilebasis of: (I) stratigraphic 
studies of stream terrace:; in northern Niger (Rog
non and Williams 1977, Morcl 1983, l)urand et a!. 
1983): (2) correlations with lake- level fluctuations 
and paleoecologic (pollen and diatoms) indices in 

the Chad basin (Seivant and Servant-Vildary 
1980, Durant and Ma,hieu 1980, and Maley 1981); 

archeological sites (Herviet 1977), geomorphic, 
sed imentologic. and pedologic correlations (Som
brock and Zonneveld 1971, Gavaud 1977). 

The major cycles that are important to soil acid

it,in sandy soils of the Sahel are summarized in 

Table 4. Arid periods correspond to alluviation/ 
fluvial aggradation and colian activity, while more 

humid periods correspond to vegetative stabiliza
t ion of the land surface, intense soil leaching, and 

weathering regimes. More humid climates would 
also reflect major periods of downcutting and the 

formation of multilevel plateaus in adjustment to 

stream-base levels. 
In stimmary, tileformation of laterite-capped 

multilevel plateaus (Soinbroek and Zonneveld 
1971 ). the deep weathering into Continental Ter

ninal sandstone, the very thick acid argillic hori
ions in (Jeep sandy upland soils (West et al. 1984), 
the presence of buried palcosols in thick eolian 
sandy deposits of the valley sand and sand plain 
systels ()aniels and Wilding 1983, West et al. 
1984), and evidence for climatic fluctuationstile 

from paleontological records are all indicative of at 

least a part of tilesoil acidity of these soils being a 

consequence ofpaleoclimatic leaching under more 
pluvial (\setter) conditions. 

Effect of Contemporaneous
 
Climate on Acidity
 

Shallow Soils 

Contenporaneous losses of bases from the solum 
are probable (Figs. 5 and 6) on plateau surfaces, 
upper segments of valley saind systems, and on the 

sand plains where shallow sandy soils overlay root 
and water restrictive layers (laterite, ironstone 

cemented gravels, and plinthic horizons). Restric
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Table 4. Summary of climatic history of West Africa (Bui 1986). 
Years B.P. Climate 

0-4000 Arid 

4000-12000 Humid 
maximum 7000 

12000-20000 Arid 

20000-29000 Humid 
maximum 22000 

29000-38000 Arid 

38000-40000 Humid 

40000-50000 Arid 

tive layers that form a graded surface serve as the 
interface along which water and mobile solutes are 
transferred beyond the limits of biocycling by
plants in the immediate proximity (Fig 5A). 

During periods of moisture deficit and high stir-
face soil temperatures, water is lost by vapor 
transfer and thus any bases remaining in contact 
with the laterite are not moved back to the surface 
(Fig. 51). Likewise, biocycling is not an effective 
mechanism of base recharge to the surface because 
of the paucity of bases left in the system. The only 
effective means of base renewal in these soils is dust 
inputs. However, because of the sparse vegetation, 
crusted soil surface, and extreme desertification on 
these shallow acid sandy soils, little dust can be 
entrapped; most will not be deposited, or if depos-
ited, are readily removed by wind deflation and 
water erosion. 

Where shallow sandy soils directly overlie the 
Continental Terminal sandstone or a plinthic 
horizon (irc.a-pan) at the interface, the soils are 
generally gravelly and strongly acidic. In this case, 
the impediment to vertical root-water movement is 
the plinthite horizon or the underlying sandstone. 
When these restrictive .layers form a graded sur-
face, losses of bases by interflow above the restric-
tive layers is the same as when laterite is the imped-
iinent. Acidity in these soils is a combination of 
strongly-weathered residual soil material coupled 
with contemporaneous base loss by leaching and 
lateral interflow. 

Evidence 

Pollen and dictom assemblages; 
Lake Chad fluctuations 

Lake Chad high 

Lake Chad minimum; maximum 
17000 deposition of Erg 2 

Lake Chad maximum 

Fluvio-lacustrine and interdunal 
evaporitic deposits in Lake Chad area 

Southern margin of Lake Chad high 

Deposition of Erg I 

Deep Sandy Soils 
Development of soil acidity in deep sandy soils is 
shown in Figure 6. During the rainy season (Fig 
6A), bases and nutrients progressively move to 
deeper soil depths or to restrictive impermeable 
layers with the wetting front of successive rains. 
Marked soil acidity and Al saturation occurs at 
depths in the soil corresponding to those zones in 
which the greatest number and most frequent wet
ting fronts have occurred. Because these soils are 
so coarse-textured and poorly buffered, develop
ment of acidity may be closely correlated with 
leaching events and dynamically change seasonally
with depth along the leaching front. Hydrological 
measurements at the ICRISAT Sahelian Center, 
Niger, indicate that during the rainy season, wet
ting fronts up to 2 m or more are possible. Hence, 
during these periods, bases would be transferred 
progressively downward depending upon the f-e
quency and intensity of seasonal rainfall events. 
Where the laterite contact or other restrictive layer
(Dayobu, Fig. 6A) is present within the wetting 
front, bases would be transferred laterally along 
the slope gradient as interflow similar to the pro
cess described for shallow soils. The Dayobu as an 
interdunal depression may also receive more intense 
leaching because of runon water received from 
adjacent dunal crests. 

Conversely, during periods of moisture stress 
between rainfall events of the wet season and dur
ing the long dry season, base movement is upwards 
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towards the soil surface via unsaturated liquid flow (Fig. 6B). Base recharge by evaporative pumping is
(evaporative or capillary pumping, (Fig. 6B). How- thus not likely to reach the soil surface. The depth
ever, capillar, rise is limited by the coarse-textured at which vapor loss of water is the primary mecha
nature of these soils and by the depth at which most nism is not known, but based on surface soil 
water loss can be attributed to vapor transport temperatures known to reach 60'C and higher dur

a Wel season 
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Figure 6. Schematic illustration of dunal sand plains. a. Vectors for soil runoff and leaching fronts during
the wet season, and b. vapor and unsaturated liquid transfer during the dr. season. 
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ing the dry season, the thermal gradient sustaining 

this process may be effective up to depths of 50- 75 
cm. Upward movement of bases that had been 
leached to lower depths can then be expected i. 

rise to upper layers. At the soil surface base, rene-
wal occurs in the form of biocycling by plants and 

animals (especially termites) and by dust inputs via 
harmattan winds from the Sahara Desert. 

The vector dynamics of base loss via leaching 
and base renewal via biocycling, dust inputs, and 

evaporative pumping may help explain the base-
saturation and Al-saturation depth fuinctions, ob-

served in deep sandy soils (Figs. 2 and 3). Soils 
without airestrictive layer sthin the wetting tront 

(ILabucheri. Fig. 2) have maximum AI saturation 
and minimum base saturation in a /one ine-

diately below the soil surface to a depth ot about 61 
cm. Soils such as l)ayobu (Fig. 31 and (iagani (Fig. 
4) with restrict ise layers intercepting the wetting 
front have similar bases and Al-saturation depth 
functions but tend to remain more acidic through-
out. Ibis is explained by the tact that bases are 
seasonally lost tromthesesystems asinterfloss lca-

chates above the impediments to losser Iladscape 

positions. F{ aporatii\e pumping and biocycling 01 

bases occur as inIthe I abuchCri soils t there aire 

rcl;tivcl, tc\bases in tlhe ss\stein to be recycled 
except tor dlst inputs. I lencC the soils tend to 
remlai stn'O ls acidic thllotghOUt, contrast to 

deep sand soils \ilhout restrictise lasers. 
Consideringthe loss buttlerig capacitics ot these 

the proposed chelica l dirailics.cimtilin 
sh(Juld be cxerciCseL in intcrpretinlg data sets col-

leCted aItitly oie pirOllt I)ata reportled here 

soils atild 


ili 1iii1. 
%Crie collected oil soils sampled dilling th IriS2 

raili\ seasol. (,ic can ol.\ specularte oul tie nattei 
ol tie chcalCCl properties had these soils Ieeii 

sampled csequentially drLirig the riny sCasol ol 

dturing the dry SCasOr. I is is i itrportllit aiurt-
trinic qtestion svorth\ of Ilttitle,eseatrch efforts. 

Stich researchl is being planed \tthin tle SAI 

I roplsoils CRSP program. 

Effects of Soil Acidity 

Major Soil Constraint to Land 'se 

Spatial variability in tarmers fields ocCrits ott a 
bhirad scale ii the Sihel. A significant proportion 
of this variability is ;apparetetl\ associated ssith soil 

acitit , although it is lecognii/ed that there are 

observed varia

bility, e.g. termite mounds, and previous village 

sites. The exact land area where crops are affected 
by acid soils is unknown but preliminary observa
tions indicate that itis substantial. 
The primary effects of acid soils on agriculture 

ott the Sahel are threefold: (I)crops and cropping 
systems are limited by their tolerance to acid soils. 

other factors that contribute to tile 

(2) the lull potential for soil producti' ity cannot be 

reali/ed until soil acidity problems are diagnosed 
and tretcd, and (3)areas devoid of vegetation 

ossi lg to acid soils hasten deserrilicatioti in the 

Sahel. 
Acid soils aftect a numbe ol soil chemical and 

biological propeities, I)ecrteing ,oil pl is asso

ciated with increasing aluminum (Alland maiga

isc (I.111) a,\ 1lues ofapproxlability. BIelosw p 
marclh 5. colocelllratitols of lik-se elements ma\ 

increase to levels that ate toxic to plant. ILow soil 
pHt is also associated s,ith hIscr coliceirtratioils ot 

basic cations (calcium. magnesium. and potas

sim. Iables I 3) available ttplants. Root growth 
aid sa te-iuse efticienc\ of plants are both res
trileeil illacid soil sy\stems with pll values low 

enough to lae toxic IC\cls of Al and or %In. 

Soil Acidity and Cropping Systems 

FIticicit use of natise and applied nutrients and 
s ,rie can never be rcali/ed until soil acidity prob-

Icrs lims e beeni resoled. I lie choice ot crops and. 
threclore, cropping ssstci will be limited to croips 

and i'luli tolerIalt illteas swhereatrs tht aie acid 
soil acidity is extcnsi\e (S'inchc/ 1970. 223 253 
pp.). 

i c cI lie p sec of aicid soils in the scmi-arid region 

or th1 tropics is ilttutc\ortlh iniitself. That signili

cant ;teas ot the Sahel arc ricgatiivel itected b' 

soill aciditv isparticularly iiiptrrtart. be introduc

tionto higher-ictding cuiltisars of pearl millet. 
solgh,,mn, or olier crops that could be groswir in tile 
Sahel \%ill be limited to acid-toleriant varietres. 

Efliciett use o \l leresolurces is limited in 

alcas s\here crorp gronth is nt Irucnlced b\ soil acid
its. Intrtoducti,,in o fertilizers into the cropping 

system, patticulaily acid-Inn urigi anitioirin-based 
materils. to the pottl.\ buflered, sandy soils ssill 
titrd its Itsel soil pH smillitlime. Since the soil 
resitirce is \Cel\ 1trtlds thcorrect aciit.v.IralgilC, 
and chemical ticatnoeits to increase Croip yields 

titst Ire cet. llconsitelred. 
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Desertification of the Sahel 

Causes of desertification in tileSahel are both
natural and man made (Thatcher 1979, Thomas 
1980). Surface or subsurface soil acidity that nega-
tively affects plant growth contributes to desertifi-
cation in tileSahel. Bare or partially vegetated soil
surfaces are subject to wind and water erosion
(tiger bush plateau uplands), both of which may
expose acid subsoils. Pooly-vegetated soil pro-
motes water rutnoff due to i lack of iumpedence of 
water to overland flow. and (file to crusting fronmrainfall impact tha can result in clay and silt dis-
persion and partial surface sealing. Crusting ofihesandy surface soils isexpected to be minimal in the 
S ahel but ex po su re of th e acidcould dramatically increase arg ilic su bso ilswater runoff. Futrther. 

C-IIdaaial nraewtrrnf.Frhr
bec ause such a reas r esp o nd po o r ly to p ear l m illet 
cowpea production, the land is used for pastoral
gra/ing of animals and har\esting wood for Iucl 
and for construction, Ihis increases animal iralicand cOtlpaction, and intensiies the desertification 
process. 

Lack of vCgetationll lldsoil litter also enhatices

wind erosion and movement of surfatce soil. Prop-

erle vegetated lands act as a deterrent to soil 
mnovemntl by wvind erosion. 

Plant Response Variability 

Fields with \er\ acidic Siuils Sh\%striking plaint 
response and spatial \ariahilit\ os er \ery shortdistances. Pearl millet gro th ofteti decceases Irtm 
veryprodoct ieregions tobilpletel barrenl areas 
ovcr distances varying flom 2 to 10 tn.(Wenldt
1980). Ihe /ones bet\seen these irregularls distrib-
uted productive and unprioducti\e leg.ions are
characteriled by graduall, declining peat Millet 
gro\th, as delined b\ sxaller plants dcli.',d

maturity, shorter and more poorly filled heads.and diminished yields. Pearl millet germinates tn-
formlv inall areas of the field and gro\tli appears
to be essentially tniforr until one ot t\o %%ccks 
after energene. I)iffereii.cs in ero t: hc.:,ic 
apparent at this title. Ile plants in the .)st
unlproducti c regions cvent ua l\ lie,lea ing places
in tilefields dcvoid of segctation. Completely
barren areas appear to be larger in regios of nar-
gital rainfall. PoFor staids also appear to be asso-
carted, though not consistently, with ulicro-lo% 
regions it the field topograiphy (Wenidt 1980). 

Potential pearl millet yield, lost owing to soil 
acidity problems in tileSahel have not yet beenquantified. Extreme variability not only severely
reduces yields, but isalso a major obstacle to other
field research efforts. l)iflferences between treat
ments are difficult to detect because of large 'aria
lion between replications within a given treatment. 
Hlence, soil acidity is not onrly a soil management
problem for farmers but has a significantly nega
tive impact on agronomic research endeavors in 
the Sodialno-Salhelian /one of Africa. 
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A Study of Crop Growth Variability in Sandy Sahelian Soils
 

R.G. Chase', J. W. Wendt2 and L.R. Hossner 3 

. lbstraCt 

Markedspatial airiabilit.t in cropgtot Il er .iort di.tanes it)l andi* Naihciansoils (psat
nentic 'ale'n.tall. .%anl .siliceo..,i.soh.1peftlllic)t'alse.i. tield rec/uctioln.%within a lirmer s 

liel and cotnplwcale.s analt 'L oltltesllt.%Ifom liw'l .L-Alrilents.l'anting pearl millect in a Ichl 
ItI It t '11 t tVt.% ;.i in/ited lhI t t ilC3tt ItllI/ ofthe l /oor Soil doet.s icot ehlngOILS)llc area 

ptibhbu't'tihl ' ttt'tl 'tes. JaItht eI'p.i ,/rt'illOfC ilta 't'ed I bald vear'.S thtl ingood eat. 
ReatMingplant heit to I./d'hc .%ial ifand he)(l I'riI topcrtiv's itf 101 po)/nti ofn tt o transtTts 

.s/otied high coirctio it thI oil aciditi*aA,,it/otherr pei.%. lata en/toni an area 2) kin 
rotml NadoloN .lpp o itc/d th Is lindlln'. .la/ It of ill/,lat'ce Soi .i;tllpc.and /1vol'destaken alonga 

trian.ieet' bt)ten dtta Ill Illt/lh and poor 001op etotclh sit that ct'dit/I decreases and 
al/A"1;1111t IrLTCttC, i Iahnc/itn;rea Vitl iea is appi atc/ld. atm1dthat health k1u sc i.s 'ith 
iciid t v .io / 1'a'. f;,i/ttl)ll 1d4,n) toli dcpth. Iite po/ SI l/%are acidic on the 

,%lil t ' (. C11t'll) 

ublc4lnt nt.. 

lonA..' at ' i0 .e') /ti 


PIt . tildic' atd NlhsL/ plant ,a/ 4114 0 n t'A -4hl.'c/lins.I 40 cl hlh A l ( /400 
n )ill/t ci In p/anti .!il Il 1/ in poof Soil . 1 tl..t toiLtn'IltS c '600 

ill AA em' e'n0 a l t'iilt'd tit/h / / i ll/i;! I/ Wl' c I t'ke.kit t tclI 'I lot plauit glotit lh O11 tl 
1114lit' /)/atilt' t'ci 't'd ./Il t/.S Slit' bi clcl nat] ftf I A1 /ti.l I, tlrf nlr Ic plan c'fn Ill. hi .silltt 
p/znlat ,rtin ntni ft' )(cI os i. I rlindl .trtlng/ t4I IItliei/t/lins than p/alsprotIn 
o11 o or Isi lll'. 

Risume 

Variabilit: spatiale des cultures des sols sahiliens : Ilie forte variahilitospatiale de la croissance 
des cultursstr de petittes distancesdan les ro~gionssahOeienn'. de so/s sableux (psammentic 
P.Wenstall.sables.SilieTs, i.Wchyperterttlic uel dimimue les rendements des culturesvt complique 
IifaIse des rc.stltatsdecoulant de. e.spcrienccs nnLcs par les chercheurs. )es semis de nil 
pendant dcui.%anilees coLS&t'tlitCS than.s llttlne champ oht ildiqot' . Iiibsenced 'undcplace-
Innt per'eptile des pochi.t de .so.s clrt'.itiitOS dt'une ainnte ;i lautrec. et I'aggravationdu 
priudiceporte aux culturcs I c bonnes annes.pendant Ite.s ntalalcnise amilces pat rapportaux 

Li ino.'' en relation de /it hatecwrde.N planteset de.s propribtSpl/wicO-chinliuesdii sollelong 
c/e deu train.sects a lllontr line /ortt cLOrrelation lntre /aWidite cIl sIl et les propridtes ' 
a/h~renles. Les donnc s rct'tillie.s dans uni) ratoil c/ 20 km ont corrobor' cette constatation. 
L analse de.% chaintillo.s ct des prolil.s des sols en stirlice suivant fine hgne transversale 
separant It.s ,'clnt.s de blinn Ct tnicdiocrecroissance ilontre : unt dimiutilonde /'lcidit el une 
aignlientation tde. bases ;i ne st' cque on st' rapp occtic. la/fit' ) lIa croissanceest bonnc, et 

,4l) , ll h t'I/ ll C I BAI Ak , M AIi I l 'I( I I 'i' I to It ll, hll ct ,,'llt .III AC Ip Il. r1i1i11 SttCfIi P'01W. 
1'!lc r .IIC , .S liCI Illl I1t- .[Icgc e I1 *) N ic\ 4

,iL . I 

R RI,,.\ I /Ic41.lcrl 4l.al ( , Iitil lith i tilter l tl lct t Sci-,\r d IIr lts I,)s9 Soil, ( Ip. mridW iter Ninaiginte'ici Svstems fir 
Ralncd AP.,r/.i ilc il Iic ScdilI ,-",ahcha /,,ic prIcccfi .l . Iilcja'tiImi l Wmksih p. 7 I lan 1987. ICRISAI Sahelian 

tcl. Nimll:%. NI/cl I'4,ICanihcI .\ P 02 124. Inda I(IN\ I 
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une faible acidit des bonssol.% (50 7 A I+saturation 1ljusqu" une pro/iondeurde .35cmtandis 
que /es sols pauvres sont acides en sur.'ce (5cm). 

Des 6tudes en pot et I'nal'$se desplantuils ,jgtiesde quatre Asix semaines ont montre que Ies 
phntes cultivces sir sols tndiocresetaient caracterisees par ties teneurs c/c ices en Al (1400 
ppm) et en An (1600 ppn). Les plantes avant uine teneur er .1 600 ppm &taient toujolirs 
associiesAune l-iblecroissance. D'm'e l/on entle,hi rcponsedes plantes au. engrais est delviii supcricure en so/s riches qu 'ei.so/spau ilTes. Onl a tnis en evidence 'nc/'fet posit i/ dc/a chaux 

sur la diminution en An, mnais non en AL. 

Introduction 

In many areas of the Sahld, crops grown on sand\ 

soils displa\ a marked degree ofspatial \aria ilit\ 

in crop establishment. gross th. anld yield s\ithin a 

single field. InI some cases. the \ariability in Clop 

grolth iS hecals of [)l al<I biological
tile \ sicill 

plopelrties of the cosille, pooll hll lbteled soil s\s
teln. While crop variabilit\ ma\ tre++ltentl\ be 
altribilted to tlie existence of tiruite Illotitid s, 
proxintit, to trees pies oils littttatt aCtiS it\ (thase 
1984. Moorman and Kang I978). soilborlc pests 

I6Cirianli aind Re\CSisa I082. or \ ariouls pedio
genic processC,, \Vilding and l)res 1978. Van 
W\Vubeke and I)udal i 97N). a particulal\ pro-
notmliced alriabltis exsts. s.liclt has i dttteletic 


ca luse. In such cases. patches of pool pearl ttillct 
groslth. 0 311 itn .ittall\ [text to Iihihlin dtair\er 

prothlcti- e sta-,ttnds catlse t\ld losses ntidctlotilld 
treatmtent ,Itecs it resailIers leld e+peititls 
(Moorman;.tt and Kiing 1978). 

IHie objectises of the stuiles repolted here were 
to determine tie causes ot \ariibiit., aLd to seek 

methods to eliminate the sources ot this \ariahilit\. 

Symptoms 

In the agricultural fields ncar Niatney. Nigei, 
patches of poor pearl tmillet ( 'ennisetum america-
nun) growth are often obser\ed inifarmers' tields 
and otnresearch station plot,. Thev are freqtentl\ 
associated with slightly depressed ireiS in t' 

fields. anid often have dlarker Suitrte soil tlhain tlht 
inadjacent pr(luctive regions, anid i\weak, pitots 
crust. IProdtietise regions. in constrt st., trcoften 
associateld \ith slightly el's ated regiois tid loose, 
very sandy soils. Symptoms of' poor gro\sth beginti 
to appear inipearl tlillet aflter etier-I 2 \%eeks 
gence. The seedlings exhibit slunted growth atnd 
the leaves curl longitudinally, often turning yellow. 

purple. or brown. Itsoil-nloisture remains high,
 
less-aftected plants may continue to grow and may
 
r1venltualy produce asmall head. I he tuore-affected
 
plants die itdeprived of wkiater es n for a short
 
peod. ('o\\pea crops ( V'il"I tutiCin/ta) \whell 
affected becote 'cllo\ atd grosm tnore slowly but 
usuallY to not die. 

Materials and Methods 

The Site 

Pieltminar\ studies Ztttile\ere conducted ICRI-
SAI Saliciai('enter (ISC). located approximately 
40 killsoutheast of Nianey, Niger. West Africa 
113 1 'N latitude 2' 1'1loihgitttde), at inaltititde 
of 240 in. Ilhe site is located otilislttI plain with 
2 Sll thick eoliallu lsads coosrit ne (f.a srie of 
stepped sIrtaces cotnprisdto cemented laterite 
giacls (\Vst ctal. 194). 1Iw soil is satidv. sili
ceots, isollt perilternlic PIaleustalf,Psalilllletltic 

comprisIed of appoxiiit.ittl\ 91 sand. Ilhe str
face hori/ol (25 311Cillthick) is it sello\ish red 
sand ttderlatit b a thick( Iil red 1011i\ stnd or 
red sitdlIhori/ol. 

Raintall is highl\ irregular both in distribution 
iiltd
total anontidiuriig the sht)rt (approxiintately 

4 io l raiint\ I.ong-tIeirI illein .illlUnllrain-Season. 
fall for the Klo iseairch station. about 20 ktn 
from the ISt_.is 574 nin. s\ith a 90(')probability of 
receis ilclilore than 381 f1lit (Si\ikitmar el al. 
1979), Annual i iititall itthe (S'turingthe studies 
described hire is betcen 240 6080 milli.ws 

I lie site had been sdior a irtaditional r,earl 
nillhi-fallos irotation before being donated to the 
1St(. I%%o ciirsof lertili/ed crops had been grown 
ol the 2-hil experiineCntil iicld before tie present 
stutlies \\ere begitU. Prcsiots experiments there 
cotili nt be ititerpreted d ue to tie extrenie varia
bility incrop growth. Soils at IheISC are represeti
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tative of the large surrounding pearl millet-growing 
areas. To extend the applicability of this on-station 
study, three additional sets of soil samples (per 
field) were taken from similar soils from thr'x'e off-
station fields within 20 km of the ISC site, where 
variability in crop growth had been obsezved. 

Soil Sampling and Analysis 

To determine causes oferop variability, two 50 in , 
50 in transects that intersected perpendicularly at 
their midpoint were established. They extended 
over both productive and unproductive crop growth 
areas. Soil samples (0- 15 cm depth) were taken at 
I-in intervals along each transect. They were ana-
lyed by tle Institut national de recherches agro-
nomiques du Niger (IN RAN) for organic matter, P 
(Bray 1), particle-size distribution, cation exchange 
capacity (CEC), bases (K, ('a, Mg, and Na), ind 
effective CEC. Soil p H (1:2.5 in both 11,) ind 
KCI), exchangeable acidit, and Al, soil bulk den-
sity, soil surface elevation, and plant height were 
determined. All soil parameters were regressed 
against plant height of pearl millet grown in 
pockets adjacent to each sampling site. 

In another study, 26 soil samples (0 15 cm 
depth) were collected at regular intervals along a 
!5-m transect where pearl millet development 
declined somewhat regularly (i.e., from superior 
growth to plant death). In addition, soil samples 
were collected in increments to itdepth of 70 cm at 
each end and at an intermediate location on the 
transect. All soils were analy/d Ior bases, p H, and 
exchangeable Al and Al+ It. The bulk of the 26 
samples taken along the transect were then used in 
pot studies. 

ISC Field Studies 

Field studies were conducted at the ISC from 1984 
through 1985 to estimate the extent and severity of 
variability in crop growth. In 1984, pearl millet 
(var. CIVT) was machine-planted at a 1.0 0.75-in1 
grid spacing in a 2-ha field. Simple superphosphate 
(SSP) was machine-banded at the time of seeding 
at a rate of I50 kg ha (15 kg 1)ha-). Urea (100 kg 
ha 1)was applied by hand adjacent to each hill, half 
at plantingand half at first weeding [about 15 days 
after planting (MAP)].Approximately 30 DAP, 
plants were measured in the 5 , 50-i square 
defined by the intersecting transects described 

above. Head number, length, and weight were 
recorded for each hill at harvest. 

In 1985, the field was planted and fertilized at the 
same rates and times as in 19 84. Hand planting 
permitted hills to be placed at the recommended I , 
I-i spacing. Plant heights and yield parameters 
were recorded in the 50 x 50-in subplot as in 1984. 
Soil samples were collected on a 4 x 4-i grid and 
analyzed for plH (H1,0 and KCI), exchangeable 
ici(ity, and Al. 

Pot Studies 

Four pot studies were conducted 'jring the 1984
1985 dry season. Their objectives were: 
0 Study I: To determine the effect of soils taken 

along a transect between productive and unpro
ductive field regions on pearl millet seedling 
root and shoot growth, and shoot mineral 
composition. 

6 	 Study 2: To determnie te ef fects of lime and Ca 
applied to productive and unproductive soils on 
pearl millet seedling root and shoot growth, and 
shoot mineral composition. 

a 	 Sttidy 3: l1o determine the effect of nutrient 
applications, both individually and in selected 
combinations, or. pearl millet seedling root and 
shoot growth, and shoot mineral composition. 

0 	 Study 4: To repeat the third study using differ
ent combinations and a soil-sterilization treat
mnent to test for biotic factors. 

For the first study, the 26 soil samples collected 
along the transect between productive and unpro
ductive field regions, discussed above, were mixed 
individually, Four replications from each of the 26 
soil sites, using 7.5 kg of air-dried soil per pot, were 
employed. Without further treatment, pearl millet 
was grown for 37 days, and then harvested. Plant 
shoots and roots were dried and weighed, and 
shoots digested and analy/ed for mineral compo
sit ion. 

Studies 2, 3, and 4 were carried out using soils 
from extremely productive and unproductive areas 
of the experimental field. Each of the two types of 
soils was mixed and 10 kg of soil used in each pot. 
Amendments (Wendt 1986, Table I) were added 2 
weeks before pearl millet was planted. Five replica
tions of each treatment were employed. Plants 
were thinned to four per pot after the first week, 
and were allowed to grow for 28 days before harv
esting. Harvested plants were treated as in the first 
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Table 1. Pearl millet shoot growth in liming trial (Wendt 1986). 

Rate Liine Shoot wt.
 
Amendment (kg ha 1) factor (g pot-') pHl 
Productive soilsite 

(Control) 0 0 0.831 efg: 5.42 
Ca(O H). +M gO 27 I 0).999flgh 5.69 
Ca(OH),'MgO 54 2 0.795fe 5.69 
Ca(O1t).±N+lgO 1(8 4 0.882etglh 6.28 
Ca(OtlJw+MgO 216 8 0.686de 6.96 
Ca(OlI0)b+'MgO 540 20 ).848eig 8.18 
Ca(O11): 35 I 0.87elgh 6.02 
Ca(Ot1l) 70 2 0.799ef 5.86 
Ca(Oil), 140 4 0.677de 6.32 
Ca(O 1I): 280 8 t).786ef 7.18 
Ca(OH), 700 20 0.489cd 8.33 
CaCI,.211,0 69 I 1.11511 5.97 
CaCI,.211,0 139 2 I.082gh 5.72 
CaC 1'.2H 10 27A 4 0.648de 5.42 
CaCIk.211,0 556 8 1.105 fgh 5., 1 

Unproducti,,e soil site 

(Control) 0 0 0.236h 4.59 
Ca)OH(.,lMgO 244 I 0.250bc 5.98 
Ca(Oll)2+MgO 489 2 01.194ab 7.1(0
Ca(O1 )' MgO 978 4 0. 148ah 8.39 
Ca(Ot):)+ NMgO 1955 8 0,057ab 9.25 
Ca(01), 316 I 0.233 b 6.02 
Ca(O1I). 630 2 (.141a b 7.18 
Ca( O )2 1260 4 0.121 a b 8.91 
Ca(Oil)1 2520 8 0.078ah 9.28 
CaCI .211,0 627 I 0.007ab 5.13 
CaCI:.211:O 1254 2 O.)3Sab 5.09 
CaCI .. 2l 1,0 25(17 4 O.000a 5.15 
CaCI,.2H 0 5016 8 0.000a 4.88 
I.-enote, the Multiple if eilntm.lent%, of esehittgeible acidit. in the soilthat the applied lite can neutralire. For the CaCI,.2l120 

treanments, it reler, Itthecalciitm eq uiwlent%relatise tothe linmed soils. 
2. Meats not tolloked bh the sne letter are signihicatl.at11 0 05 by t)urcan's tttultiplerange test. 

pot study. In all four pot studies. pots were watered plant heights 35 DAP. The highest correlations 
regularly with well \water from ISC whose proper- were obtained between plant height and percen
ties are nearly equivalent to rainwater. tage of silt (r = -0.35"*), exchangeable AI+H (r = 

0.33**), exchangeable Al (r = -0.36**), and soil pH 
(r = 0.22**). Exchangeable bases and CEC, bothResults and Discussion related to pH in these acid soils, were also highly 

correlated with plant height.
Analysis of Soils To determine if soil acidity was related to poor 

crop growth in other areas as well, three paired
Chemical and physical parameters from the 101 samples from adjacent productive and unproduc
soil samples collected from the intersecting 50-m tive regions were taken from similar soils in three 
transects were statiscally compared to pearl millet farmers' fields within 20 km of the ISC. In all three 
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cases, the relationship between soil acidity param-
eters and plant growth was highly significant 
(Table 2). The same relationship was observed in 
the experiment using soils taken along the transect 
described above. Analyses of the surface 15-cm of 
soil showed that pH increased and exchangeable 
acidity (Al+H) decreased along the transect leading 
to thle productive site (Fig. IE).Exchangeable Ca, 
Mg, and K also increa;ed (Wendt 1986). Al satura-
tion (r= 0.95),exchangeable Ca(r=0.88). Mg(r= 
0.94), Al (r = -0.95), AI+H (r -: 0.96), and pH (r 
0.96) correlated strongly with the position on the 
transect, 

Soil-profile samples at tile two extremes and at 
tie midpoint of the transect were analyzed. Th e 
chemical analyses indicated a very low effective 
CEC (.,*1.3 cmol kg-1) and highly variable anounts 
of exchangeable cations. Of particular interest is 
the variation in the exchangeable Al II saturation. 
i.e.. the percentage of exchangeable ,\it I.! ii,-
sum ofthe exchangeanle Ca, K, Mg, Na, and M1+H 
0Fig. 2). All soils had a low AI+tt saturation at the 

pill
 
8-- - \ IIttiatin 


A \ 

7\'I 

5-

S I I I I I 

2 4 6 

surface, however the AI+H saturation of the unpro
ductive extreme of the transect increased to 45% at 
a depth of only 3.5 cm. The AI+ H saturation at the 
productive extreme increased more gradually, 

-60 

-5(1 

-40 

30 

-20 "a 

\% 10 

I I I I I -1) 

8 10 12 14 

le 2. Soil cliniculparaeters in farmers'fields as a 
function of crop growth (n z3). 

Area 

Aica with poor 
pear IIillet 
ie)d 

Area %%ith good 
pearl millet 
yield 

S 

(\ ( 1 

Exchange- Exchange
able able 

pit pit AIII A 
(|12[)) _KI_ _ C__lol kg " 

__ (col kg -I ) 

5.06 3.99 0.42 (.17 

5.86 4.74 0.15 0.00 
±0.19 ±0.18 ±0.06 0.14 

8.50 1.30 511.80 

1 olp tltdIti\Ct I)istance (II) P'roductive 
region region 

Figure i. Percentage Al 'II saturation and Jill of tle surface 15-era of soil along a transect from an 
tinproduclive to a productive region (Wendt 1986). 
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Figure 2. Percentage AlI I saturation with depth 
along a transect from an tproducti%e to a produc-
live region (\Vendl 1986). 

reaching 45%, saturation at a depth of 35-cm. The 
soil at the midpoint of the transect was saturated 
with 45% AI+-I at about 12-cm. All soils had 
potentially toxic levels of exchangeable Al within 
35-cm of tile Increases in exchangeablesurface. 
Al+ H were accompanied by decreases in exchan- 
geable Ca and K in all profiles (Wcndt 1986). 

Field Studies 

In 1984, 4.7% ofthe 2-ha research field used at ISC 
was found to be totally barren, while 9%'was found 

to produce exceptional pearl millet stands. To 
show the dramatic effect of short-distance changes 
in crop growth, two adjacent subplots were har
vested and compared (Table 3). The better of the 

plots yielded over eight times the grain har
vested from the poor plot. Analysis of all sites in 
tie 50 , 50 in area showed that if the entire area 

upper 10% 
sites, grain production for the field would quadru
fie. This suggests that far more than the 4.7'% 

yielded at levels observed in tile of the 

completely barren area is being affected and may 
respond to soil amendments. 

A comparison of the growth patterns in 1984 
and 1985 within the 50 x 50-m area made it appar
ent that given locations remained unproductive 
over the 2 years. Ho1wever, the crop was lessaffected during the wetter 1985 season than in the 

droughty 1984 season. This difference is believed 
by the authors to be due to the death of marginal
plants in the drier 1984 that would have survived 

under more humid conditions. 

Pot Studies 

Soil Collected Along a Transect 

Plant biomass and pearl millet shoot mineral con
centration as a function of position along the tran
sect between unproductive and productive field 
regions were closely correlated with mineral con
centration in the soil (Wendt 1986). Extremely 
high concentrations of Al ( 1.1400 mg g-1) and Mni 
(3.1650 jg g-) suggest that both of these elements 
may have reached toxic levels in some plants. Pearl 
millet shoot weight correlated extremely well (r 7 
-0.89) with plant Al concentration (Fig. 3). The 
critical Al concentration for pearl millet growth 
appears to be <600 ugg-1. Plant Mn concentration 
correlated strongly with soil pH (Fig. 4). However, 
it did not correlate well with pearl millet shoot 
weight, and proved to be an insignificant factor in 

measured 

fertilied at tle l(RISAT Saheliani (enter in 1984.
 

Table 3. Pearl millet .ields int,o 7 in 5.25 in plots separated uniformly by one meter in a research field and 

Ilead G rain Stalk 
otal Surrsiing Number ol wxeight weight weight

hills hills heads (kg han) 
49 I 27 158 124 470 
49 44 157 1302 1030 2340
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Figure 3. l.n (Al concentration) v's shoot mass for plants grown in the surface 15-cm of soil taken along a 
transect from an unproductive to a productive region (Wend 1986). t 
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Figure 4. L~n (shoot Mn concentration) vs soil pl1 (1:1) for plants grown in the surface 15-cm of soil taken 
along a transect from an unproductive to a productive region (Wendt 1986). 
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estimating pearl millet shoot weight in a multiple productive soil had higher pH, base saturation,regression analysis with plant Al concentrations, and exchangeable Ca, Mg, and K levels, and lessThe effect of toxic levels of Mn maybe obscured Al exchangeable Al than the unproductive soil.toxicity or other elementai deficiencies. Pearl millet seedling growth and soil pH of var-

The Liming Experiment 

Selected chemical properties of soils collected for 
the liming study are summarized in Trable 4. The 

Table
4. Selected chemical prperties ofsoils used in Ihie 
liming experiment (\Nendi 19X61. 

Soil site 
'aramectr I'nproducti,.t: Prlouctiec 

I-.chr (xc'h ll *,kg 
E.xch. Mg. Ctn l('.
 
lxcli. K,cmil(,) kg 
I.xch. Nia. Cnl ')kg 
Exch. AI, cnihlf ' kg 
I-\C. AI-II. Cn1ol(,) kg 
I lass. cinol- )kg 

At' It sat10ratin 149 
pl, 0tt 

pli. I M K( 

0.47 0.68 
0.04 01.9 
(1.06 0.12 
0.02 0.02 
0.36 0.03 
0.57 0.17 
0.59 0.87 

16 
45 16 

3.86 4.56 

ious treatments in the liming experiment are sum
marized in Table I. Liming did not improve shoot 
weight in either soil. The productive soil produced 
higher shoot biomass than tileunproductive soil in
all treatments. In the unproductive soil, shoot 
biomass was further inhibited by the addition of 
CaCI,. HO, which resulted inthe death of the plant
-it the highest rates of application. However, low_ratesof(?aCl,. HOactually increased Al- and Mn
uptake in tie unprodticiive soils. These unex
pected results are explained by plant- tissue analy

sis (Table 5). LItme applications, while dramatically
reducing Mni concentrations, did not reduce plant
Al uptake. Additions of Cacl actually increased Al 
and Mn uptake in the unproductive soils. Other 
authors (Farina et al. 1982, Foxet al. 1986, Soileau 
et al. 1969) have reported plant uptake of Al plants
limed to nCutrality. Hargrove ( 1986) hypothesized
that this phenonenotn mav be due to the solubiliza
tion of Al-organic inatter complexes at pH values 
between 5 and 7. Bloom et al(1979) concluded that 

Al-organic matter complexes control soil solution
Al concentrations in soils with low CEC,even if the 
soils have low organic matter contents. Farina et 
al. (1982) suggest that availability of Al at near
neutral pH values may be due to increased micro-

Falble 5. Elemental concenlrations in selected treat, nils in ihe liming etperimeni (Vendi 1986). 

Anitintin 

Prodictie otilptype 
Cuntrol 


CalOl1), 
('aCt 211 
('aCI .211. 0 

Inproductive soil type 
Control 
Ca(0Il): 

Ca(Oi: 

Ca(01I)2 

CaCI,.211,0 

l1. I he multiple tl eq oialeti,acidil) 

Ratelilctr, 

0 

I 
I 


0 

I 
3 
I 


that the applied time is capahle 

Sioot ki. Al Mn 

0.831c 


(.M7 6c 
.115d 
1.082d 


0,236b 
(.233h, 
0.14lab 
0l.06 7a 
0.035a 

l fltUetrall/ingIn the case 
equialent ul (a. relatise tothe trning treatmrrent lorthat suit.2.Means not folloAmedh) letter
thesame are significantly dilerent att z 0105 hy Duncan's multiple 

397 A 156 A 
485 A 118 A 
606 A 221 A 
345 A 304 A 

2328 Cl) 1373 II 
1397 I 237 A 
1574 11C 83 A 
1697 IC 78 A 
2539 I) 2044 C 

l calciilnl chloride, relers to tie 

range test. 
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Table 6. Yield response to fertilizer treatments in the first nutrient experiment (Wendi 1986). 

Shoot wt 
Trealment Nutrients applied (g pot-,) 

Unproductive type 

1P, Ca,Zn, S. B.N, Mo,K, Mg, lime, Mn,Cu 1.09 de
2 P,Ca,Zn, S,B. N, Mo. K. Mg,lime, Mn 0.59 he 
3 1P,Ca,Zn. S, B, N. Mo. K, Mg, lime 1.03 de 
4 P. Ca, Zn, S.,13. N. Mo,K,Mg' 0.75 cd 
5 P. Ca. Zn. S,IB. N. Mo,K' 0.27 ab 
6 P,Ca. Zn,S, 13, N,Mo' 0.26 ab 
7 P,Ca, Zn, S, 11, N' 0.20 ab 

I
8 P. Ca,Zn, S,B 0.15 a 
9 Zn. S. I, 0.09 a 

10 Ca, 1 3 0.11 a 
II 13 0.12 a 
12 N, P,Zn, S 0.60 bc 
13 P,Zn, S 026 ah 
14 Zn. S 0.07 a 
15 N, Mo 0.08 a 
16 Mo 0.10 a 
17 N 0.07 a 
18 P 0.24 ab 
19 K' 0.07 a 
20 Control 0.12 a 

Productive soil type 

21 Control 1.33 e 
22 P. Ca, Zn. S, 13,N, Mo,K,Mg. Mn, Cu' 3.11 f 

i.These treatments contained chloride salts, 
2. Means not folloed by the same letter are significantly different at P =0.05Duncan's multiple range test. 

bial degradation of Al-organic matter at higher pH 
values and consequent release of plant-available Al-
organic acid complexes. 

Nutrient Experiments 

Soil properties in the nutrient experiment were 
similar to those in other trials. Productive soils had 
higher pH, base saturation, and exchangeable Ca, 
Mg, and K levels, and lower exchangeable acidity. 
Plant response to nutrient applic-i-ions in the 
unproductive soils was sufficient to increase plant 
growth, which never exceeded growth of plants in 
the productive soils with no amendments applied 
(Table 6). Plant growth in productive soils im-
proved dramatically in response to nutrient appli-
cation. 

A significant increase in pearl millet shoot 
weight in the unproductive soils occured with the 
application of N, P,Zn. and S alone (Treatment 
12). While several fertilizer combinations improved 
pearl millet production on the unproductive soil, 
all successful treatments involved P and N. 

Tissue analyses (Table 7) indicate that unpro
ductive soils did not supply adequate levels of P, K, 
and Mg,and were toxic to Al and Mn. Additions 
of P,K, and Mg increased plant growth by amelio
rating apparent deficiencies of these nutrients in 
unproductive soils. Lime decreased plant Mn con
centrations (Treatments I,2,ard 3). Elimination 
of lime from treatments did not result in increased 
plant Al uptake. This is probably due to the pres
ence of P in unlimed treatments. Elimination of P 
from the nutrient solution increased plant Al 
uptake (Treatment 18 vs 20) and decreased plant 
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Table 7. Elemental concentrations in selected treatments in the First nutrient experiment (Wendt 1986). 

Treat- Shoot 
ment wt (g pot-,) Plant elemental concentration Soil 

P K Mg Al Mn pH 
(g kg-1) (0gg-) 

Unproductive soil type 

I 
2 

1.09de' 
0.59bc 

2.6cd 
2.7bed 

35.9de 
37.5ef 

2.4b 
2.4h 

417 a 
484a 

163a 
217a 

5.44gh 
5.48h 

3 
4 

I.O3de 
0.75cd 

2.5cd 
3.3de 

35.2de 
38.7cf 

2.4b 
1.9ah 

397a 
430a 

134a 
818b 

5.291gh 
4.76abcd 

5 0.27ab 3.0oede 40.8el 1.4a 596a 1265bc 4.87bde 
12 
13 
17 

0.60bc 
0.26ab 
tl.0 7 a 

2.8cd 
2.5bcd 
1.4ab 

27.6cd 
I7.5ab 
I 1.3a 

I.9ab 
1.7ah 
I.8ab 

268a 
660a 
2237 c 

929b 
939b 
1561c 

5.22fgh 
4.54a 
4.69bc 

18 
20 

0.24ab 
0.12 a 

2. 1be 
0.8a 

23.8bc 
19. Iabc 

2.0ah 
1.7a b 

63la197b 
1248b 786b 

5.1 Iefg 
4.64a b 

Productive soil type 

21 1.33e 2.3bcd 32.8de 4.6c ,03a 122a 5.00cdef 
22 3.1 If 4.1e 45.41 5.9d 332a 26la 5.ll9def 
I. Mcans not Itllitedh tile% ie letteraresigillticintil,lleiti at 11 : 0105 h% )uncln' ILIlit Ie raige icsI. 

Table 8. Yield response to fertiliier treatments in the second nutrient experiment (Wendt 1986). 

Shoot wt
Treatment Nutrients applied g pot' 

Unproductive soil type 

I Control 0.05a1 

2 P 0.3lab 
1,
3 N 1.09bcd
 

4 P. N. Ca 0.38ab 
5 I', N. Ca. Mg, S2 0.43ab 
6 P. N. Ca, Mg. S 1.l2bcd 
7 P. N, Ca, Mg. S,Zn2 0.31 ab 
8 P,N,Ca. Mg. S. Zn, K2 0.47ab 
9 1'.N, Ca, Nig, S. Zn, K. B2 0.56ab 

10 P,N, Ca. Mg,S,Zn, K. B. MoW 0.45ab 
II P,N, Ca, Mg. S,Zn. K,B.Mo. lime 1.58cde 
121 P, N, Ca, Mg. S,Zn.K, B.Mo. lime I.o2cdc 
13 P. N, Mg, S. Zn. lime 1.15 bcd 

Productise type soil 

14 Control 0.70abe
 
15 P.N 2.0def 
16 P,N. Ca, Mg, S,Zn1 2.8 1f 
17 P,N, Ca, Mg, S,Zn, K, B,Mo: 3 .85g 
181 P,N, Ca,Mg, S,Zn, K, 13, Mo 2.22el 

1.Ihese soils %%eresierilued by lieiiting at 105"C tor 24 hours. 
2. hese treatinenis contained ehloride salts. 
3. Means not otloed by ie saiie letter aresignilicaintlv dillerent at 11=0.05 by Duncan's multiple range est. 
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Table 9. Elemental concentrations in selected treatments from ftie second nutrient experiment (Wendt 1986). 

Plant elemental concentration 

N ) K Ca Nig A Mn 
Treatment Shoot wt . . -..... . . .. . .. . .. . (g kg t .. . . .. .. . . . ... Pg g-1 

I 0.05a- 0.7a 14.0a 8.7cd 1.5ab 2574e 866c 

2 0.3lab 1.8hc 15.4a 6.8abc 1.3a 1052bcd 438bc 

3 1.09bcd 2.3bed 14.3a 6.Babc 2.0ab 613abe 673de 

5 0.43ab 1.81c 14.6a 8.2bed 2.2b I 148cd 774de 

6 1.12bcd 2.2bed 14.9a 6.6ab 2.4b 519abc 609cd 

10 0.45ab 1.5ab 32.8hc 6.5ah 1.3a 1514d X26de 

II 1.58cde 2.7cd 42.4d 9.4de 1.7ab 317a 152a 

13 1.15bcd 43.2b 2.8d 16.6a I l.c 3.8c 420ab 222a 
14 0.70abe 38.8ab I.6b 34.3c 8.3bed 4.9d 679abc 184a 

15 2.00def 45.3b 6.6e 25.3b 6.3a 4,6cd 397ab 320ab 

16 2.811 43.5b 6.4e 29.5bc 8.7cd 6.1e 5U9abc 208ab 
17 3.85g 37.4ab 6.4c 45.0d 7.1ahbc 3c 539abc 186a 
Is 2.22el 34.9a 6.9e 44. Id 9.8de 4.4cd 638abc 174a 

I.Means not Iolho letter illerent i i' :0.05 by )uncan' muhiplc rangc test.,cd b%the satime are,igntficantly 

biomass. All treatments that had P as an amend-
ment showed reduced plant Al concentrations, 
clearly showing the effect of P in reducing Al toxic-
ity. Additions of P had no effect on plant Mn 
concent rations. 

Yields and plant mineral compositions for the 
second nutrient experiment are summarized in 
Tables 8 and 9. This experiment generally substan
tiated what had been observed in the first nutrient 
experiment. The combination of P and N reduced 
Al concentrations in pearl millet shoots grown on 
unproductive soils and improved biomass produc-
tion substantially. Further, the detrimental effect 
of chloride salt additions isclearly evident (Treat-
ment 3 vs 4, 5 vs 6,Table 8). The chloride salts had 
the effect of increasing Al uptake and decreasing 
shoot biomass. When sulfate salts were substituted 
for chloride salts (Treatment 4, Table 8) biomass 
production and shoot Al concentration improved 
dramatically. Soil sterilization did not improve the 
unproductive soils (Treatment I I vs 12, Table 8) 
indicating that biological factors were not the 
cause of poor crop performance. 

Phosphorus availability from applied P was 
higher in productive than in the unproductive soils 
(Treatments I and 3 vs 14 and 15). The apparent 
increase in P-fixation in unproductive soils sug-
gests that P is being precipitated by Al in the solu-
tion (Birch 1951). Phosphorus can also be immo-
bilized by Al in root tissue (Wright and Donahue 

1953). Phosphate"liming", i.e., the precipitation of 
Al with P,may be an inefficient use of P fertilizer in 
acid Sahelian soils. Woodruff and Kamprath (1965) 
observed that P fertilizer addition for optimal 
pearl millet growth was reduced by 50§% when the 
exchangeable soil Al was first neutralized by 
liming. 

Conclusioni 

Alumintm toxicity isthe probable cause of poor 
pearl millet growth in the unproductive soils used 
in the pot studies and isprobably the primary caase 
of variability in pearl millet stands in the fields 
examined. Mn toxicity may also be an important 
factor contributing to poor crop production, but in 
these studies it was at most a secondary problem. 

Elemental deficiencies exist in these soils, com
pounding the variability problem. The unproduc
tive soils in particular produced plants deficient in 
N, P,K,and Mg when compared to values given in 
the literature. These deficiencies may also play a 
role in soil variability as they are more pronounced 
in unproductive than in productive soils. Even soils 
taken from relatively productive areas in the field 
responded dramatically to fertilizer inputs. This 
indicates the need for comprehensive fertilizer 
research involving several nutrients and nutrient 
combinations. 
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Liming of unproductive soils with Ca(OH), had 
asignificant effect in increasing soil pH and reduc-
ing plant Mn uptake, but did not affect plant AI 

uptake or improve biomass production. The inef
fectiveness of lime applications in reducing Alt_ 
icity has been reported elsewhere and isstill 
investigation by the authors. The use of chloride 
salts increased plant Al uptake and decreased pla
biomass on the unproductive soils, but did not 
adversely affect plant growth in productive soils. 
By comparison, the use 'f sulfate salts did not have 
an adverse effect on either productive or Utlpro-
ductive soils. 
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Soil Spatial Variability and Methods of Analysis 

D.J. Mulla l 

Abstract 

Soil properties usually vary with distance according to a pattern. The nature and pattern of 
spatial variabilitY must be determined inorder to manage the soil eficientl'v. Geostatistical 
techniques are discussed for optimaldesign olsampling schemes in spatiallh-variable soils. Use 
of efficient sampling patterns optitni,,es labor and equipment demands, while tacilitating 
quantitative understanding olthe nature andpattern ofvariability.A verY good linearunbiased 
estinator technique known as Kriging can be used to produce survtey inaps ofspatially variable 
soil patterns involving a nininum number of Iltld samples. Cokrieitcisa method for data 
interpolation that t'ceilitates field sampling and spatial modeling. Krigink, and Cokriging 
methods fir describing and mapping .jpatialla/variablesoil phosphorus and potassium are 
illustrated. These geostatistiealmethods can be used to improve managementdecisionsregard
ing other soil or crop propertie.s including soil salinit. ',soil alkalinity,alumin ium toxicity, plant 
available water, or crop yield. 

RWsutnu 

Varabili spatiale des sols et nithodes d'analyse : l.es propribtis du sol varienthabituellemennt 
en fonction de adistance et non akatoirement.Sices proprit ssont variables dans l'espace,il 
est essentiel de dWterminer la nature et le modfe de cette variabilit[ pour un atnenagement 
efficace des sols ou pour interprter correctementIts essais au champ. 

On discute des nmfthodes gtostatiques qui impliquent des variogrammes, des setni vario
gratnmms croises ou non, kc kriging et le cokriging et ce, en vue de i cartographic et de 
l tmbnagemcnt des sols variables dans l'space. 

L 'emploi de mithodesgcostatiquespcrutet d 'optimis rIa demande du tra vailet d 'quipement 
et de flaciliterla comprehension quantitative de la nature et du modle de lavariabilit . Le 
kriging et le cokriging sont utiliss pour cartographieret atncnager des donnes d'analyse de 
phosphore et tic potassium. Ce's nztnthodes g,ostatiquespeuvent 4alenentetre utilisbes pour 
amiliorerdes decisions danucnagenment pour une large gamme de propric~ts des sols et des 
cultures, comnme la capacite d'echangecationique, I'llcalinittdes sols, /a tox icitalumique, le 
pH,I'eau disponible ou le rendement. 

Introduction soil color, vegetative growth, or surface wetness 
across the landscape may' indicate the extent or 

Soils are inherently variable. When spatial vari- pattern of heterogeneity. In many cases, however, 
ability is controlled by topography, differences in patterns of spatial variability in soil properties are 

I. Assstant Professor of Soils. )eprlmernt of Agroirnor State teisly..and Soik. Washlri,gton Ih i Pullhan,WA. USA. 

ICRISAT (International Crops RescrealchInstitute for the Semi-Arid Itropics) 19 9. Soil, ('rtop. and Wair Managecrent Systems for 
Rainfed Agriculture in theSudan-Salilan /one. proceedings of an Internalional Workshop. 7 It Jan 197. ICRISAT Sahelian 
Center, Niarmey. Niger. Patanchertiu,A.P.502 324, India: ICRISA I 
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not apparently visible. Researchers often make the 
mistake of assuming that soil properties are rela-
tively homogeneous in fields that are flat and that 
have no obvious visual evidence of heterogeneity. 
Even for simple topography, the extent of spatial 
variability in soil properties such as hydraulic con-
ductivity (Vicira et al. 1981), moisture content 
(Wierenga 1985), soil test P levels ()ow and .James 
1973), A-horizon depth (Wilding 1985), or ex-
changeable sodium percentage (Ulehara et al. 1985) 
may be appreciable. 

In order to determine the nature and pattern of 
soil variability, systematic field sampling or field 
measurements are needed. Generally, the nagni-
tude of variability that exists in the field is greater 
than the errors that arise in typical laboratory or 
field analytical neasuremneats. lherefore, it is 
important to devise a sampling scheme that acct-
ratcls measures the range of variability cicoun-
tered at differcnt locations in tle sampling area (Ic 
Gruiiter 1985). Sampling schemes that involve too 
few sampling locations will he inadequate for 
mapping and management requirements. Sam-
pling schemes that arc too dense may involve high 
labor and equipment costs, and are also undesir-
able. An eflicient sampling scheme is one in which 
the minimum number ol sample locations are 
obtained that wsill sufficiently characterize the 
magnitude and pattern of soil heterogencity. 

If the variation in soil properties occurs ran-
domly, such that sample variance is not afunction 
of sample separation distance, classical statistics 
can he used to analy/e the data. Ihese are standard 
techniques for analv'illg soil samples, and arc %%ell 
known to soil scientists (Petersen and Calvin 
1986). For most soils, however, the variance in 
measured soil properties depends upon separation 
distance. In such a situation, samples that are 
obtained from closely separated locations are more 
similar than samples separated by a larger dis-
tance. Classical statistics do not accurately de-
scribe patterns in spatial variahility for samples 
exhibiting such spatial corrclation, since classical 
statistical techniques do not account for the rcla-
tion betweemn tie value of a sample and its location 
in a field. Instead, an analysis technique known 
generally as geostatistics is more useful, 

The purpose of this paper isto show how geosta-
tistical techniques involving senivariograms, cros-
semivariograms, Kriging, or Cokriging can be used 
to model, map, and manage soils based oi their 
spatial patterns. The example use(d to demonstrate 

these techniques involves soil test P and K levels 
obtained from a commercial farm in the State of 
Washington. 

Methods 

)ow and James (1973) measured soil test P on a 
commercial farm in the Columbia Basin of Wash
ington, using asystematic sampling grid. At inter
\,,ils of 30.48 in, five soil cores within a 1.83-m 
diameter circle were collected to a depth of 25.4 
cm. These samples were oven-dried at 701C, com
bined to lorm one composite sample, and screened. 
Iach composite sample was extracted with sodium 
bicarbonate (Olsen et al. 1954) and analyzed for P 
and K. In the present study, statistical and geosta
tistical analyses ofthedata wereconducted usinga 
Hlewlctt Packard 9816S computer and 7470A 
plotter. 

Results and Discussion 

To illustrate the use ofgeostatistical methods, con
sider an example involving soil test K and P values 
from acommercial field in the Columbia Basin of 
Washington. Data for this example are for a 
leveled, visually homogeneous area studied by 
Dow and James (1973). Figure I illustrates the 
variation in soil test K values on a regular grid with 
42 sample locations separated by 30.48 m. Note 
that soil test K values do not vary randomly with 
distance, but are generally similar in value over 
short distances. 

1 he results in Figure I could be used todesign an 
approximate fertilizer-management scheme for crop 
production. Clearly, however, additional mapping 
detail isdesirable. Since labor and equipment con
straints are often important in field experimenta
lion, the researcher may want to know if additional 
mapping detail can be obtained withmt additional 
field sampling. Geostatistical methods can be ap
plied to provide the latter information. 

Geostatistics is useful for interpolating between 
measured data points to provide additional data 
for detailed mapping. The geostatistical procedure 
known as Kriging involves computing tile semivari
ance Junction of the data, fitting semivariogram 
nodels to the semivariance data, and producing a 
detailed spatial map. 'fle geostatistical procedure 
known as Cokrigig issimilar in approach to Krig
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ing, except that the mapping procedure also uses 
information concernin iihe covariation between 

the mapped property and a second, spatially 
correlated property. TIhe covariation between the 
two different soil properti'.'s is described by the 
cross-semivariance function. lhese procedures have 
been described by Burgess and Webster (1980), 
Vieira et al. (1983), and by Warrick et a. (1986). 

The assumptions required for appl\ ing geostatis-

ti... arc also discussed in these references. 

'Fhe senivariogiani. The seinivarlograni is i 
spatial model that determines tl c :elation between 
the value of a measurement at tgiven location and 

values of' neighboring measurements at increasing 

distances from it. As stated previously, if sample 

variation is random, the total sample variance will 
be the same regardless of tie separation distance 

between samples. Samples that are correlated in 
space, however, will have lower sample variance 
smaller separation distances than at larger separa
tion distances. 

One method for assessing the spatial correlation 

of samples, therefore, isto compute sample vari
ance ats a function of sample separation distance. 
For interpolation and mapping purposes, hlow
ever, it will be useful to compute a quantity known 
as senivariahce, -y(I), instead of computing vari
ance. The expression for semiva-iance is: 

-y(I) [I/ 2n(v)] I7.(xi)-Z(Xi+h)12 (I) 

where 
n(h)01 = tilenumber of samples separated by a 

distance of I, 
Z(xi) = tile measured property atvalue of tile 

location x, land 
atZ(xi~l)= 	the value of the measured property 

location Xi+l h . 

Figure 2 is a plot of valies for semivariance of soil 
test K vales in Figure I as a function of separation 
distance. 

The senlivariance in Figure 2 equals zero when 

h0. This is expected, since there should theoreti

cally be no variation in sample values that are 

measured at the same location. As separation dis

tance increases, the senivariance increases because 
samples are less correlated when sampled at in
creasingly larger distances. For separation distan
ces greater than about 91.44 in,the semivariance 
values cease to increase at an appreciable rate. This 
occurs because the sample pairs generally lack sig
nificant statistical correlation to one another when 

the separation distances are large. In this case, the 
K variations begin to occur in a truly random 
fashion. 
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Occasionally, the semivariance has none of tile 
above characteristics. It' the semivariance is rcla-
tively constant at all separation distances and var-
ics randomly at a value approximately equal to tile 
total sample variance, the researcher calln concludCthat the sample population exhibits spatialno 

correlation. 


Once the seriivariauce function for the datt is 
computed, standarl scinivariograminodels Can he 
titted to the data by' nonlinear least sl:lirCs teh-, 
niques. This provides the researcher with a quan-
titativc model for spatial %ariations in tile dalta. 
Three Common sernivariogran models Mie dI'-
scribed bhelow. 

I. .inear nmodel: 

',,+/(h)+t hI 
 0 i h i a (2) 

(hi C-' ' h -a 

2. Spheriral model: 
-(hI) C,,+ [l.5(h a)-0.5(h a)' ] t : h a (3)
-1(h) ' + C Ih - a 

3. E.xponential rnodel: 
2(hi (4)+ CJ I-Cxp(-h l,,)l 0"5' h 

Il ihtse expressions. 

h  separation distance between observations. 

it = aim odel parametler kritownits the range,(,, ('1) a model parameter known its the sill, 
and 

- a modcl parameter k iow(r its the nugget. 

lielgget i, nun/em ssheu.ir s'allipliiig error'OCC.Utrs (file to m ci mILil.mI Mi l I ot()I h e S lloccrs(fieiedimiiiiincio ii o i n tssue s~iip
spacing is too large to 'trict spatial ciurrclatioiri 

sinI ii~riutiIOcCUrrirri at s +)llditaiice s. IsIll lli aIIc ideal 
situations when mieasuret i it eioIrS are ab enti
arid simple spacing issmll, th ilnu wrill equ~al 

Forthe iincar model It issiplvtheshipctofthli 

hine for a plot ift semi\ariance 5s stparatiun (i,-
taice. Fur tle spherical ani expoli enial ritodl., 

lanc. I-r th an expnental nodusphriclthe sill is approximately equial to the total sample s 
variance, and is the muaxinitun vllue oif sWi ri-
ance that the model attains at large separation 
distances. h-or the xponential model, a isapprox-

inately equal to at 3. P~hysically, sample ihser\a-

tions separated by distances smaller than the range 

are statistically correlated 
toione another, Mhereas 
measuretnets separated by agreater distance than 
tlhe range are not correlated. 

'Ihe serivariance values for soil test K shown in 

Figure 2were best described using the exponential
semivariogram model in EI. (41. The \value of this 
model, for CI. equnals 25X7.6 (rg kg 1)2, the value 
ir a,,equals 41.9 i and that fu (', Clals 0. 

Kriging. Ilhc data presented in F-igurc I is some
,lal dedccicnt f r the purposes ol constructing a 

detailed tw) dinesional map of soil test K levels. 
.'\ gostalistical technique kriown as Kriging cal be 
applied to the dala to produce adetailcd Illip. [Ihis 
procudui is desciibed belo. 

Kriging is an ile1 1;ili( tecC lliluc that uses 
he scInMioaill mioielll ivi2[rt_ 2and tle inca

sircd datil to cstiiatc data at specified locations. 
wheMC n llei'IreMIIC data re ilvaihlC. EstimatCd 
valucs. /*(x,,) are obtaincd rorn te lit Inearlr
polation -chc l: 

*fX,,) At /(Xi) (5) 
I I 

wherc. typically. 

1\11 -- ailicatior impl.s cre collected,\ here i1 sainN t inr cr if rieiiilihorimir' iiicastired data 
points used ili thi Incrpolationi schICene, 

Ai Ia%ocipliing Ifcto oll the ilcasired data 
thli is \,I i) he de erillilled, and 
1i.)i r1ii~lSilci t;m i lliioli X1liti( l da 

his. Kriyiig 's a meithol that i., 
N 

N ucarest 
nil !hbo ii IC rlt.ua,,tll la l llt ald their asso
iilI \,tiuhll . fil.lrs toCsll11;llu t %l ues al 
I ,o.alitlolsM~l' it , t_'L+ sea d.I)0t i tdl;l\ mal 

tl ti iirig unlad is thatlw10hen 
I 1h )IC% , CJII ;It'Slll, il Z v 

I1q1(S 1 Ilw too siiialedatt'ti at ae locationI)C'a llod wkhere acr
 

tlii'il, \aihi is ;iaal:ihle, the rnelhtuil alwas
nlicratues anl esirimud s;Ilue thani IScqIiil-ci t att to Itthle
 
llaSutitl l i. l eis 
 ullS hical i, fur suc'h i 

Lr~ahHtIo locatedI at the ainci place as the esti

iu'd \ lic. s,.hilc the seiglihtmng (actors for all
 
it lii ntcighhorng data salucs arc /uro. Regardless

l tofhelocation If tie interpolmitcd point, the


\ewuifiiuut I factors, are aksays constraiined to sumn to 
tlinir: 

. i A I (6) 
i I 

Sceeral other interpolation schemes are in use 
lot mapping purposes, bitll these do not return 
estimated values that are equal to tie measured 
values at locations where measured observations 
arc available. Examples of such interpolation
schenes include the linear regression and trend 
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surface models, which may have high correlation 
coefficients, but do not pass through all measured 
points. 

In order to produce a detailed map of soil test K 
values using Kriging techniques, the values of the 
weighting factors Xiin Fq.(5) must be determined. 
It can be shown that thesc values can be computed 
from a system of N+I unknowns in N+ I simultane
ous algebraic equations having the form: 

Ns 
- j) + = -j/,x.,x,,), i= Ito N (7)(xi
 

i: Ij__
atnd N 

X~l 

where 
'(xi. Xj) v'alue of the semivariogram model in 

Figure 2 corresponding to tilesepara
tion distance between two neighboring 
observations at locations xi and x. 

= 
-(xi x) value of the semivariogram model in 
. 


Figure 2 corresponding to the separa-
tion distance between a mEasured ob-
servation at location xiand an interpo
lated point located at x,, and i is a 
constant known as tileLagrangian 
undetermined multiplier. 

Computer programs are available which sole 
Eq. (7) for the %eightingfactors and tileundeter-
mined multiplier. File weighting factors are then 
used in Eq. (5) to calculate tie value of soil test Kat 
location x. 

The Krigingequations (5) and (7) were used with 
the help of a computer to estimate soil test K values 
at 525 locations separated by 7.62 m increments in 
the study area represented by Figure I. The results 
are presented as a detailed contour map in Figure 
3. Maps of this detail are useful for planning effi-
cient fertilizer management programs or for inter-
preting the results of field experiments involving 
crop yield, 

The Kriging technique also yields a minimum 
estimation variance, o2(x,), which can be coin-
puted from the expression: 

N 
o = +v Xhi.(Xi, x (8)


l x(+ 

where p is tileundetermined multiplier, and y(xi, 
x0) is the value of the semivariogram model in 
Figure 2, corresponding to the separation distance 
between the kriged point at x,, and the neighboring 
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measured point at xi.Lower values of the estima

tion variance correspond to higher accuracies in 
interpolation, since the estimation variance is a 
measure of uncertainty in the estimation procedure. 

Cokriging. Cokriging is an interpolation tech
niqtLe that uses information about the spatial pat
tern of two different, but spatially correlated prop
erties to interpolate only one of the properties. 
Typically, cokriging is used for mapping a prop
ertv that is difficult to measure (e.g., saturated 
hydraulic conductivity) based upon its covariation 
with a property that is relatively easy to measure 
(e.g., particle size distribution). A second situation 
in which cokriging would be useful could occur 
when several analyses from a field survey have to 
be discarded due to poor laboratory procedure. 

As an example of the latter situation, consider 
the analysis of soil test P levels in tilesame com
mercial field for which soil test K levels are shown 

in Figure I. Assume that nine of the soil analyses 
for P had to be discarded because of poor labora
tory procedure. The remaining values of soil test P 
are shown in Figure 4, and tilesemivariogram for 
this data is shown in Figure 5. The semivariance 
values for soil test P shown in Figure 5 were best 

245 



18(0- described using the exponential semivariogram 
model in Eq. (4). The values in this model, for C, 
equals 41.2 (mg kg-') 2, the value for a0 equals 37.9 

150- m and that for C, equals 0. The shape of the semi
variogram for soil Pappears to be similar to that 
for tilesemivariogram of soil K in Figure 2. This 

120- indicates that the two properties may be correlated 
to one another. 

One method for assessing the spatial cross
90 - correlation of samples is to compute sample cross

semiv'ariance as a function of sample separation 
distance. The expression for cross-semivariance 
(7,2h)) is: 

[I2n(h)]7yI20h) 1, 1Z1(xi)_Z:(xi+h)]F (9)
30-
 "
 

where 
n(h) = the number of samples separated by a 

distance of h,30 00 90 120 150 Z,(x i) = the value of the measured K at location 

ligure 4. Conlour map of 33 measured soil lest xi, and 
P alue (rIng kg-') front a commercial farm in the Z,(xi+h) = the value of the measured Pat location 
( olunbiaIlasir, of Washington State. The blank xi-i
squaiires represern areas here missing data occurs. Figure 6 is a plot of values for cross-semivariance 

of soil test P and K values as a function of separa
tion distance. An exponential model (Eq. (4)) hay
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246 



ing a value of 411.3 (mg kg-1) 2 for C1, 99.6 infor a,, 
and 0 for C,,, was found to be tilebest spatial 
model for this data. The relatively large value for a, 
indicates that P and K have significant spatial 
covai ation even at large separation distances. 

Interpolation with Cokriging involves a sstem 
of equations with weighting factors (A I i),semivar-
jances (,II, and unknown multiplier (M,) for soil 
test K Is semivr-well isweighting factors (X2j) 
iances ( at),ald unknown multiplier (1,) for soil 
test P. In addition, these equatiions involve values 
for the cross-semivariances (-1,)between soil test 
K and P. The system of equations for cokriging is: 

NN N, 
*IxA !-- "Ii 


NIS ,Awhere
 
_I ' ., .xi, 


where xi.xj, xk,xI refer to locations where inea-

sured data exist, and xcorresponds to the location 

where aneinterpolated value for soil test P is to be 

computed. As in Kriging, the weighting factors for 
K and 1)have constraints given by the equations: 

N N.
 
V ,A and - I. I 


I : j I -for 

Elqs. (10) and (11)represent the N I +N2+2 Cokrig-
Jug expressioms that must be solved simultaneouslv 
for the veighting factors aiid unknown multipliers 
at every location where an interpoltted value is to 
be obtained. ThIeV appealr qtuite forlidable, but 
can be solved in a relatively short time tusing lod-
ern microcomputers. Interpolated values of soil 
test P Z,* )arc computed using the weighting fac-
tors from Eqs. 10) and ( I I) in the expression: 

SN., 
z,*x,j 	 v A I \ i xi) + IA jZ-l, x1)  (12) 

171-- -, 

where Z,is the measured \alue of soil test K and Z, 
is the measured vatitc of soil test 1)at locations 
nearest tilepoint of interpolation, 

Figure 7 is a contour plot of 525 Cokriged P 
values computed using Eqs. (It0) through (1 2). In 

contrast to tie original set of 33 measured P values 
in Figure 4, tilespatial pattern of P fertility is 
readily apparent from tie interpolated values in 
Figure 7. It is clear that the upper portion of the 
field is low in P while a central portion has rela
tively high P)levels. In addition, there is sufficient 
detail to identify several localized regions of low P 
fertility in the lower half of the field. Clearly, the 
variability in 1)fertility isquite complex. 

The Cokriging technique, like tileKriging tech
nique, permits the researcher to compute tileesti
niation variance, o2(x), which is associated with 
the interpolation process. 'he cokriging estima
tion variance is obtained from the expression: 

N N 

o2(xo) = ++ .l/ (xi.x . A2j'Y.(xj , x,) (13) 

x) the cross-senuivariance (Figure 6) for 
the distance separating locations xi 
and x, and 

722"_x 1x) the value for semivariance (Figure 
5), correspotding to the distance 

separating the cokriged point at x,, 
neighboring measured point 

at xi
arid tile 


.
 

A contour plot ofcokriging estimation variances 
P.computed from -q.(13) is shown in Figure 8. 

As in Kriging. the Cokriging estimation variance 
always equals zero at locations where measured 
valies of P exist. In other words, cokriging always 
yields a value that equals tilemeasured value at 
these locations. As the distance frot a location 
where measured data exists increases, the uncer
taintv iii the estimation procedure also increases. 
In general, the estimationi variance is lower for 
Cok riging than for Kriging. whenever a compari
son between tiletwo techniques is made using the 
same set of data. This Occurs because Cokriging 
uses information regarding the spatial patterns of 
both K and IPwhereas Kriging tises only informa
tion regarding tIlespatial pattern of 1). 

Example of (okiiging Solution. Th, researcher 
who is unfamiliar with Cokriging will f:,ndit diffi
cult to tnderstand how Iqs. (10) through (12) are 
acttally used for interpolation. The following 
example will use actual data to illustrate tileCok

247 



riging procedure. Eqs. (10) and (I I) must first be I,"O 
expressed using matrix flotation its:	 

-

S-[Al] = [h] (14) 
where 15o)
[C] and [h] matrices of semievariances and
 

cross-sermivariances, and
[A] 	 : a matrix of weighting factors and 12o " - I "
 
undetcrmined multipliers whose
 
values are ultimately solvedI using a;I
 
COmplter. in -


In this example, assullt that a v kaluc
for S.,oil test
 
1)is cokrived it[ the locationj x, 15.24, 7.02). Ile

neighhorinval%'ulies of 
 ) from [iguic 4 are 6.'; nie ,U -I",
kg it location x, z (0,0), 19.7 II kg 1at location /
 

x, (0,30.4N). intil 11.2 mg kg at locatlion \I 
 .
(30.48.0). he nciehotriig; ilucsof K from Figurc o
 
I alc 126 Ing kg I'at locttioi \ (0,)).192ng kg 
 -it loction ':. (30.4I, . 19N me ku aat location X. 	 - / j . v .. r-- _-. 

-- I 31J.4S~~~~~~utMiantI III a locationillngkg 	 xV1.f.,A1iI hui. the n11m130).4 .30.4,). 1liniLhom-er {NI lot 	 iX\\ I 
( II f icviho0 .111 K \ aliucs is 4 inld the 	 1SOh iini ci (N2) ot nciuhbo- 0 ipl 120 


II!phti s|hlri ,ilue, is 3. I lie s c'iiatitin ol thc
III!-. phl h tis 	 %~illucis lt~tlli~ sp C fi t lll 
ligur. ' 7. , ( ontour map of"525 ckridged soil hil%fltilt: ' NPaluit (Inlg kg-I).nieiiihhiis iised im iipoltitoi deter inels tlIe PuliImt k

S,/c of the inattacCS II Fq, ( 1I . In g n l i 1j, isall
 
2)1 NI "\- '_ s\, tiC i HIM tii'.. inL
 

hoth I j i\1 t I .N2.2 I th]hltiln
 
Ill ilti. 

In this example, thc mitrices in Yq. (141 are
expre:sed ais: 

> 'i :.(x..x,) ihe matrices [h) and [(' can be evaluated in 
2 121x2"x2)I IIns of Setin .aria nces antI cross-seIIi\;iriancesAll 	 )Ilx 

\, 

J') from Figs. 2.5, and 6. As an example, -,,,lx, *)\
'/1.(X 4,X0) 1337.9 (1g k 	 1): ,, oibtained frot Fiiure 2 it aAA -	 I [bJ 1,.2(x 0x) separatlon d istancitl t 30.4S Ill. [he latter distanceA 	 "/2:( x, -x II' 

0
 

while [C] is expressed, its: I \,- . x) /,(x ).x) 1 0 
) y/jx.xx .,x) ','I( .x') "/I1(x4.x) -\x.x) 	 7I :(X,.X:) 7 (x.xl) I 0 

I(X".N IxIIx "y,( . f,.I1(\X0 ' I)X )4 . X %-X1) 7 0 2( 71jX.x,) 	 01 

xI I(.\'4I x I4 Ixl',( 4 .x 4 I ) " "(.(\\/Ix \ '(x,.I 
4	 04	 .xI I 

yI 
2(XDx:1 ,Ix2, ,-X , 


2 1x2,x 
4 .x.") 7 X I( /,, :XX) 0
x.xI2	 I

yT.AxIx,-) 7I." x ,x,) . xs,( 4,x Y:.() X .Ix ") X. ) "1'2, .) 7,. XI.x 0 0 I 
f 1 	 10 0 0 0

1 

0 	 0 0 0I I I 0 0 
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Iigure 8. (onlo r map of estimation lariance 

[(ing kg-') 2 l for 525 cokridged ,il test P%alues. The 
contours ernclolosd 1) the 15 (ng kg-1)2 contour 
represent the and 5 (mg kg- 1)-contours (decrtas-l 
ing irmard). 

is tlie separation between Itcat ions x, and x1. Ii a 
sim ilar ma ner, ,x,) =/,x is22.8 (rmg kg- )' 

obtained from the senivariogram in Figure 5. 
while -/,1x,.x1 ) =64.6 (nig kg 1)2 is obtained frotn 
the cross-setmvariogranl in Figure 6. Thus. tiatri-
ces [CI and [hi are given hw: 

0 1337.9 1337.9 1663.1 
1337.9 0 1663.1 1337.9 
1337.9 1663.1 0 1337.9 
1663.1 1337.9 1337.9 0 

[C] z 0 108.4 108.4 144.4 
108.4 0 144.4 108.4 
108.4 144.4 0 108.4 

1 I I I 
0 0 0 0 

and: 

64.664.6 

99.1 

99.1 
[bi= 15.0 

15.0 

21.3 
0 

solution to Eq. (14) is obtained by matrix 
i, lersion using the expre:.sion: 

1lAl ICli 'hl (15) 

\here [C-' is tie inverse ol [C]. For this example 
tit sOlutiOni to FLq. (15) is: 

0.0027 
0.0029 

-0.0049 
0.0105 

[A I 0.3907 
0.4125 
0.1967 
8.4246 
0. 1800 

This solution shows that the veighting factors 
for K are very small compared to the weighting 
factors for P. Furthermore. tile largest weighting 
factor (0.4125) corresponds to the soil test P value 
that is nearest in location to the interpolated point. 
In general, tile weighting lactors for measurements 
located near thit mierpilatcd point are always 
larger than th scfor micsuretlents farther aw ay. 

It is now po-ssibte to use Eq. (12) to estimate the 
soil test P1level at location x, using the neasured 
values of soil test K, the neasured values of soil test 
PIand tie calculated values for weightitig factors in 

0 108.4 108.4 I 0 
108.4 0 144.4 I 0 
108.4 144.4 0 I 0 
144.4 108.4 108.4 1 0 
0 22.8 22.8 0 1 

22.8 0 28.1 0 I 
108.4 22.8 28.1 0 1 
0 0 0 0 0 
I 1 I 0 0 
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matrix [A]. The substitution of these values into 
Eq. (12) gives: 

Z*(x,) =(-0.0027)126+ ( 0.0029)192 + ( 0.0049198(0.4125)19.7+ (0.1967111.2 = 12.8 g kg . 

In a similar fashion, the ('okriging estimation 
variance can be computed using Eq! . (13). [his 
computation gives: 

2o2(x,) 0.38 +( 0.0027)64.6 1 0.0029)64.6 
+ ( 0.0049)99.1 + (0.0105)99.1 
+(0.3907)15.0 ± (0.4125) 15.0 
+ (0. 1967)21.3 16.8 Ong kg'). 

This example dcmoinstratcs how essential it is to 
use a compLter to make these computations, since, 
f'or this example, the priocedlure showii above is 
repeated at 524 oilier necat ionms! 

Management al))lication. Soil test 1) levels in 
Figiirc 7 can he used to plan a fertility-nanagcei,,g 
prog ram for the com m ercial lield w here the sam 
pies were obtained. 'Toachieve this, the relation 
hr.1 Ceu soil test lcvcls and suggestcd P lrtilier 
application rate,, niiist bc (letcrimiiiie l rorm yield
response curves. I his inI)Irmat ion itsuix cn in [able 
I lft alfalla grown in the (olumbia Basin of 
Washington. ahng with the perc ntage of inaxi-
mum croip yield which could he expected if no 
fertili/er was added (l)u\s and James 1973). Alsii 
shown is the percentage of the area ini-igure 7 that 
lies in each soil test Pcatcgoiry. Ihcseareal p rcn-

atapes were comIputd ruinFreutentcy listribuIiOuu 
plot of the cokriged soil test P) ahtucs. 

Three distinct types of letility-m anagcrcnt 
programs could be devised. I hsc include ( I) lertil-
izing based on the mean soil test P)value (8.4 mug 
kgL) for the entire field, (2) crili/ing based on the 
lowest soil test P valIC (I .6 mg kg I for the entire 
field, or (3) fertilizing according to the spatial pat-
terns of soil test P that exist in different portions of 

the field. If method (I) is used, the recommended 
rate of P,)5 application frm Flable I is 77 kg ha-' 

i+ he entire field. This approach obviously resultsinforunder production on approximately 461;j. of thefield. If method (2) is used. the recommended rate 
of PA(), application is 308 kg haI for the entire 

fild. IUsing this approach, maximum yields would 
be obtained, but yield increases will be offset by 
increased lertili/er cost. 

1lie third met hod involves using the known spa
tial patterns of soil test ) to manage fertili/er 
applications. Shown in Figure 9 isa contour map 

5 

134.kg ha I 
1 0 ::::153 kg hia I 

5 5 

153 kg,, ha' I51: 153 kg ha-
1 

20 "K 53 kg liai 
2 10 

61
1 

153 kg ha 
3 -g ha 

Figure 

10 21 
0' 

ii 31 6(I 90 121 151 
liiiumn: 0: Maximm;: 30: ('ontour interval: 

5 iig kg ' 
9. Suggested P20, fertilizer management 

scheme for a commercial farm in the Columbia 
Basin of \,ashington State. 

Table 1.Maximum alfalfa yield (%), P10, fertilizer requirement, and area (%,)for ive soil test P categories inacommercial field in the Columbia Basin of Washington. 

Soil test phosphorus category (Omg kg- 1) 
0 2.5 2.6 5.1 5.1 7.5 7.6 10.0 10.1 

Maximum yield ((,p) 50 80 95 98 100
1,05 needed (kg ha'1) 308 231 153 77 0
Area affected (,',) 5 28 13 12 42 
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Potential for Response Farming in Sub-Saharan Africa 

J.I. Stewart' 

Abstract 

An analysis of rainfall during 1954-1983 at Niamey, Niger, shows that both amount and 
duration ofrainfall in the rainy season are significantly correlated with the date of onset of 
rainfall, as defined here for crop production purposes. The correlations justify splitting the 
history ofrainfall into two records, one representing the 'early onset'seasons (12 years)and the 
other the 'lateonset'seasons (18 years). The two groupings dil;kr inthree essential features: 
amount ofmediau raintiallin early seasonsis 602mm as against 400mm in late seasons, median 
duration ofearlv seasons i /1/3 days as against 83 days fbr late seasons, average rainll per day 
within early seasons is 5.3 mm as against 4. 7 mm in late seasons. Generalized farm-level 
recommendations for early vs late seasons are based on the above findings and on a flexible 
strategy that calls for adjusting the key variables ofplant population and krtililer-application 
rate, according to actual rainfall amount in the early season, e.g., the tirst30 days after onset. 
Considerablepotential exists fIOr development and application of response farming in sub-
Saharan Africa. 

Rsum6 

Potentiel de la culture riactive en Afrique au sud du Sahara: L 'analysedes donn~espluviom6
triques recueillies h Niamev de 1954 iA1983 fait apparaitre une correlation significative entre 
hauteur et dur6e totales des precipitations d'ne part, et date du debut des pluies d'autre part, 
d~finiepar l'auteuren fonction des objectifs de production agricole. Cette correlation a permis 
de distinguer deux categories de saison des pluies dont l'une est Adebut precoce (12 ann~es) et 
l'autre rAdebut tardif (18 ann'es). Elles different par les trois caractristiques essentielles 
suivantes : la hauteur mcdiane des precipitations en saison prococe atteint 602 mm Ct, en saison 
tardive. 400 mm; la durce mediane des saisons precoces est de 113jours et celle des saisons 
tardives de 83jours; enfin, Ia movenne quotidienne des precipitations est de 5,3 mm pour les 
saisons prdcoces et de 4,7 mm pour les saisons tardives. Les recominandations adress6es aux 
agriculteurs selon que les pluies sont precoces ou tardives se fondent sur les r~sultats de cette 
analyse et sur une strategie permettantd'adapter les variables essentielles que sont la densit6 de 
plantation et le taux d 'application des engrais Ala quantit6 totale despr~cipitationsenregistr~es 
en debut de saison, par exemple pendant 30jours "compter de la date du debut des pluies. On 
peut en conc/ore que lavenir est prometteur pour la culture reactive en Afrique au sud du 
Sahara. 

I. President. WHARF (World Hunger Alleviation through Response Farming), Davis, California. USA. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics) 1989. Soil, Crop, and Water Management Systems for 
Rainfed Agriculture in the Sudano-Sahelian Zone: proceedings of an International Workshop. 7 II Jan 1987. ICRISAT Sahelian 
Center, Niamey, Niger. I'atancheru, A.P. 502 324, India: ICRISA r. 
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Introduction 

In response farming, the essential characteristics of 
the approaching rainy season are predicted, and 
crop decisions, farm practices, and input levels are 
matched'to the expected rainfall. Rainy season 
characteristics that are essential are (I) date of 
onset, (2) when it ends (season duration, by differ-
ence), (3) the total amount of precipitation in the 
season, and (4) its time distribution within the 
season. 


The forecast influences crop decisions such as 
selection of crop types and specific cultivars to 
grow and their relative apportionments within the 
cropping pattern, and whether to employ mixed 
cropping or sole cropping. Beginning season farm 
practices include land preparation and tillage as 
they relate to water retention versus surface drain-
age, pre-onset versus post-onset sowing, crop row 
spacings and weed-control measures, %%ith special 
attention to the initial flush of weeds at the start of 
the season. Input levels of greatest significance are 
seeding rates and fertili/er rates, and in sonic 
instances, insecticides and or herbicides. 

The nature and degree of accuracy of the rainy 
season forecast depends upon the record of histori-
cal rainfall, and will differ in different climates, and 
sometimes localities. Similarly, the same factors, 
as well as the peculiarities of different crop enter-
prises, result in different farn-mianagement deci-
sions being influenced by the forecasts illdifferent 
circumstances, 

Response farming is therefore not a single, 
simply described system. However, in a given local-
ity, with limited numbers of soil types and crop-
ping systems, one can establish, on a one-time 
basis, a simple system of forecast criteria and 
response recommendations that will have equal 
validity in each rainy season thereafter. For exam-
pie, in most cases it will be as simple as plan A for 
early onset versus plan B for later onset. 

The conceptualization and research underlying 
the response farming development was begun by 
the author and his colleagues at tihe University of 
California, Davis, in 1967 (Stewart 1972). After 
field-testing in Kenya (Stewart and Hash 1982), 
research has been largely focused on the rainfall 
prediction aspect, with studies conducted in tile 
Mediterranean and in India, Nepal, Rwanda, Vir-
gin Islands and Yemen Arab Republic. 

Onset as a Predictor of Rainfall during 
the Rainy Season at Niamey 

At Niamey, winter'spring rainfall is virtually non
existent, and season characterization as to the 
expected amount and duration of rainfall must 
instead be based on the actual date of onset. Onset 
has also been recognized as a predictor of the rainy 
season in India. where its relation to the duration 
of rainfall , and therefore to the st.lection of cul
tiar maturities, has particularly b:en emphasized 
(Ramana Rao et al. 1979). 

Sivakutmar (M.V.K. Sivakumar, ICRISA'I Sa
helian Center, personal communication) is pres
entlv successfull) pursuing research tileon onset., 
duration relationship throughout tileSahelian and 
Sudanian climatic zones. Prfsaud et al. (1986), find 
rainfall up to tilemiddle of the rainy season (July) 
to be the first potentially reliable predictor. 

Use of'date of onset' as the preseason predictor 
raises the question of how to define this term in a 
manner that meaningfully relates to the specific 
farming situation under study. Key considerations 
are the type of crop to be grown, tile depth at which 
seed will be sowmn. the texture and water-holding 
capacity of the soil, the evaporative conditions of 
tie at mospliere ilthe sowing seedling period, and 
what tie rainfall record shows about lengths and 
probabilities of dry spells that may occur following 
onsets in different time periods. 

Onsct. to be meaningful to tilefarmer, should 
mean that initial rains have penetrated beyond tile 
seedling depth, storing sufficient water in tilesur
face soil for germination and carry the seedlings 
through whatever dry spells may occur thereafter 
until further rains are assured. The evaporative 
rates and lengths of dry spells to be expected are 
the key questions. Both must be answered with 
reference to Qeather records. Thus, if evaporative 
rates are relatively high and expected dry spells are 
relatively long, onset must be defined as a relatively 
larger anount of early rainfall stored iii tilesoil. 

For example, Stewart and Hash (1982) suggest 
that tile onset ofevents that should be accepted as 
the 'short rains' season for mai/e production ill 
eastern Kenya begin on or after 20 Oct. and will 
persist for I-II days, with rainfall illthis period 
totaling at least 30 ram.Evaporative rates (Class A 
pan) at this time are of the order of 6.0 mm day-' , 

and lengthy dry spells following this amount of 
rainfall are quite uncommon. Farmers wishing to 
'dry plant' before onset, should do so because seed
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ling failure due to dry spells following germination 
has an extremely low probability in eastern Kenya 
(Stewart and Faught 1984). 

On the other hand, the probability of an extended 
dry spell, say 2-7 weeks or more, following initial 
rains in the long rains' season is rather high, and 
more so if onset is early. Therefore, onset for this 
season is defined as at least 40mm of'rainfall in I 8 
days after I0Feb. Fvaporative rates then are about 
the same as mentioned for late October. 

In 	 Hyderabad, India, Hargreaves and Samani 
1986) indicate that evaporation rates(Class A pan 

equivalent) are about 7.5 mm day I in June whent 
the rainy season usually starts, indicating that 
onset rcq,ill ntS.. should be fairly demanding. 

Thus onset in thiscase isdefined as40 ml or more 
rainfall stored in the soil from I J.tin onward (Ste-
wart 1988). This differs from the Kenya definitions 
mentioned above, which allude only to rainfall 
amounts, not directly to soil-water storage. The 
latter is a more stringent requirement. However, 
Virmani (1975) considered sowing rains at Hyder
abad as receipt of at least 20 mm of rain, received in 
not more than two consecutive days. Virmani also 
points out that there is seldom i,worrisome drv 
spell following sowing rains at IIderabad, hence 
growers wishing to dry plant before the rains 
should do so. 

In Niamey, Ilargreaves and Samani (1986) indi-
cate that onset evaporation rates (Class A pan 
equivalent) are 8.5 mm day-1 or higher. Ilence this 
paper defines onset as tihe first date fron I .Jun 
onward when 40 mn ofne" rainfall is stored in the 
surface soil'. Acceptable onsets inlate May require 
correspondingly greater amounts of stored water. 
Using this, seedling failures were in tlhe 30-year 
period from 1954 to 1983. This is not to say that 
there were no failed s:easons at all. 

Niamey: Relationship of Onset 
to Essential Rainy-Season Characteristics 

D~efinitions 

This paper, in relation to the example to be dis-
cussed, incorporates the following definitions: 
• 	The date of onset is the first date after I .June 

storc(i sit r derinir l s p rgei t ul-ware o tn ha ri hei 
Niamey conditions. Ihow eer, this ligure has be.en rertamed i 
the analysis by theauthor ti thustraiise purposes. 

when stored surface soil water from new rains 
equals 40 mm or more. Exceptions allowed 
were 28 May (storage of 55 mm, 1976). and 31 
May (storage of 99 mam, 1978). 

0 	 The final rain date is ascertained by counting 
backwards from the last rainy day in the annual 
record (in Sep or Oct: rain in Nov is rare and (is 
not taken into consideration here), until the 
total is 10+ rmil; this date isaccepted as the final 
meaningful rain date. For example, the last 
rains in 1957 were 5.0 mm on I Oct, 3.2 min on 3 
Oct. 4.0 mm on 15 Oct, and 2.5 mm on 21 Oct. 
Adding backwards, the total exceeds 10 mm on 
I Oct. which is accepted as the final effective 
rain date. 

* 	 Season total rainfall is that calculated to be 
stored in the profile as of the germination date. 
plus all rain thereafter until tihe final rain date. 

0 	 I)uration of the rainy season is the number of 
days from (including) tie date of' onset to the 
final rain date. 

"lhe above definitions and the example analyses 
to be shown are not specific to any crop or cultivar 
If,for example, tie analyses were for the produc
tion of a 90-day millet, the anount and duration of 
rainfall in the season would both be limited to 
occurrences in that time period. Such analyses are 
required when assessing rainfall crops and culti
vars. Other requirements to complete such analy
ses are water-balance and water-production func
tion models. These needs and research techniques 
to fulfill them are discussed by Stewart (1986 
a and b). 

Splitting the Rainfall Record:
 
Early vs Late Onset
 

Table I shows details of rainfall characteristics at 

Niamey over the recent 30-year period, from 1954 

to 183. Median duing tie cropping season values 
are shown in the upper part of the table, while all 

same series ofinclttsive ranges of values for the 
years are inthe lower part (if the table. 

Rows I and 4 of the table show values for the 
30-year period as a whole, Rows 2 and 3 in each 
half of the table show values for portions of the 30 
years, divided arbitrarily on tie basis of dates of 

onset. Row s 2 and 5 represent 12 ),ears in which 
onset was 'early', ranging frotn 28 May to 12 .un 
(see row 5,col. 3). Rows 3 and 6 represent the other 
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Table I. Characteristics of the cropping seasons, and their prediction based on early' vs late onset at Niamey, Niger,
30-year rainfall record, 1954-1983. 

----------Cropping season----------

No. of Onset Relative Values
Rainfall l)uration rainfall duration 

years period Onset date Prediction date (nnn (da) (', ) (01) 
...---------------. Mediaa talue 

30 All 20 Jun NAI 495 93 10)0 10012 Early 8 9 .1, Onset, to 15 Jtun (02 113 122
18 Late 6 Jul 16 Jun 400 

122 
83 81 89 

30 All 28 May-21 Jul NA 
12 arIy 28 Ma -12 .lun Onset. it) 15 .hun 
18 late 19 Jun-21 .lul 16 Jun 

*, N'A N, .,sI .Illh. 

18 years in which onset istermed 'late', i.e., from 19 
Jun to 21 Jul. 

Column 4 in Table I, labeled 'Prediction l)ate', 
indicates that growing seasons with early onset, 
and presumably falling within the ranges of char-
acteristics represented by row 5, are recognizable 
as of the date of onset provided it occurs by 15 
Jun. Late onset seasons are recogni/ahble otn 16 
Jun, regardless of when onset acttually occurs 
thereafter, 

Columns 5 and 6 of]'able I shos that there are 

itupoftant practical and statistical differences iti 

the historical record between cropping seasons 

with early versus late onset. The differences are 
both in the amount of rainfall in theseason(col. 5) 
and its duration (col. 6). 

A third difference, not shown in the table, deals 
with the average daily rainfall over the growing 
season, whatever the duration of the latter. Over 

,the 30 years, this ranged from 3.0 to 8.1 trin day - 1
with a median value of 4.8 mi day-. However, of 
the 12 early onset years, none tell below 4.0 min 
day-', while 8 of the 18 late onset years (44-) 
ranged from 3.0 to 3.9 mm day-'. This would indi-
cate that increased problens with intra-season 
rainfall distribution as well as lower rainfall totals 
and shorter durations may he expected in seasons 
with late onset. 

Columns 7 and 8 in Table I show amount of 
rainfall in the season and duralion in relative 
values, taking the 30-year values as 100%. Thus 
row 2shows that median values of rainfall amount 

Rantges of %as ------------------
275 771 71 154 100 100 
484 771 105 154 58 60 
275 598 71-109 t,5 46 

and duration are each 22('i higher for early seasons 
than for all seasons. Similarlv, row 3 shows that 
late seasons fall below the 30-year medians in rain
fall amount bv 19(' and duration by II%. 

Similarly, row 5 shows that rainfall amounts in 
early seasons fall within the tipper 58%'- of the over
all range. \%hile late seasons ( row 6) only fall within 
the lower 65"1 of the total range. With respect to 
season duration, early seasons only' occupy the 
tipper (longer season) 00C of the total range, while 
late seasons only fall within the lower 46% of the 
range nearly acomplete separation. The remainder 
of the paper will show tile statistical, and more 
imporlantly, practical meaning of this informa
tion. in terms of farmers having to cope with 
highly-variable rainfall conditions. 

Rainfall Amount and Duration Regressed on Date 
of Onset: Practical Interpretations 

Figure I shows the total rainfall during the grow
ing season over the 30-year record regressed on 
date of onset. The coefficient of determination (r2) 
is0.43, (highly significant at IF-level), with a stu
dent's t value of 4.6. Practically speaking, this 
shows that whenever onset occurs, the farmer is 
never faced with the entire range of possibilities 
indicated by the rainfall record. Rather, in Nia
mey, lie is faced with only about 57% of the overall 
range of possibilities. The farmer would be greatly 
benefited if, at the start of each season, he were 
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of rainfall occurrences is %e much reduced %shen 

linked to an. gisen date of onsel. Niame., Niger, 
1954- I QX3. 

aware ol: he 57C of the historical possibilities he is 
actually lacing, and of the 43(lhe is not facing. 

The slope o (he regression line indicates that the 
growing season ra;,fall expectation declines more 
than 5mmll with each day's delay in onset. In practi-
cal terms this means a daily loss of at least 10 kg 
ha-1 of sorghum grain yield potential and possibly 

-as much its 60 kg ha I , depending on the level of 
technology employed. 

Figure 2 relates the duration of the growing 
season rainfall to the date of onset, and shows a 
still closer relationship than that seen in Figure I 
between rainfall amount and onsel. The coefficient 
of determination itn Figure 2 is 0.70 and the stu
dent's t value is 8.1, again significant at the K; 

lecsel. This is typical of earlier findings in a n er 
of countries and localities. starling xith Kenva illII 
1980. 

Ihe regression line slope of I.06 in Figure 2 
indicates that the crop production setason tends to 
he shortened by slightly more than one day, with 
each dav's delay in onset. I hus there is somne tell-
dency for late starting seasons to end earlier. The 
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median final rainfall date for the 12 early seasons 
was 28 Sep, while the median date for the 18 late 
seasons was 23 Sep. Figure 3comprises a different 
and possibly more comprehensive way of viewing 
tile
relationship between season duration and] date 
of onset, 

Early vs Late Onset: A Practical Approach 
to Farm-Level Decision Making 

The data points in Figure 3 (as in all of the figures) 
each represent one year's occurrences in the 30-
year record. The left hand \ertical line contains (lie
entire 30-year record, showing season duration 
ranging from 71 to 154 days. with a median valute 
of 93 days. This represents the farrier's dilerimma 
when information is lacking as to the significance 
of the date of onset. It is very difficult, if not 
impossible, to select crops ard cultivars with 
optiial or near-optirial maturities with such a 
great range oi uncertainities. 

It isknown that the fariicrs of the Sahelian/one 
are not ignorant of tire fact that a relationship 
exists betmeen season dirratioi arid dare of onset, 
and that the o erniphasi/e the planting ofshorter
maturity crops with lower water requirements ill 
later onset years. The booklet 'ICR ISAT inAfrica' 
(1986) provides evidence of this on page 29 asfollows: 

"On-farri studies by I'R ISAI cconorrists go 
hand-ini-hand with crop ilripro, erneinl work. In 
the six villages studicd inl3rkina Faso. farmers 
used 40 different varieties of \white sorghum: 19 
of'red sorghum, and 27 of pearl millet, choosing 
specific varieties for different periods inthe 
planring s1L trerice." 

Stewart ( 1986 c) cites a number of research pa-
pers covering the same topic in India where 
farmers traditionally have practiced "coritingency", 
switching to less deiianding crops with later onset 
of the monsoon.Researchers are assisting theriin 
this very sensible approach. 

In Figure 3,the middle and riglir-rari strings of 
data represent a sinrple 2-part breakdown of tile 
30-year record into (as before) 12 years of, early 
Onset vs 18 years of late onset. No early onset 
growing season had I rainfall duration less than 
105 days. The median duration for these years was 
113 days, 20 more than the 30-year median of 93 
days. L.ate onset seasons were of shorter duration, 

with a median of 83 days, and a maximum of 109 
days. It is apparent that crops and cultivars of 
different maturities are called for in these two dif
ferent types of rainfall years. 

Figure 4 is a similar representation to that seen 
in tilelast figure, but relates the aflount of rainfall 
lin tile season rather than duration, to date of onset. 
Here we see the 30-year range of rainfall amounts 
in the left hand data string, ranging from 275 to 771 
nm. with a median value of495 nlm. It isclear that 
providing farmers with advice on crops to plant, 
soil tillage, seeding rates, row spacing, intercrop
ping vs sole cropping, fertili/er rates, etc., would be 
very difficult if this was all tle information one 
had. Figure 4also breaks the historical record into 
two different records -those with early onset, (tile 
middle data-string in the figure), and (iose with 
late onset- (tileright hand data-string in the figure). 

Figure 4 also illustrates how an earlier-dcscribed 
(Stewart 1988) response farming strategy for crop
ping \kith seasonal variation in rainfall riiight be 
applied to the Niamey rainfall situation. The basic 
strategy applies. whatever the degree of predict
ability of the rainfall, even if there is no other 
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information except that found iii- ormal probabil-
ity analyses. However, as the figure shows, the 
more the range of possible rainfall occurrences can 
be narrowed prior to planting the crop, the closer 
one can come each year to matching farm decisions 
to actual rainfall. 

If there were no predictive capability, the farnier 
(and his advisers) would face the 30-year history 
indicated by the left hand data-string in Figure 4. 
The proposed strategy is indicated by the two 
arrows to the right of the data, one at 600 mm (the 
median for the upper half of the data range) and 
the other at 320 mm (median for the lower half). 
They are the water supply levels at which the key 
management variables of plant population and fer-
tilizer application rates will be aimed. At planting 
time, seeding rates are aimed at the upper half of 
the range while fertilizer rates (if any) arc aimed at 
the lower half of the range. After 30 days (actually 

thinning side-dressing time for the particular 
crop), if rainfall has been above normal, more 
fertilizer is side-dressed to meet the higher water 
supply expectation. But if rainfall is below normal, 
fertilizer remains as at planting, and plant popula- 
tion is reduced by thinning to correspond to the 
lower water supply expectations. 
When there is predictability, that is to say when 

the possible rainfall range can be reduced, e.g., as 
based on date of onset in Figure 4, then the above 
strategy becomeis even more effective, with closer 
fitting of practices and input levels to actual water 
supply. The way to go about matching plant popi-
lations and fertilizer rates to different water supply 
expectations is itsubject that falls within what is 
termed water production function research (Ste
wart 1972). Line source design and lysimeter field 
experiments are the recommended techniques 
(Hanks et al. 1974. Stewart and Faught 1984, Ste-
wart 1988). 

Conclusions 

Rainfall Predictability Considerations 

The 30-year rainfall record (1954-1983 inclusive) 
from Niamey, Niger. exhibits considerable predict-
ability of the rainfall during the growing season, 
based simply on the date of onset as the predictor. 

The farm relevant characteristics predicted are: 

The Duration (Days) of the Rainy Period 

Seventy percent of the variability in duration is 
explained by a simple linear regression on date of 
onset. When the rainfall record is split into 'early' 
(to 15 Jun) versus 'late' (from 16 Jun) onset years, 
early seasons (12 out of 30 years) are grouped 
within tl' upper 60% (longer duration) of the his
torical range, with a minimum duration of 105 
days and a median value of 113 days. 

By way of contrast, late seasons ( 18 years) are 
grouped in the lower 46% ofthe total range, with a 
maxinltmu duration of 109 days and a median of 83 
days. Traditional farmer practice in much of the 
Sahelian zone takes cognizance of this relation
ship, leading to selection ol crops, cultivars of dif
ferent maturities. This is a working example of the 
system termed "Response Farming" inthis paper. 
Conclusions: The duration of the rainy season at 
Nt
Niamey is highly predictable as of the date of onset 
in early onset years, and itsof 16 .un in late onset 
years. [he main practical application of this pre
dictability will be :o guide farmers in selecting the 
crops and cultivars most suitable for planting in 
the season at hand, in terms of their maturities. 
Although fairmers already incorporate this approach 
in traditional cropping, trained analysts with de
tailed weather records and computer capabilities 
can certainly improve the information available to 
farmers, upon whicih their decisions may be based. 
A second major application will be to provide 
plan' breeders with a clearer representation of the 
situation actually faced by the farmers for whom 
they are breeding! selecting improved genotypes. 

The Total Rainfall Amount Relevant 
to Crop Production 

The regression of the amount of rainfall during the 
season on date of onset explains 43% of the vari
ability. This is statistically significant at the 1% 
level with students t value of 4.6 and the duration 
relationship above is statistically significant at the 
I ' level with students tvalue of 8. 1. 

Practical utilization of this relationship may be 
accomplished as above, simply by dividing the 
rainfall record into two groups of years, represent
ing early- versus late-onset seasons. When so 
divided, early-onset season rainfall amounts are all 
grouped in the upper 58%;j of the 30-year historical 
record, covering a range of 484-771 mm, with a 
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median value of 602 mm. However, late-onset sea-
Sons are grouped within tile !ower 65(' of tile 
record, ranging fron a low tif 275 ni to a high of 
5984 rnm. \with a median value of 400 nn.

From a farmer's viewpoint. tie foregoing indi-
cates that early-onset seasonls will haveiimoderate
it high rainfall, and water pioblems, i aiy. will be 
those associated with excess \,atcr. (onversely,
late-onset seasons will experience low to moderate 
rainall, \ith high probabilities of crop \, aier lint-
iatins and drought conditions, and little cocern 
about excess water, 

Conclusion: [here isslflicient predictability of the 
anount of rainfall (friing the rain\ season at Nia-
raiey' hased oin tire date of onset, to divide the 
historical record into at clast two records here 
termed earhl i versus onset and, at theonset late 

stit "of
each season, provile arncrs nilapprop-
riate package of recommendations for the selsoll 
It hand (note that 'package'hlre dos no0r imIply all 
or othing eaeh farner nUL\ Krefit r, select-
;n11oneo r ore ofte cere rlattioi as nll\ fit 
his L'IrCnrilstililCCs). RLcrrllrnliCdldationS Co\er aird 
prMaaion rid tillaU. Selection of clops arid the][
apporttoriioent irr the tield, iritrcropping \erses 
rllollclrppilg. pre-rllsel \ elrss post-rllLs't SO\\-
ie. controtl of tie initial Cel flush, row Spacings,
seeding all initial tertilicr rtCs, aid oiliCl lacIol, 
as appopriat to teil specitic cntC jirise, 

intraswason lainfall [)istribltin 

The present stud\ of \ithir- cas ul riinill distil-
bution has been only ciii srnv, but there is one 
aspct worlihv Of repotiti. arl *-onstol seasons 
are irt vlri ot longer diiiation and gclrelallv 

higher rainfallill irial. bul alsor 
 as\erae miore rainfall 
per da %,\ hatever tire seasoll's lcngrthr. lie iredirul 

vaie for ttie 12 eaily' onset seasosl i, S.3 nmin 

da\ 1.8\hble thrathtr thrlitc-oncit scasronsis4.7 

1nu1 day 1. More illiportanil., tile hest ierage' 

dailh rainfall \\ith eiarly oiset sils 4.1) minin da\ 

sohiile Of l8 lale-on0et seariis iamCd 
 ii 30tio 
3.9tni (la\ 

(onclusion: itlraseasOri ruirinfall distribution lire-
dictuability reqLuires urle rigIOrimus anralysis Of the 
record than done heice, but theie is a clear indica-
tion that lale-olinet seasolis. relati\e to early-oriset 
se isOrlls, Iliay be illore prolre io rainfall distribution 
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problems in addition to shorter duration and less 
total rainfall. 

Additional Response Farming Considerations 

Strategy to Minimize the Effects of Seasonal Rain
fall Variation. Whatever tlie degree of rainfall 
predictability. the range of possible occurrences in 
tile approaching season is still considerable. The 
usual %,aV of dealing with this is to determine the 
prohabilities of variots occurrences, e.g.. rainfall 
amounts \, itliin the rantg. and base firnil level 
recomnllendations on the raiifall almount indicated 
at some arbitrarily selected probability, say 70(7. 

Itis strategy is [iot salisfactory because it prac
tically means that the farmer is advised to do the 
samc thring e\ery year, and that is to operate in tile 
lower part of the possible rainfall range. hi lo\\er 
rainlall /ones, this provides rio hope of ever escap
ing the pr)\erty syndrone. 

I lie respotnse farnling strategy is a flexible one, 
which offers ill effect, tour larming levels instead of' 
One. Iirsi, there ire Isso le\els based oil prediction 
as described abo\c Next. the key variables ol plant
population and fertilicrapplicatiorr ratearesingled 
outl ft special treatilieit; that is to say for applica
tirn within the rer+ iiiing rainfall range off varia
tioIi either in the tip, :r halt of the rangte or in the 
lower half. with the deciding factor being actual 
rairlfall aintouint in tIre early part of the growing 
scason, sias 30 (la.ys tollhwing onset.

sceding rates are calculated for tile upIper hIalfof 
tile laige while initial fertilizer rates are calculated 
for tile lower half. At 30 days. above-nornal rain
fall is tile cie to increase fertili/er to accord with 
tile 1ipper fralf of tire range, while below-normal
 
rainfall signals that fertilicr should remain as ,
 
anid plint populations should be thirned
ito accord
 
witih tie lo\wer hall of the range.
 

lhIe iritegy just suggested is only technical and
 
Iherhefrc incomplete. 'Vlani\ oilier lactors ina'
 
influence 
 tire strategy. e.g.. social, ctrrnonlic or 
otlherfaciors. A factor introduced into the strategy 
liptllirh iin this palir as ai exariiple for Niaoney, is 
t fhai priority be gien to rird sucurity. Thus, full 
attention is given to iatters affectiig production
htu the imarket. In alltllher setting. the opposite 
InIghl wkell be the case. I herelore. tile Response 
Falling approach implies not only responsiveness 
tu \eather conditions. btll to the entire milieu 
within which the farnier riust operate. 



The present paper includes a set of generalized 
farm-level recommendations fo: Nialey. which 
are predicted oa tile rainfall analysis results and oil 
the elements of flexibility and food security dis-
cussed. These recommendations are not intended 
to be definitive, b,:cause the writer is not suflfi-
ciently knowledgeable about the agricultural sitna-
lion in Niger. 

IHowever, detailed crop-specilic farm-level re-
commendations nust be based on i ore rigo roupr 
ongoing research and modeling of findings than 
those that are introduced here. Stewart (I988) pro-
rides information on the rceatch needs aid ,neth-
ods for Iulfilling them. 

Nevertheless, the simplified rainfall analysis and 
generalized farm-lcv'el recollmeldatlions develop-
ed in this paper are sufficient to make farnuers more 
knowsledgeable about their seasonal rainfall varia-
tion. and the types of allernati es the' might coli-
sider. in)their decision mnlakiiue. 
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Crop Response to Tillage Practices in a Sahelian Soil 

M.C. Klaij I and W.B. Hoogmoed 2 

Abstract 

During the last 25years in Niger, the pearl millet-cultivated area has doubled, whileyields ha ve 
declined, indicating that lhrmers must have expanded production onto more marginal areas. 
The three key constraints to an increase in yield are low fertilit, limited and untimely cultural 
practices, and frequent drought. This paper describes the phYsical en 'ironmentofthe ICR ISA 7' 
Sahelian Center, research on tillage and the use of alternative soil and crop-management 
practices to parry serious crop-establisihment problems associated with wind-crodible sandy 
soils, crop water use and efliciencv, and pearl millet yield. Th results ol2yearsofexperinenta
tion (one ver*' dry, and one nearlv nornalveat) show apositive interactionbet ween presowing 
cultivation and other inputs such as krtilizers and crop residues for bettercrop establishment, 
yield, and water-useefficiency'. The use ofcrop residue increased the organic matter content of 
the soil. Ridging seems most promising as a wind-erosion control measure, requires less energy 
than does plowing, and can he performed efficiently using animal po wer. 

Risumb 

Riponses des cultures aux techniques de labour dars les sols sahiliens: Ces 25dernicresann6es 
au Niger, /a surface emblav6e en mila doubk, tandis que les rendements ont d~eru. Cela signilie 
que des terres de plus en plus marginales sont uti/is&es. Trois des principaux obstacles h 
laugmentationdes rendements sont la pauvretI des sols, lespratiques agricoles rcduites et mal 
progrann6es etla sclieressefr&queunte. On decrit I'environnementphvsique au Centre sah6lien 
de 17CRISA T, la recherche sur le travail du sol et en/in, l'emploi de pratiques diffbrentes de 
gestion du sol et des cultures pour pallier les difficultbs de I'M;tablissementdes cultures associces 
aux sables transportes parl vent, /a consommation do 'eauparles cultures et son eficacitbet 
/es rendements de ail. Des msultats de deux annbes d'expirinntation (une annbe trs sbche et 
une anne quasi normal) montrent line interaction positive entre la prcparation du sol avant 
semis et dautres intrants comme les engrais, les rshidus de rccolte pour /es rendements el une 
efficacitt de I'utilisationde I'eau. L 'emploides rcsidus de r&oltc augmentcle contenu en matibre 
organique du sol. Le billonnage apparait trbs prometteur pour un meilleur contr61e de I Erosion 
6olienne,ilrequiert moths de ;ravailque le charruage etpeut &irer~alis6eflicacement au moyen 

de la traction animale. 

. rincipal Soil and Water Engineer, I('RWISAT, Niamey, Niger. 
2. lillage Specialist, lillage I.ahorator.,. Agricultural tniersityol Wageningen, Wageningen, Netherlands. 

I('l ISAT ('onlerence Paper no.414. 

ICR ISA I (International Crops Research Institute for the Serti-Arid Tropicsl 1989. Soil. Crop, and Water Management Systems for 
Rainled Agriculture in the Sudano-Salhclian Zone, proceedings ot in International Workshop, 7 11 Jan 1987. ICRISAT Sahelian 
('enter. Niamey, Nig~r. Patanchei. A.P. 502 324. India. ICRISAI. 

265 



Introduction 

In sub-Saharan Africa, West Africa has had the 
slowest growth rate for food production. Tile per
capita production of all crops, except rice, has 
declined during the last two decades, as have aver-
age yields, indicating that technical change has not 
yet had much impact on food production (Spencer 
1985). Obviously, the increases in food production 
needed to feed a rapidly growing population have
mainly come from the increase in area under culti-
vation. The decline in average yield suggests that
production has expanded to increasingly marginal 
lands and that fallow periods have become too 
short to allow natural restoration of fertility. 

To meet future food needs without decreasing
the resource base, increased production will have 
to be realized from increased yields. 

Pearl millet (LPnni.ett flieridann(l.) Leeke)
is a majorstaple crop grown on 14 million ha of the 
Sahelian and Sudanian semi-arid i ones. 'File pearl 
millet acreage in Niger has doubled to 3.2 million 
ha in the last 25 years while average grain yields 
have fallen frotm 480 kg ha Ito a mere 300 kg ha I 
(Sedes 1987). Only the agronomic constraints to 
prodtuction increases will be discussed here, al-
though there are many others. The most liniting 
agronomic factors to increased yield levels of pearl 
millet production systems are, i, order of priority:
the inherent low soil fertility. limited and untimely 
cultural practices, and the occurrence of drought 
periods (IFussell ct al. 1986). 

This paper focuses oil the effects of itmproved 
soil- and crop-managenent practices on the estab-

lishment, yield, and water use of millet. After des
cribing the physical environment and briefly re
viewing research on soil tillage and management, 
we focus on the management implications and 
results of experiments on soil- and crop-manage
ment practices, conducted at the ICRISAT Sahe
lian Center (ISC) during the 1984 and 1985 rainy 
seasons. 

The Physical Environment 

Physically and chemically poor soils, low and 
uncertain rainfall, and high temperatures make the 
Sahelian zone a harsh environment for crop 
production. 

Alfisols are the third most common soil order in 
the tropics, and are very prominent in semi-arid 
regions, especially in India and West Africa (San
chcz 1976). Thesoils at the ISCgenerally havesand 
contents of over 85%/-. The predominant soil is the 
Laboucheri soil series, classified as Psammentic 
palcustalf. Some of its chemical and physical prop
erties are summarized in Table I. 

The l.aboucheri sand is a very deep soil. The 
surface horizon is yellowish red up to about 30 cm. 
Tie lit horizon is red sand with weak structural 
developnent to more than 2 in depth. Soil-bulk 
densities of the surface horizon are high ranging

3from 1.55 to 1.76 g cm- :subsoil densities are lower 
ranging, from 1.44 to 1.65 g cm- 3. Infiltration rates 
and internal drainage are rapid, with the saturated 
conductivity of tlie soil ranging froti 150-200 cm 
day- . 

Table I. M\lean and standard errors for selected soil properties of labucheri sand at [tie ISC. 

A horl/on 3 hori/on 
Property No. of aniplcs Mean SI: No. of samples Me; 11 SE. 
Total sand (t') 13 91.2 ±0.5 35 87.' ±0.5Total silt (C) 13 4.7 ±0.3 35 4.7 ±11.2Iotat clay (%) 13 4.2 ±0.4 35 7.6 ±0.30.1 IBar 11,0 (,) 4 11.4 ±t.9 6 14.6 ±2.515 liar 11,0 (11) 4 1.8 -0.4 15 2.5 ±1.pH1 13 4.9 -0.1 35 4.9Al saturation (',) ±0.1

13 23.5 i4.0 35 21.1 ±2.4C .C, (nieq 100 g-1) 13 1.3 ±t).1 35 1.3 ±t. lIase saturation (%) 13 41.9 ±6.5 35 45.8 ±3.0 
Sim ce. We l tl al. (1984). 
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Average annual rainfall at the ISC is 560 mm, runs were made on an untilled, bare, initially dry 
with an average growing season of 94 days (Siva- soil. The high rainfall intensity used (100 mm h-I) 
kumar 1989). A considerable variation of the did not cause runoff even after 2 h of continuous 
amount of rainfall between and within 'ears is to application (ICRISAT 1985). Therefore, the bene
be expected. Rainfall intensities are high, e.g., 25% ficial effects of tillage in these types of soils can be 
of the total annual rainfall comes in intensities attributed to enhanced rooting in time and space, 
higher than 75 mm 1- 1in Zinder (Niger), 55 mm 1- 1 which results in better exploitation of natural and 
in Gaya (Niger) and, as a contrast, a 'low' 30 mm chemical fertility and soil moisture, leading to 
h-' in Pata.acheru (India) (Hoogmoed 1986, p. 48). increased water-use efficiency (WUE). Tile ques-

Soil temperatures can be extremely high. Three tion arises of the extent to which cultivation 
days after a planting rain, during crop emergence, increases porosity and the duration of this effect. 
maximum soil temperatures have been known to At the ISC, cultivation reduced soil-bulk density to 
reach over42 0 Cat adepthof5cm and 55°Catthe 1.22 g cm -3 , thus increasing pore space to 54%. 
soil surface (ICRISAT 1984). Consolidation, resulting from raindrop impact 

during rainstorms totaling 100 mm, reduced soil 
porosity to 51±1.4%, which was well above that 
under field conditions. 

Soil Management Effects Soil-surface modification has been important in 
and Implications overcoming wind erosion problems on the suscep

tible soils at the ISC. The worst damage caused by 
The sandy-textured soils on which pearl millet is wind erosion in this environment occurs during 
grown, have low porosity (35-40%) in the surface crop establishment. As a result of the usually 
layer, low organic matter, poor fertility, and are strong easterly winds, preceding and during rain
structurally weak. storms, sandblasting and burial of seedlings have 

Studies in West Africa have shown that soil- led to poor establishment, often forcing farmers to 
mechanical resistance due to high bulk densities resow their crops several times. Potential wind
limits root growth. Soil cultivation can reduce bulk erosion losses can be estimated using a wind ero
density, and thereby facilitate root proliferation. sion equation that estimates annual rates of ero-
Chopart (1983) measured root growth of pearl sion by the following factors (Woodruff and 
millet in sandy soils and found that as a result of Siddoway 1965): 
plowing, the dry mass of pearl millet roots doubled 
in the first 50 days, and the roots penetrated deeper 
layers. Strong positive correlations between the where 
reduction of bulk densities (increased porosity), E = annual loss of soil, 
root growth, and yield have been reported for I = soil erodibility, 
many crops (Charreau and Nicou 1971). Nicou and K = soil ridge roughness factor, 
Charreau (1985) reported that in 38 experiments C = climatic factor, 
on pearl millet, cultivation showed a 22% grain L = equivalent field width, and 
yield increase. Furthermore, when combined with V = equivalent vegetation factor. 
fertilization and use of crop residues, plowing 
improved soil productivity and crop yield with When prevailing winds cause erosion, K and L are 
time, even in the driest years (Pieri 1985a). Lately, particularly important manageable factors. Ridg
the positive effects of modifying the soil surface to ing of soils susceptible to wind erosion may reduce 
increase infiltration and reduce runoff have received soil loss rates by 85% (Fryrear 1984). The width of 
attention (Nicou and Charreau 1985). Sanders and a field can be reduced by windbreaks and may also 
Roth (1985) report a two- to fourfold increase in effectively be reduced by strip cropping. The factor 
sorghum yield, owing to fertilized tied ridges and Vis influenced by crop residue. Covering as little as 
fertilizer application in farmers' fields. 20% of the soil with crop residues (or 600 kg ha-' of 

Generally, improved rainfall infiltration and corn stalks) reduces soil losses by 57% (Fryrear 
reduced runoff are important effects of cultivation. 1985). 
However, the deep sandy soils at the ISC show Soil cultivation also plays an important role in 
little tendency to crust formation. Rain simulator improving and maintaining soil fertility by incor
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poratingorganic matter, crop residues, and manure, 
the latter being considered a necessary adjunct to 
the use of chemical fertilizer for long-term soil 
fertilty maintenance and stability of crop produc-
tion (Pieri 1985b). 

End-of-season cultivation can kill weeds, pre-
serve precious soil moisture, and may save a crop 
when the following season's rains are marginal
(Dancette and Nicou 1974). 

Last but not least is the effect that timely cultiva-
tion has on weeds and their control, and the effec-
tiveness of interrow cultivation. In indigenous 
production systems, weeding poses a serious labor 
bottleneck, which might be relieved by the intro-
duction of animal power for tillage and weeding
operations (Norman et al. 1981). 

Soil Management Techniques 

Experimental Treatments 

The objective of the program is to identify soil-
management constraints and to develop approp-
riate soil-management techniques quickly for the 
resource-poor farmer. For this purpose, four con-
trasling presowing primary-tillage methods are 
used, in declining order of intensity: plowing to a 
depth of 15-20 cm, direct ridging (75-cm spaced 
ridges), sandfighting, and as a control zero tillage. 
The latter is predominant in the characteristically 
low input pearl millet production systems that rely 
almost exclusively (onhand labor for field opera-
tions, 

All experiments discussed are full factorial de-

signs; fertility is kept at two levels -no chemical 

fertilizer, and modest doses of P ( 17 kg ha 
 )and N 

(40 kg ha-1); where applicable, crop residue is stud-


-
ied at two levels, all residue removed or 4 t ha 1 of 
pearl millet residue left. 

A 0.75 , I ni planting pattern (13 300 hills ha-') 
was used in most experiments. The effects of culti-
vation will be explained in terms of crop estab-
lislment, crop water use, and yields from the 
results of experimentation at the ISC during 1984 
and 1985. 

Results 

Effect of Soil and Crop Management on Plant 
Establishment. In an exploratory factorial ex-

perinent in 1984, we studied the effects of pre
planting tillage, planting method, planting depth,
fertility levels, and distance from a windbreak on 
the establishment, early growth, and yield of local 
pearl millet. The use of a precision planter suitable 
for both hill planting, as in the traditional method, 
and drilling ensured a consistent placement (depth 
and compaction) and number of seeds. 

Two small storms with high windspeeds during 
the first 2 weeks of cron establishment provided 
excellent wind ,'rosion conditions for evaluating 
treatment effects in terms of plant stand and 
height. Significant effects at this stage were caused 
by tillage, planting method, and distance from the 
windbreak (Table 2). Plowing left the soil surface 
smooth as on the control plot, therefore the posi
tive effect of plowing on stand and growth can be 
entirely attributed to improved subsurface condi
tions, resulting from reduced soil-bulk density and 
the incorporation of the P-fertilizer. The volume of 
soil loosened after ridging is much smaller than 
after plowing, yet the equally good seedling survi
val rate suggests that ridging is effective in reducing 
wind erosion. 

Significantly fewer seedlings emerged from hill 
planting than from drilling, but inthe latter case, 
tie seedling survival rate %kasconsiderably lower. 
In :iills, seedlings protect each other, apparently 
favoring the innermost seedlings that were much 
taller probably because of lower soil temperature 
and reduced sandblasting. 

There was no significant fertility effect on stands
 
or height. Planting depth and interaction effects
 
were also not significant at this early stage. Increas
ing distance from the protected side of the field
 
affected both stands and early growth, but these
 
effects were confounded with natural fertility.
 

The crop was thinned to three plants per hill or a
 
-
corresponding 3 plants m 1for drilled plots. Dur

ing the growing cycle, soil moisture was a limiting 
factor; an average of 190 mm of rainfall was 
received, and used, by the crop. The earlier stand 
advantages traced to factors discussed above were 
nullified. 

Hill sowing gave a significantly higher grain 
-
yield (510 kg ha1) than drilled rows (410 kg ha-1). 

The addition of fertilizer in the driest year on 
record also increased grain yield from 370 to 540 kg
ha- 1 (SE = ±31 kg ha-). All other (interaction) 
effects were not significant. 

'[he experiment was continued during the 1985 
rainy season, which registered a near-normal total 
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Table 2. Effect of cultivation, planting method, and location of block on early stands and crop height of pearl millet. 
ISC, 1984 rainy season. 

Stand decline (P) Plant stand Plant height 

Treatment 3 7 )AS 7 13 DAS 13 t)AS(000) 13 IAS (cm) 

Plowing 14.8 1.7 
Ridging 0.9 11.8 
Sand fighting' 18.1 18.8 
Zero tillage 16.1 13.6 

S i ±4.8 ±5.1 

[lill planting 11.9 -2.3 
Drill planting 13.1 23.5 

SE ±3.4 ±3.6 

Block4 

1 12.0 13.6 
2 20.4 7.6 
3 11.4 15.1 
4 6.2 6.2 

SE ±6.7 ±7.2 

).)AS z )ays alter sosing. decline in terrns ot number of hill%. or seedlings. 
change calculation. 

2. Plots sandlighted once. 
3. A'erage of .5 seedlings hill aw 12 11( hills ha 

149 14.6 
151 15.6 
84 13.1 
99 10.8 

±20.9 ±1.2 

1033 16.9 
139 10.2 

±14.8 ±0.86 

123 15.9 
95 12.6 
88 11.2 

178 14.4 

±29.6 ±1.2 

)ay 3 and day 7 are computational bases for percentage 

4. Bllo.ck 4 sas located at the nll-i protected castern side ot thelield. Ihe distance hetseen blocks 

the ssestern side t the held clowe I) the rext uindbicak. 
,a%40 ni, the last block being located at 

rainfall of 545 mm. Residual fertilizer effect and 
pearl millet cultivar were added as treatments; all 
plots were hill planted. 

Again, tillage had positive effects on crop estab-
lishment and early growth, and on the yield of the 
pearl millet cultivars. Unlike in 1984, stands did 
not decline during the first 40 days after sowing 
(DAS): the effectiveness of posttillage roughness in 
limiting wind erosion apparently could not be 
assessed because storms were relatively mild. 

However, later in the season, crop stands re-
sponded to tillage methods, pearl miliet cultivars, 
and fertilizers added in 1985. Plant hill survival, 
after superficial sandfightin-g and zero tillage, was 
inferior to the more intensive tillage methods of 
plowing and ridging that loosen and invert the soil 
(Fig. 1). 

At 40 DAS, significant varietal differences were 
observed (P <0.05), with 3/4 HK having 91%, 
CIVT 95%, and Sador Local 92% pocket emer
gence (SE = ±0.88). At harvest, stands differed 
significantly as a result of aresidual fertility effect, 

plots that received fertilizer in 1984 had 62%, and 
control plots 54% pocket stands (SE = ±2.6). A 
highly significant effect on stands at harvest result
ed from the fertilizer applied in 1985. In plots that 
received fertilizer, 74% of the pockets survived, as 
against 43% on the control plots (SE =±1.9). Yield 
depended on the number of pockets, number of 
grain-yielding heads, and yield per head. A multi
pIe regression was done of the logarithm of grain 
yield on the logarithm of the percentage of pocket 
survival to harvest, number of heads per pocket, 
and grain yield per head. The regression equation 
obtained was: 

y 0.97 In (%survival)+ 0.75 In (heads pocket) 
+0.24 In (yield head - ') 

The multiple R was 0.926. 

Variety grain yields were significantly different., 
and in 1985, CIVT responded best to fertilizal.ion 
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Figure I. The effect of tillage on pocket stands of 
pearl millet over little. IN( 1985. 

(Fig. 2). Other significant effects were tillage 
method, and a tillage - fertili/er interaction. Til-
lage by itselfdoes not increase grain yield while the 
addition of fertilizer alone doubled yield. A strong
synergistic effect was obtained by combining the 
two inputs and resulted in a fourfold yield increase 
over the control (Fig. 3). 

Recent experience of tile Operational Scale
Research at tle ISC shows similar effects (ICRI-
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Figure 2. The interaction effect of pearl milet cul-
fkar and fertiliier on grain iield, I1S, 1985. 
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Figure 3. "he interaction effect of tillage and fertil
izer on grain yield of pearl millet, IS(, 1985. 

SAT 1987). Ridging with animal traction increased 
pearl millet grain yield by 35% and straw yield by
57 'i over fe lilized hand-cultivated plots, because 
of superior stands and hetter early growth. Since 
weed propagation was considerably reduced, less 
time wa:; needed for weeding (from 168 man h ha 1 -

to 80 man II ha-I). 

Crop Water-lUse Efficiency. Water-use efficiency 
(WIE) is expressed as: WUi- = crop production 
G la-1)iwater use (nim) where production is 
expressed in total dry matter or grain. No attempt 
is made to distinguish between soil evaporation 
and crop transpiration. Total water use is calculated from rainfall, and the soil-moisture balance 
between tile date of sowing and harvest of the crop. 

water content of the soil profile is measured 
in steps of' 20 cm, using a neutron probe with the 
access tubes installed to a depth of 2.60 in. The

1]amount of soil moisture stored in the profile isestimated by rectangular approximation of the 

soil-moisture content over depth. 
The exceptionally dry 1984 rainy season received 

59%,; of' thle average annual rainfall. lwo 
experiments, where soil moisture was measured, 
were planted to pearl millet Sador Local, on 13 
and 22 June.

As described above, the effect of cultivation and 
fertilizer addition on establishment, early growth,
and crop yield were significant. Differences in 



biomass growth due to these factors are reflected 10I
by the measured soil-water profiles. Figure 4shows 90. Control 
a typical profile with the significantly different ,5 so -... Ridge 
profiles due to different extraction rates caused by 7-0- 1o 
tillage at 45 DAS. Runoffdid not occur during this O,
season. Drainage beyond tile maximum measured - 
depth of 2.60 m had been negligible, even oil the 4o- --.. : 

bare Wischmcver plot where as much aits 50% of the 
rainfall received was lost through evaporation. 21_ 
Hall and Dancette (1978) obtained much the same 10I 	 r 
results on similar soils. Therefore the total amount 
of water used by the crop,'soil complex can be 
calculated from rainfall and tile soil moisture 71
stored in the profile. 70 

In the first planted experiment, plowing and 
ridging increased tile extractable soil moisture .t-- ----


even from the deeper layers. Figure 5 depicts the 40- ---- ------ --

total soil moisture measured in the 25 I I-cm. 30

110 210-cm, and 210 270-cm profile layers, dur- 20
ing part of the season. The difference in soil mois- 0 - , 1 I 

ture extraction due to tillage reached its maximum 9o
at 64 DAS, with 42 mm more soil moisture 
extracted from plowed plots than from control r-- :-7(0

plots (Sl- : +6.4). Total water use was different C0 

(P..(). 10) during this season and anlotinted to: 182 0-0 
mm for plowed plots, 164 mm for ridged plots, and 4-

WI-1Io pearl 40
154 mm for control plots. The 

millet grain yield (on the average 1.45 kg ha - ) -'-- - .. . . 

mn i) was not significantly different among treat

ments. The addition of iertili/er increased the 10 	 I I 

WUE of total dry matter from 27.0 to 29.6 kg ha-' 28 jl 4 Aug IS Aug 25 Aug 0 Sep 3 Oct 

mm -t (SE ±0.94). 	 Figure 5. The effect of preso~ing cultivation on 

total soil-mtIisture content of tihe 25-110cm, 
110-210 cn, and 210-270 cm profile layers during 
the rainy season, pearl millet crop, planted 13 Jun, 
IS( 1984.
 

7

5 5.' 
(1 

S3- The second experiment was planted 9days later. 
7 Apparently, because of this delay, roots could not 

2~ ... .oRigl 	 reach the residual water in the deeper layers as in 

ithe other field (Fig. 6). resulting in the premature 
-' I'h death of the crop by the end of August. Total water 

O _ I I I use (158 mm) until this date did not differ signifi

20 (i0 100 140) ISO 220 2(0 cantly according to tillage treatments, but adding 

I)cpih r(cn) fertilizer increased WUE for dry matter from 15.0 

Figure 4. Effect of soil cultivation on soil-moisture to 18.9 kg ha-' mm- (SE = ±0.47), whereas crop 
-

content in the 30-260 cm profile, 45 days after soss- residue increased WUE from 15.7 to 18.2 kg ha ' 
ing of a pearl millet crop, ISC, rainy season 1984. mm-i (SE = ±0.64). 
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The 1985 season differed greatly from the 1984 
season; rains started late (plant ing date: 26.1une), a 
total of 545 mm well-distributed rain was received, 
and serious drought stress periods did not occur. 

Deep drainage had to be included in the calcula-
tion of crop water use. lDrainage occurred first oil 
low input plots that had less biomass than high
input plots. 

However, owing to the unavailability of tensio-
meters, only drainage was estimated. If, between 
dates of soil-moisture measurements, the profile 
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was at field capacity and more water was lost from 
profile of low-input plots than of high-input 

plots, the difference between the profile depletionwas considered lost by deep drainage. This is likely 

to underestimate drainage. 
Total soil moisture per profile layer of a long

term soil-management experiment during the sea

is shown for control plots, and fertilized 
plowed and ridged plots with crop residue (Fig. 7). 
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Figure 7. The effect of some mlanagement input
conmbinaltions (control, plowed and ridged plots,
both with addition of fertilizers and c -of) residue) on 
total soil-moisture content of file 25-110 cm, 
110-2 10 cm, and 210-270 cm profile la)sers during 
tlbe season, Pearl millet crop, IS(',1985. 
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Figure S. Ihi of tillage, l rlili/er (0'l n fertiliter addedeffects i0 ferlili/tr. Il , ciltiiar, and c-,op 

residue on grain )icl (if pearl millt, IS( , 1985. 

From planting to harvest, rainfall was sufficient No rcsue 
for crop evapotranspiration and to rccharge the 
profile down to 2.71 in. (n 5 Aug the crop on m h 

high-input plots had used 50 mn more of the rain 
received. [he use of tillagc, in coininat ion with 
ch,-micaliertilier alld crl-op rcsiuC . otilllic leascd 
water use from 287 to 320 min in this average = 
season. This figure is based on an estimat,'-0 11111
being lost to deep draittage in the los-input plots. 
Water-use efficiencies raned from 1.83 kg hit 
nin I for ridged plots without fertili/er to 4.87 kg 

hla Itm lo I'm nulched adt plowed plo. '% 
A relat i\ clv small portion of the rainfall was lost , 

h\ drainagc inl 1985. a y'ear of average rainfall. 
However, an average 93 mm of soil moisture sloricd 
in the 25 270 cm profile at larvlst ,\as suhsc
quentlv lost by evaporation du ring the dry season. 

Graiti yield depended on tillage, mulching, and (2 Y 
fertilier, and pearl millet cultivar sown (Fig. 8). 
There is a strong interaction between intilching and 
fertiliicr; mlching fertilized plots produced a 
smaller yield increase than mulching nonfertili/ed (lntrol Iertili/er added 

plots (Fig. 9). Crop residue increased the organic Figure 9. 'lhc itcracti(n effcct of fertili,,r and crop 
matter content from 0.26 I 0.291' (SE =±0.0055). residue on grain )iehi of pearl millet, IS', 1985. 
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Conclusion References 
The single most important factor for increasing 
pearl millet yield is P fertilizer. Further, presowing 
tillage considerably improves crop establishment, 
early growth, and plant survival. The synergistic 
effects of tillage and fertilizer :,ddition, in most 
cases increased crop grain and dry matter produc-
tion, through higher plant population at harvest, 
and higher yields per plant. 

Pearl millet yields responded to fertilizer appli-
cations in the driest year on record. In the average
rainfall year, crops responded well to increased 
levels of inputs such as tillage. use of crop residue, 
and fertilizer addition, not by using much more 
moisture but by using it more efficiently. A large 
proportion of the soil moisture accumulated in the 
profile during a normal year is subsequently lost by 
evaporation during the dry season. 

In terms of plant establishment, ridging seems 
tie most promising technique as it is less energy-
and time-consuming than plowing. Farniers already 
make ridges using animal traction. Recent expe
rience at the ISC evidences the benefits of this 
technique in terms of labor use, early weed control,and crop yields. 

Anthough d fair adount of inforyeatidn has 

A~thoghafir mout ofinfrmaionhas 
already been generated on the effects of tillage and-

soil management on yield, we feel that research is 
needed on the following topics:
 
* 
 the long-term effect of certain soil management 

options on the organic matter content of the soil 
and on soil-structure stability and crop growth, 
in particular the identification of critical levels: 

* 	 crop sequence, especially pearl millet-cowpea 
rotation and related possibilities for redued 
tillage techniques: 
in situ determination of the hydraulic proper-
ties of the soil (st rongly influenced by soil tillage 
and difficult to measure); 

" measuring soil physical propeities pertaining to 
soil strength to estimate wind erosion suscepti-
bility, tillage (draft) resistance, and trafficability: 

" rainfall analysis and soil-evaporation rates across 
environments to assess the number of available 
days -ortillage ard planting. hese operations 
can be competitive in certain years as tillage 
might delay planting at the cost of yield reduc
tion. 
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Recent Developments in Pearl Millet/Cowpea Cropping
 
Systems for Low-Rainfall Areas of the Sudano-


Sahelian Zone of West Africa
 

B.R. Ntare', P.G. Serafini 2, and L.K. Fussel 3 

Abstract 

Pearl millet ( Pennisetum americanum (L.) Leeke) and cowpea (Vigna unguiculata (L.) Walp.) 
are two of the predominant food crops in the Sudano-Sahelian zone of West Africa and are 
often intercropped. A current review of research findings concluded that pearl millet: cowpea
based systems generallv inprovedand stabilizedoverallyields. When pearlinillet and cowpea 
are intercropped, time ofsowing, crop densities and spacing, soil-fertility status, and the nature 
of varieties scen to be important to determine the degree of interaction between the two crops. 
Production characteristics, sources of productionatdvanltages,. and the potential to improve the 
productvitvv of the intercrop systen are outlined. 

The limited inlormationavailable from West Africa, on the eti'ects ofcrop rotation indicate 
that yields improve when pearl tnillet fblohws a cowpea crop. This combination is being 
investigated at the ISC Coupea as a cash crop ccononnically.justifies the use ofpurchased 
inputs which tortunatelv, have a positive residual elfct on the subsequent pearl millet crop. 
This is considered to be an important opportunity to contribute to the intensification of the 
cropping pattern. 

The need to find compatible pearl mllet cowpea varietal conbinations, rotation and inter
crop.vsstems, and cultural operations, while understanding their effects on soilfertilit,,produc
tivitv, and resource use is emphasized. 

Risum6 

Evolution ricente des systirnes de cultures associant mil/niibi dans les rigions de faible 
pluviositi de la zone soudano-sahilienne de I'Afrique de l'Ouest : Le mil(Pennisetum glaucum 
(L.) R. Br.) et le ni6b6 (Vigna unguiculata (L.) Walp.) font partie des cultures vivribres les plus 
importantes de la zone soudano-sah6lienne de 'Afrique de l'Ouestet sont souvent associ~s dans 
les parcelles de production. Les recherches en cours ont permis de conclure que les systbmes 
bass sur /Issociation mil/nib, permettent gbnbralenient dambliorer et de stabiliser les 
rendenients globaux. Lorsque mil et niMbb sont cultiv6s en association, il semble que la date, la 
densit6 et I'espacementdes semis, le bilan de fertilit6 des sols et la nature des vari6t6s soient des 
facteurs importants pour dbterminer le degr- dinteractionentre les deux cultures. On relbve les 

1.Principal C. wpea Ilrecder Agronoin st,International Institute of tropical Agriculture, Nigeria. 
2. Research Farm Manager, Farm Operations, ISC, Niamcy. Niger. 
3. Principal Millet Agronomist, Pearl Millet Improvement Program, ISC. Niamey, Niger. 
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ICRISAT (International Crops Research Institute for the Semi-Arid Tropics) 1989. Soil, Crop, and Water Management Systems for 
Rainfed Agriculture in the Suda-io-Sahelian Zone: proceedings of an International Workshop, 7- Il Jan 1987. ICRISAT Sahelian 
Center, Niamey, Niger. Patancheru. A.P. 502324, India: ICRISAT. 
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caracteristiques de production du .s".steiedliss,'itai,,ndes cultlecs ain.si ICit'es ulantagesct 
Ies possibiitcs d'ndlioration dces rendt'uents c/ui cn (ie'IoueCnil.

Les inlornationslitnitecsccut Ol di.SPO.s en ,.inctie tied "Ouc.si.itles elet.t dC i rot;tion (Its
cultures indiquent oic kl ,d!oil tic,rencineIts (IIli ii hOnS(/o It nn e.st c'u/til e afris ICiniece. 
('Cete IssoLidatiOne.Cttilc'c altuelIcieni an ( 'enIre .sai'/en It'( 'RiS I.I Ichat (I'ntants 
agricoles se./usti"iL•Surs l -ionoili/utlle jic/lie.I' 'lie/ict .stlite eltuittre' tt et q.t leur 
eit .selait ene'oic sentir.sulrit nlil cultil apre'l.etiehe. I nele//c*h 114t31011 dc'.Stii/riiie. tCnitter 
de nih JIourlrait cc untrihtixr de lalon .Sen.sibe i intenliettr ... ldt'.%dc cliltlrt.%ei.slanis. 

kn'in. /l'accnt af te iis .siu/i (I'ts.%iietloll eoinhinil.sins allictale.s n nichene d ic dct'.s 
comnpaiibhes, ic"uraitnc't cJiies .sV.' t'.5 tc .s.sCtiIioIl a tsi q/lie/s Ite/hniq/te.s Ciitraile.s 
approprio's lout tn sintti v.s.sant;i//er.s' ellct. .surI t'tlii .Sol. ilIiiijtltt i 'I li.%ation 
dc's ressourct'es. 

Introduction 

Pearl ll1ilh.t I I'cnni.cjltnl ;urlnctiani ( . I ekc) 
;and cus\ pea Il ,n.i unilutiltta (I.) Walp.) i ae 
t(Vof tt prcdccminacnt fo c lc;;s Ill tilt'dtlucnciccc-
.S'allc l c le of \'csl ,\li a (SS \VA). Ieali 
millet occtmics 13 illilhct hit(l atlrilcc land atl 
COl5p)c; Ic lillc ll h1t. 

grccs.lc t',acn icict cp 
Cccps ile tcInct Al.1ci g/ 
mloce Spcclc. 


II the ist 20 *CM',pCit 

( c p c tc(M i l ctl i\ 
i, l i m illeteI It%%c 

i I II a flll.\llilt' c01 le if 

I I lll ilictalitMdC c ll 
ill\\ 't :\irllic a ta I ci r t' csC \ I ;.e I r 0c-Tc l cc 
dLtcticc hil,reICIained ,latc li iccccc ctullcliets cIl 

tilecegiu. IhCeC art scclcie c Ccptillcts ,uch its 
Nig2trI ltltlt
\M.heret IlzlsdO)tlhl'd. ( lllt'[)l tUCtltO 

icln easescIl tilte lcgcHci til. llt ' cct'pIttl 'cl. cc1c 
nnclcitese ill tilecillitti ttc alecl ' Ii'ieri 1985),..IcCII 
ccl lint kless ccland %%it,, llss altil1il ioll CIccppllle. 

Iihishas contribitcd to West Atrica Ila%ic1g the 


catItNote ll 
tile regions ccl suih-Sai lan Allic t I pciMcic 
Silaktlnilar I986). IIccV.\ li. the lcc and l call\ct'i 

SIcc/CStt g ctVit c110ctai;lccdc I ccductit cloifcllet 

stahle productit lelelst itile cccss pcal peilllillit 
SNltlinashIlt~ct'i o lfethc prcncipal ,Orces Icl 
sltslellic lcc c s thei liflicli,:li'l lailli ilicl in) 
drier reLiclns cclthe SS \\',\. 

Accllrlg tlhe Illcmlirccs atlccccttc Iltspll-itlcicl 

sible locrthe hilcIlrlduct i t\ ccil pearl millet Lc.\5 
p a-bascd Cripp eing liwsysitelii,. ;alc sccil 
uliltill .'itacd iniactcilitC tcititllil cperitolls, cltc 

availahilit% ccl imced \arcetics., hiltaid illcoll-
siselit planit dcnsilies, aid iarlclC,,' inahilit\ Io 
clltil pels cdandiseaLses.c I tirladitiillall pearl inicllui 
cccA pea iniercrcpping systmsll imls hee dcel-
ciped tiirugl illl s iiteracticl \.itic allen iiil-
illeiil thia invoklves a high degree of risk due Iotice 

iniieret pu eriy and %aitiihiitvof the cropping 
cichg.,. Farfctecs seek tc stoahili,e productivit,. 
rt.tucC fhe risk Ol crop cssC, die tliirrguclarities cci 
limate. and mnakc the hest cse,I other scarce 

rCYcIciCt. 
I islpapC Ccltslt cIuctile 01 pcril Millet Mid 

ccc\pt'a 1n)t;ltditiciiaceliculhuCre of SS.Z\VA. e[
tilitl wct',citlch 1i1itint,, altl pOcssihiilc,,' lccr tictsc 
clops I the cliccic C. I i c lt,'citll licnilc%killhe ed 

t _clllc tIo , ,tt ls Illy.litle Of ;cl ta. tcd stanllds of 
I[;cllI1lic Md c(cs pea. 

r i o P r Mo-
Tradiiiona Iearl NiIlet/('owpea 

(ropping Systems 

'1;01lIcillet %kill) i\ Jmea csli t c IIClrcpIIIStClIIIIII 
ccctIntticln patticc larli in tile(icrt. icrtherll
 

aieas ofl SS/\V .,\. cl tt i tiols shll
Iltcccti clChilC 
iaspeall millet wccghuim, liut cl\pcia, pearlcol cici 

tci ei Mcte 
allcppat-ciil"\ set'k Itcia\' aI ill pcarl clnillCt Llain 

sMcllhtlll C cicss csic lccciicd. alclrI s 

sicl o ith ,ccll ;t idililllil cccssptCi crail tnd 
lcddlcr 'liils. 

I'I: cciliet 5itill 90 I iO-cia cocle is ctclc 
planited ,:cl ilcitle hicc t tlte cti\.pit inllicrc lp. 

0 %cpea t. ril i has a 120 15(-dil c clicMicd is 
scc\511 hciteccn peal Imlillt I co sslrccccn 2 /setks tt 2 

ill ilth1As tile ilt' pt'arl ciiet. dlptidiclg lipc lIlet 
va ltiiitsI ,-st'accli lails. I his Ilt'xiblt. decisiclcIl-lakhlig 

1 CI c ist ents cc ili1' as lie rainly 
scistil pigcesses. I1eils'-ictsii rains are poor, 
css\\pei sedic lliV eidcelascdctl cc eliminated. 11 
Ilic I it oor pearl-Illillel itiid, cxlra copea 
ilia"\ he sccs [I. N cntheless, illsomeiC instances. [t)
tahle. icte soils lend to ctim, tlhe twoc crops are 
s(c\vii
ccil the sallie hill. 
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Late cowpea seeding assures pearl millet yields 
because the cereal effectively dominates cowpea. 
This may be particularly important if the rainy 
season ends early. pearl millet is normall, liar-
vested before cowpea. Cowpea matures after the 
end of the rains on residual moisture. The late-
maturinig cowpea may produce little grain and be 
useful only for fodder when rainfall ends earlier 
than normal. 

lie extent and production of peatl millet/cow-
pea at the farm level is not clearly LIuantified. Nor-
man (1974) found that cowpea was -tiost frequently 
intercropped with pearl millet or sorghum (Sor-
ghum hicolor(IL.) Moenchl) although it was also 
grown in association with several other species in 
northern Nigeria. Swinton et al.(1985) reported 
that pearl millet was sown as a sole crop on 4% of 
tileland, and cowpea on 12'1 of the land in the 
Mad'trounfa area of Niger in 1982. Pearl millet was 
grown as an intercrop situation on 65' of the 
cultivated land, pearl nillet and cowpea were 
intercropped tn 47('7, and co%%pea wvas grown as an 
intercrop on 52'1. Around Filingu& in Niger, near 
the drier limits of the cultivated /one, pearl millet 
cowpea Occupied 83*' oft he culIivatedl area (Swin-
ton etia. 1985). 

In Nedogo, Aorena. and I)igre, three villages in 
central Burkina Faso. the area cultivated to pearl 
millet ranged from 29('; to 32"'1. P'earl millet was 
intercropped with cowpea on 64 91 "1ofthat area 
(Sawadogo and Kabore 1985). Other studies in 
HurLinta Faso confirm the iredomiance of this 
initercrop systei (Kabore et il. 1983). 

:ain level yield figures are scarce. However, 
national average yields range from 400 to 800 kg 
lia-of pearl millet and 100 250 kg ha- I of cowpea. 

Research Results 

Despite tileimportance of pearl millet /cowpea 
intercropping systems, research focused on under-
standing and improving them is a recent plieno-
menon. Early research indicates that, in general, 
intercropping gave better total yields than the 
component crops grown alone (Willey 1979a and 
1979h). Norman (1911 and 1974) showed that 
intercropping increased economic returns, saved 
labor, and reduced risk. More recently, Fussell and 
Serafini (1985 and 1986) reviewed crop associa
tions in semi-arid West Africa and concluded that 
pearl millet/cowpea-based systems generally ir-

proved and stabilized overall yields. The reasons 
for the popularity of intercropping among farmers 
include flexibility, profit and resource maximiza
tion, risk minimization, soil conservation and 
maintenance, weed control, and nutritional aspects 
(Norman 1974, Finlay 1976). 

A greater emphasis is being placed on cropping 
systems research because ol the increasing aware
ness of the important role that resource manage
ment will play in improving yield in the semi-arid 
tropical areas. To manipulate production from an 
intercrop system, we need to understand the main 
growth-determining factors. Plants growing to
gether compete for light, water, and nutrients. 
There may also be biochemical interactions. Con
petition for light arises when one crop is taller than 
the other. Competition for nutrients is greatest in 
relay crop situations. The second crop is often 
planted into a soil that has had its soil nutrient 
reserves depicted by the earlier crop. Competition 
for moisture is an important factor in low-rainfall 
situations. 

pearl millet cowpea system, time of sow
ing, crop densities and spacing, soil-fertility status, 
and the nature of varieties seem to be important to 
determine the degree of interaction between the 
two crops. These factors may be manipulated so 
that competition for light, water, and nutrients is 
minimized and tie cropping system is able to fit 
into tlie ecology where it is to be practiced. To 
illustrate these points, examples will be used from 
recent pearl millet cowpea intercropping studies. 

In tile 

Production Advantages with Traditional 
Practices 

Traditional pearl millet/ cowpea intercropping 
practices give production advantages of 20-40l. 
Cowpea grain and hay yields are low (Table I). 
Yield advantages are apparent whether pearl millet 
and cowpea grain production or the pearl millet 
grain and cowpea fodder yields are considered 
(Table I ) (Fussell and Serafini 1986). In the inter
crop situation, pearl millet grain yields normally 
account ior ,0-90% of the pure pearl millet yields. 

Crop Maturity 

Growing a very early-maturing cowpea with pearl 
millet is not a traditional practice, but it does 
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Table I. 	Means from trial of factorial experiments that included management factors such as intercrop density,
fertility, planting date, and harvest time of pearl millet/copea intercrop. 

Cowpea Pearl millet - Iand equivalent ratios 
Rainfall fodder grain PearlYear 	 Type of experiment Lo.cation ha- i )  (1rm) (kg Cowpea millet Total 

1982 	 Density - variety
 
intercrop proportion Sadord. Niger 372 3181 
 277 	 0.58 0.69 1.27 

1983 	 Interctop proporlion
 
- rotations Sador!, Niger 599 768 385 0.4 
 1.69 	 1.17 

1984 	 Intercrop proportion
 
- rotations Sldort, Niger 216 
 22 435 0.09 1.16 1.25 

1985 Intercrop proportion
I rotations Sadort, Niger 495 734 648 0.48 0.72 1.20 

1985 Variety intercrop Sador, Niger 495 360 921 	 01.31 0.92 1.24 
(261)2 10.511) (1.43)


1979 l)ensity intercrop %iultilocational NA -
 158 	 854 0.21 0.96 1.17 
Mali
 

1980 l)ensi. i:tercrop Nlultilocatiuial NA i460 980 0.50 1.04 
 1.54 
NI ili 

1981 cierc:p litrs.,ting NI ultilocational
 
schedule 
 %Iali NA 	 4050 800 01.83 1.12 1.95 

J. llw% 	 Idsare thcsh, "cights. 

2. Cmpca gram .,.ds 
3. NA :Nt akail,hIle.
 
S)urce. lhssell and Sciaim NIN5.
 

Table 2. Land equivalent ratios (L.ER) for three cowpea and four pearl millet cultivars from a trial conducted at the 
IS(. rain) season 1985. 

l.1'Rs of intercrops 

Co pea Pearl ntillet CowpeaPearl millet cultivar cullivar' grain grain 
Copea lotal 

hay LER 
Local c% Local cv 0.98 0.31 0.16 1.29CIVr Local cv 0.74 0.64 0.33 1.383 4 -11,-1178 l.ocal Cv 0.87 0.47 0.24 1.34IC.MV 4(ICMS 7703) 0.67 0.87 0.47 1.54
 
Local cv 
 TN8-63 1.10 0.29 0.13 1.39CIVT TN88-63 0.77 0.45 0.24 1.223,4 11 -B78 TN88-63 1.13 0.46 0.42

ICMV 4(ICMS 7703) 

1.59
 
1.03 0.54 0.25 1.57
 

Local c%' 
 1821-60 1.05 0.43 0.43 1.48CIVT 11821--60 0.74 0.96 0.70 1.703/4 IlK-1378 IT82E-60 1.10 0.58 0.43 1.68ICMV 4(ICMS 7703) 0.89 0.74 055 1.63 
SE ±0.113 -+0.126 ±0.066 tO.179 

t. Local cv---photoperiod sensitive and late maturing 1121150 days).

rN88-63.- photoperiod insensitive, medium maturing (75 80 da~sl.
 
rTl821ti-60--photopcriod insensitive. early maturing (55-61) days).
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appear advisable in some years. Pearl millet, par-
ticularly in the drier, more northerly areas of 
SSZWA, is sown in wide spacings, 2000-9000 hills 
ha-1. Substantial amounts of soil moisture, up to 
40% of evapotranspiration, are lost due to soil 
evaporation. This loss will be greatest during the 
first month of the crop's growth when the pearl 
millet provides little vegetative cover (Sivakumar, 

Table 3. Yield (kg ha- 1) for three cowpea and four pearl 
millet cultivars from a trial conducted at the ISC, rainy 
season 1985. 


Sole crop yijelds 

Pearl 
millet Cowpea Cowpea 

Cultivar grain grain hay 

Pearl millet 
t.ocal cv 1300 
CIVT 1100 
3/4 IIK-1378 770 
ICMV 4 (ICMS 7703) 780 

SE ±t112 

Cowpea' 
Local cv 421 1786 
TN 88-63 951 1320IT821E-60) 193 366

S2E6 -179. -164.0 
SE ±72.5 ±indicate 

ISC, personal communication). By interplanting a 
very early-maturing grain-type cowpea cultivar, 
more of this moisture can be used with litle com
petition to the pearl millet. The cowpea grain can 
be harvested before the pearl millet flowers. Yield 
advantages of up to 60% have been recorded. Pearl 
millet yields were not greatly affected by the pres
ence of the early-maturing cowpea (Tables 2 and 
3). In extreme drought years (1984), however, pearl 
millet yields may be substantially reduced, while 
cowpea production remains relatively high (Table 4). 

Planting and Harvest Scheduling 
Adjusting the cowpea planting dat, relative to the 

pearl millet's growth cycle and the probable length 
of the rainy season, is a management tool used to 
minimize the effects of cowpea competition on 

pearl millet yields. To better understand the impact 
of the planting schedule, two early- and one late
maturing cowpea cultivars, with cotrasting plant 
types, were interplanted at different times with an 
improved local pearl millet cultivar. Intercrop and 
monoculture yields were compared in two succes

sive seasons. The early cultivars were planted at a 
density of 25 000 plants ha-', while the late cultivar 
was planted at 15 000 plants ha-'. Both densities 

are above those used traditionally. The results 
that it is possible to improve cowpea yields 

Table 4. Grain yield (kg ha-') of early-maturing cowpea and pearl millet in association, ISC, 1984'. 

Pearl millet cultivar 

CIVT HKP 

Cultivar Sole Cowpea Pearl millet Cowpea Pearl millet 

Cowpea 
IT82E 60 550 165 227 160 75 
11821) 716 740 320 191 200 280 
TVX 3236 570 175 268 150 45 
TN88-3 480 150 285 130 70 
Pearl millet sole - 668 - 380 

SE (Cowpea) ±60 

SE (Pearl millet) ±72 

1. t1otal rainfall during the year was 260 ram. 
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without greatly affecting the performance of pearl Thus it is able to grow well before the pearl millet
millet crop by planting the cowpea with, or very canopy closes (Table 6).
shortly after the pearl millet (Table 5). Early plant
ing allows the cowpea to grow without being
shaded by pearl millet during the critical initial- Plant Population
growth stages. Planting cowpea 25 days after pearl

millet resulted in an almost complete failure of the 
 Density effects have been studied primarily fromcowpea crop. Early-maturing cowpeas were par- two points of view. The first assumes that theticularly sensitive. farmer wants a full pearl millet grain yield and asIt is very advantageous to plant a forage-type much additional cowpea yield as possible. Therecowpea at the same time as pearl millet and harvest fore. the cowpea component ismanipulated withinit before the flowering of the pearl millet. In this a full pearl millet stand. Findings indicate thatsituation, the negative effects of aggressive and/or pearl millet grain yields are not greatly reduced byhigh-density cowpeas on the cereal yield may be increasing cowpea densities when soil moisturereduced or eliminated. Cowpea does not compete and fertility are adequate (Fig. 1,Table 7,see alsowith pearl millet during flowering or grain filling. Serafini 1985). Ifeithersoil fertility or moisture are 

Table 5. Yields (kg ha-') of cospea and pearl millet at different dates of planting, of eowpea inrelation to pearl millet,
ISC, Niger, 1985 and 1986. 

Yield (kg ha 1)
 
11821) 7161 IVX3236 Sadore" Local
 

Year Planting dates (iz III 
 P%1I i II t1N\ G II PM 

1985 Cowpea pearl millet
 
same day 351 730) 1055 485 
 930 104t0 - 2270 340 

Cow pea 6 days
after pearl millet 200 215 1255 240 750 1310) 1970 630 

Copea 25 das 
after pearl millet 70 185 1515 80 270 1120 590 1310Cis pea stile, 600 1260 - 930 1160 - 2430 -

Pearl millet sole  - 1375 - - 1375 - 1375 
SF coy, pea grai ±90 
SE c%pea ha\ ±79 
SE pearl millet ±54 

1986 Co%%pea pearl millet
 
same day 150 
 273 980 185 380 570 40 1280 560 

Cowpea 7 days
after pearl millet 180 186 610 12(1 400 740 30 1310 660 

Cospea 24 days
 
after pearl millet 120 
 173 88(0 l100 160 810 13 450 840

Cowpea sole 405 461 - 590 65) - 204 2026 -Pearl millet sole - - 1196 - 1096 - - 1096 
SE cowpea grain ±19 
SE cowpea hay ±82 
SE pearl millet ±72 

I. Co%;pea culti.ars early erect (11821) 716). early ,preading (I VX3236l. and late spreading (Sadore" local).
2. G = Cowpea grain. it ('tmpea liay. and I'M = Pearl millet grain.
3. No grain recorded in 1985. 
4. Aeragc 05er dales of planting. 
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Table 6. The effects of different times of harvest of a cowpea hay intercrop on pearl millet and cowpea yields in Mali, 
1981. 

Sole crop yields (kg ha-') Intercrop land equivalent ratios 

Pearl millet Cowp_ a 
Harvest schedule grain hay' Pearl millet Cowpea tolal 

40 days after planting 900 3450 1.31 0.71 2.02 
60 days after planting 870 5671 1.21 1.25 2.46 
80 days after planting 740 45811 I.1)I 11.93 1.94 
End of season 680 2490 0.94 (.41 1.35 

SE ±40 ±248 

I. Fresh ",,eight. 

limiting, particularly early in the season, pearl approach pure stand levels may be obtained by 
millet grain yields may be considerably affected h. manipulating row arrangements, planting dates, 
higher densities of intercropped cowpea (Table 3). and the densities of the two crops. A full yield of 

The second point of view focuses oi todifying the cereal and a considerable contribution from 
the intercropping pattern while maintaininga con- cowpea were obtained with paired rows of pearl 
stant total plant population. Cowpea performance millet and cowpeas. Planting in the same hill 
may be improved and pearl millet yields that reduced cowpea yields (fables 5, 8, and 9). 

Table 7. Crain yields (kg ha"1) of early-maluring cowpea and pearl millet in four planting systems, IS(, Niger, 1985 and 
1986. 

(Yield kg ha l ) 

No. of Distance Pearl 
Year Planting s. stcn platns apart (Cm) Cowpea millet 

1985 	 Pearl millet cowkpCa I I0 58(1 111910 
Pearl millet copea 2 30 491 1215 
Pearl millet cowpea 3 5(1 511 1315 
Pearl millet cowpea 4 100 325 1825 

.1raditirnal 2 	 NA ' 850) 

SE ±34 ±148 
CV (r;.) 30 24 

1986 	 Pearl millet/ cowpea I 10 405 880 
Pearl millet, cowpea 2 30 430 1010 
Pearl millet cowpea 3 50 241 1115 
Pearl millet cowpea 4 100 105 1077 

Iraditional 	 NA 775 

SE ±56 ±137 
CV(U4) 27 29 

I. (Com i, 	 ciilltiar 11821) 71 isearly and erect and pearl millet culti%;ar is ('Vt. 
2. Pearl millet .is%%n local long-duratior sane tirne%lrth co.wpea at tihe 
3. NA : Not asailable. 
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---- Pearl millet high density 

Pearl millet recommended density 

-Intercrop cowpea in recommended 
pearl millet density 

Iearro cilet enhi h 
pearl millet densityv 
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800-

600-

400)-

01 2 4 ( 8 It) 
"pea density ('000 hills ha i) 

Figure I. Pearl millet grain 'ield and co4pea hay 
responses at three cospea densities in a pearl millet/ 
cowpea intercropping sistern, ISC, Niger, rain) sea-
son 1985 (Source: Fussell et al. 1986). 

Fertility 

Within an individual cropping year, cowpeas com
pete for nutrients, including nitrogen (N), with the 
cereal crop. In the absence of adequate N fertility 
pearl millet grain yields have been lowered in situa
tions that favor cowpea competition such as simultaneous seeding, high cowpea densities or late 

cowpea harvest (Table 9). Adequate soil fertility,
particularly phosphorus (P) and N, facilitates 
intensification of the intercropping system. Cereal 
yields have been shown to respond better to added 
fertility when cowpea densities are low (Table 8). 

Cowpeas are known to be relatively efficient N 
fixers. Nitrogen fixed by cowpeas will contribute 
to crop yield in the following season such that it is 
not removed as grain, hay, or livestock feed. The 
importance and efficiency of this phenomenon has 
not yet been adequately studied. 

Varietal Selection 

Cowpea and pearl millet varieties may be selected 
to improve their performance in intercrop situa
tions. The selection criteria depend upon the objec
tives of the system. The type ofcowpea that will be 

Table 8. (rain yield (kg har') of early cosspea and pearl millet in several planting systems, ISf, Niger'. 

Coa'pea 
Year Plantingsystem Grain 
1985 Pearl millet (sole) 

Peal millet cowpea, alternating 
Pearl millet cowpea paired rows 
Pearl millet cowpea, same pocket 
Cowpea sole 

583 
620 

84 
1185 

SI. 
CV ('4) 

!±57 
23 

Pearl millet (sole) 
Pearl millet cowpea, alternating 
Pearl millet covpea, paired rows 
Pearl millet, cok pea, same pocket 
Cowpea (sole) 

SE 

CV (ti) 

1. Plo sate 72 rua:,RCIO) 7 relitacal ions. cowptea cial 

434 
529 
42 

723 

±56 

24 

sar, IVX 3236. and pearl 

Itay Pearl millet LER 

- 1243 1.00 
645 867 1.18 
780 895 1.24 
110 1163 1.01 

1380  1.00 

±78 ±133
 
26 31
 

808
 
530 
 550 1.28 
660 687 1.58 
100 811 1.05 
850  1.00 

±110 ±83
 
26 22 

nillet CIV I, 

1986 
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Table 9. The effect of nitrogen fertilizer on the yield (kg ha-') of a pearl mnillet/cowpea intercrop and sole crops at 
Cinzana and Koporokeniepe, Mali, 1983. 

Yield 

Applied nitrogen, Pearl millet 
location grain 

Ciniana 
-
0 kg N hia 803 

-
40 kg N ha 1 1191 


SE ±47 


Koporokeniepe 
0 kg N ha-' 191 


40 kg N ha-' 444 

SL ±26 


DI)r%',cight. 

selected for an early grain harvest in an intercrop is 
different from the one that will be used for an early 
forage harvest. Similarly, shade tolerance is a more 
important character for relay planted systems than 
in systems where the two crops are seeded simul-
taneously and where cowpea is harvested early. 
When the two crops are planted simultaneously, it 
may be desirable to have a cowpea that grows 
slowly early in the season so that it will not domi-
nate the pearl millet. 
Inother situations, it may be desirable to have a 

cowpea cultivar that does not have a climbing 
growth habit. A variety or cultivar that has the 
ability to quickly spread over the ground to inter-
cept the available light under the pearl millet can-
opy and assist in weed control may be the best 
choice insome situations. 

At the ICRISAT Sahelian Center (ISC), con-
trasting cowpea plant types have been screened for 
intercropping situations since 1984. It has been 
shown, in three successive years, that intercrop 
combinations involving cowpea cultivars that ma-
ture in 55-65 days are the most productive. Accept-
able cowpea yields are achieved and the pearl 
millet component's performance is not seriously 
affected, 

Other results have shown that changing the vari-
eties of pearl millet and cowpea have increased 
production of either pearl millet grain or cowpea 
fodder and grain (Tables 2 and 9, Reddy and 
Oumara 1985). In most cases, shifting the competi-
tive advantage infavor of either crop, through 

land equivalent ratios 

Cowpea Pearl millet Cowpea 
hay, grain hay Total 

371 0.64 0.09 0.73 
392 0.95 0.09 1.09 
±36 

653 0.39 0.27 0.66 
561 0.91 0.23 1.14 
±42 

changes in varieties or agronomic practices, results 
in a ,cduct in of the performance of the other. 

Diseases and Insects 

The effects of peari inillet/cowpea cropping pat
terns on disease and insect pest incidence and dam
age are not well understood. Contradictory evi
dence on the effects of intercropping on insect 
behavior has been reported in maize/ cowpea, sor
ghum/cowpea, and cassava/cowpeasystems(Jackai 
et al. 1985). I ntercropping has a greater impact on 
some insect pests than on others. Temperatures are 
reduced by the intercropping pattern. Sonic insect 
populations increase when shading and humidity 
are increased. It is suspected that the low cowpea 
densities, characteristic of many intercropping 
patterns, may reduce the movement of certain 
insects. No importait interactions between the 
cowpea insect pest complex and intercroppingsys
tems have been obserxed at the ISC. This is also the 
case for diseases such as bacterial blight (Xan
thomnonascampestrispv.vignicola). No important 
differences in the incidence or severity of this dis
ease have been observed in a variety of intercrop
ping situatior. Jurinq two consecutive years when 
the disease was prey'.dle!,t. 

From the available information about inter
cropping/pest relationships in the pearl millet/ 
cowpea system, it is clear that cowpea grain pro
duction can only be assured through judicious use 
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of insecticides. This may be enhanced by other 
pest-management approaches such as selecting for 
host-plant resistance as well as other crop-man-
agement techniques. 

Crop Rotation 

It is also possible to inproN e productivity by rotat-
ing cowpeas and pearl millet. I.egumes are known 
to increase soil N levels through their N-fixing 
capacity. The yields of cereal crops that lollow 
then are often inprtoved. InnortIest India. pearl 

ere increased "'hen 

grown in rotation ssith cosxkpea rather than in 


millet vields s% by 24"1 it %%,ts 
a 

pearl millet-pearl millet sequence ((iri and )e 
1979). In another stud,. the ,,ame autlhors fout 
that a co%%pea rotation increased the foloss ing 
pearl millet crop's early seedling gross th. plant
growth rate, and grain production (()ir and I) 
1980). t nferiili/ed pearl millet rcmos\ed 32.5 kg N 
la I from the soil \shen it was grown follostg 
co\peas, compared ith 18.) kg X ha I Mien it 
followed a pearl millet cop,. 

Very, little information is a%iailahle IlmWest 
Africa oin the effects of rotating pearl illet s ith 
cowpea or any other legume. In Niger. pearl millet 
yields wvere more than doubled Mhen millet ftol-
lowed one year of groundnuts (lnown 197S). Sitll-
ilar observations have been mmlade il Senegal. The 
relative cottribution of N fixetl by the legume and 
IPfertilizer applied to tile gitoutndmnt is ttot cleat 
(Pieri 1985). llo\ever, recent research at tie lS( 
has showni a residual cfect of applied I ill tile 
presence of adleqnate N (I(RISAT 1985). 

At the IS., we are investigtating tite role dhat a 

pearl millet and cowpea rotation may play in the 
productivity of the rainfed system of tile SSZWA. 
While we are only beginning to adequately quan
tify the degree and efficiency with which pearl 
millet uses resid ual Nalnd P)fron tie cowpea crop, 
it is clear that there is a positive effect. Cowpea is 
gaining p1pularily as acash crop. There should be 
some elasticity of dcallnd becaluse of its popularity
in tie coastal region. As a result, it should be 
possible to use purchased in[puts Oil tile cowpea 
crop that hae an impact on the pearl millet crop. 
I he authrs see this as a piotising means of inten

st.f ing tile cropping pattetnt. 

Sources of Production Advantages 

little research has been undertaken to determine 
tile easots loit the production advantages that 
have been obsecrvd with pearl millet cowpea 
intrccropping svstetts in SSZWA. Results from 
tile IS( indhcate that intercrops lae a greater leaf 
area titan sole crops throughout the first half of the 
seasoe Tlhi., suggests a better use of availn IFig. 2). 
able Idition (I able 10, Fussell 1985). Total moi:. 
ItIIc' U.se has been shown to be marginally higher 
(3 )' inIllt tererop situation although water
ttse ellicienes . it terms of total dry malter produc
tion. \%as not imuproed( I able 9, Fussell 1985). 
lhi, ,, av ae come about because cowpea., C3 
plant, wold iogically have ; lower water-use effi
ciclle, thart pearl millet. However, it should be 
noted that tile ciwpea fodder portion of the total 
biomnass issalc,thle whereas in pearl millet. only the 
grailt co ttributes to the crop's value when it is not 
i[ t.rcropped. 

laIle 1t). Mean pearl millet/enmpea intercrujljing effect (m field and resuit re tse in a factorial experiment at !SC, 
Niger, 1915. 

Peal II 'cLrl 
mllcl 

sl im 
nl letl 
P1,11I l l 

( 
oddlt 

eatt 
l 

I 
dtll 

l -,olltl 
InoII i t '[if C 

(oll tllett.t 
lk t.cl-II'se . if \. Il Ill i 

(ropping s.steit 
.%telt I 

(kg tim 
tell 

kg ha t 
. 

(kg 
l itatilt' 

tk1Phit 11 111111) 
tlhtI ttl-. 

(kg mn '1) 
, t ttl ittin 
m crccpt10fn 

Sole pearl millet 
Pearl millet 

5170 
420(1 

1050 
925 

i 
653 

22 
50.4 

.;52 
3S9 

17.6 
15.o) 

48A) 
55.8 

co5, 
S 

peta intercrop 
t9 ±2.3 - NA :3.3 NA ±1.78 

1. A Not , ,itlhlt 

286 



---- Sole pearl millet, local c%. Reseach Needs 
Sole cowpea. IN 88-63 

in tile SSZWA are diverse.Intercrop Cropping systems 
Within this ecological zone, crop combinations 

2- r"Iand rotations vary widely in response to local conr ditions. The complex cropping strategies of tradi

tional systems contribute to their stability, diver
."'. sity, as well as their productivity. It is rarely 

possible to substitute simplistic production pack-
I ,J\ .. ' ages. The objective should he to improve compo-

Snerts within the system, which includes better vari
-// ,eties and agronomic practices. Foi the pearl millet/ 

cowpea cropping system in the SSZWA, the risk of 
crop failure will be reduced by using more efficient 
crop combinations involving drought-tolerant culti
vars. 

The effects of crop mixtures and rotations, on 
soil productivity and cultural operations such as 

2 . Sole pearl millet. ('IVI 2.94 / weed control, needs to be better understood. The 
2 . .... ole cpa local c. . benefits of residual N from cowpea to succeeding 

Intercrop nonlegume crops need to be quantified for both 

intercropping and crop-rotation situations. 
The resource-use patterns of pearl millet/cow

. pea sole- and intercropping systems have not been 
L- ,,X adequately studied. Understanding the effects of 

:'*" , ' \..4./ ,,. cropping patterns on water-use efficienc, particu-

S/ -I larly those that have an impact on moisture loss 
/ due to soil evaporation, will be important when 

,,,A' developing strategies to improve and stabilize crop 

0 productivity in the region.o 
60 80 Some pearl millet and cowpea cultivars are more21) 40 

tolerant of interspecific competition than others. 
I )av., after oxug the pearl millet Systematic screening for tolerance to interspecific 

Figure 2. I.eaf area deselopment in sole crops and competition needs to be undertaken.
 
intercrops of pearl millet and co, pea at ISC, rain.
 
season 1985.
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Design and Evaluation of Alternative Production Systems:
 
Pearl Millet/Maize and Cereal/Groundnut Systems in Mali
 

S.V.R. Shetty' 

Abstract 

The papersumnarize, recent experiencesin the designandevaluation of improvedsorghum
and-pearl millet based sYstems in ohing commercial crops such as groundnut and maize. The 
two major production systems studied in Mali--pearlmillet, maize -i:,d cereal/groundnut 
- -are described in relation to their response to ke agronomic factors like variety, density and, 


geometr, date ofpitantingand harvest, and added fertility. The package of technology for the 
pearl millet mai.,e system includes planting maize at a recommended density andfertility, and 
planting pearl millet when maize attainsthe 3- 4 leafstage. Resu !tsfrom on-larn testing ofthis 
improtvedsfstem arealso hihl ,ited.Studieson the desi, n and evaluationof cereal'groundnut 
sYstems indicated about 50'7 intercroppingadvantage. It was observed, that to obtain normal 
groundnut 'ields, hiherdensities of groundnuts had to be planted with crop stands ofcereals. 
One row of cereal to four rotts olgroundnut.s and delaved planting of cereal provided 
groundnuts competition-free earlygrowth. It is recommended that because ofpoor adoptionof 
sole-crop techno!ogv. studies on possible wavs to incorporate sorghum and pearl millet into the 
existingproduction systems based on cash crops should be pursued. The need for the develop
ment and introduction ofmtanagement-responsive cereal cultivars into the morepotential areas 
of the Sahelo-Sudanian lone is also emphasized. 

Risunui 

Conception et ivaluation de syst~mes de production alternatifs mil/mais el ciriales/arachide 
au Mali: Cet articleprsentebrivement des experiences recemment menes sur la conception 
et 1'6valuationde ces svstbmes traditionnels amrhors par ladjonctionde cultures de rente els 
I'arachideet le mai'. Les deux systcnjes de production lesplus importants au Mali-nmil/maij" et 
c&ralesiarachide--sontexamin6s par rapport ;)leur rnponse A des facteurs agronorniques 
essentiels, tels la varit, la densitt et Ia giotntrie des cultures. les dates de semis et de rcolte, 
ainsi que le conplmnent de fertilit6. La technologic recoinmande pour le systbm mil/mas, de 
semerle mais aux den.sit~s et dans les conditions de fertilit indiqtiues et de semer le millorsquele 
mai atteint le stade 3 4 kluilles. L 'accentest aussi mis sur les rbsultats obtenus par ce sYstlme 
alnulior en champs paysans. 

Des tides ralisessur I' valuation des systmes associant cbrbales et arachide ont montr6 
que leur adoption entrainait un gain de 50r§. Un rendemnent normal en arachide dans I 'ssocia
tion c~rbair,. sera possible si I'on accroit ]a densit6 de semis de la lkgumineuse. Un ran, de 
c6ralespour quatre rangs d 'arachide et le semis retardc1 des crcales pernettent une croissance 
arachidircprkcoce sans concurrence. La inbiance des paysans vis-;)-vis de la monoculture 

I. Principal Agrnomnit. ICR ISA I. iBamako Mali. 

ICRISAT Conference Paper no. (' 411. 

ICRISAr (International Crops Research Institute for the Semi-Arid Tropics) 1989. Soil, Crop, and Water Management Systems for 
Rainled Agriculture in the Sudaio-Salichan Zone: proceedings t an International Workshop. 7- II Jan 1987. ICRISA'" Sahelian 
Center, Niattiy. Niger. Patancherti, AT. 502 324. India. ICRISA I. 
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incite les chercheurs 6tudierlcs n odalites d incorporer le sorgho et l/ raildans lossystbmes dc 
production des cultures de rente. L accent est mis sur la n6cessit6 de mettre au point et 
d'introduiredes cultivars de c6r6ales adaptahles ax techniquesd "im6nagemtent dans les r~gions 
h plus fortes potentialit6s de li lone soudano-sahljenne. 

Introduction 

By the year 2000, the seven ('ornit permanent 
inter-Etats de litte contrc la s~cfterese dans Ic 
Sahel (Cl LSS) countries will require about 10 itil-
lion t cereals to feed an estimated population of 50 
mitlion. This problem will be further cotfounded 
by a growing rlral exodus to urban areas and a 
general degradatiot of the agricultural resource 
base. With the present rates of gromth, a 4.7 mil-
lion t cereal deficit is Cxpcctctl; 3 million t of the 
shortfall could be provided through improsed 
sorghun and pearl millet prldictiotl. I herCtorC, it 
is important to urgentlv accelerate food produc-
tiot ill West Alrica through ihc de\clopinlcnil and 
extension of intensified cropping strategies. [:rtlter
diversification of the farittinu systcm is necessary 
to imrprove the sorglium- and pearl millet-based 
production pattetrns and to etsure ellicient utilia
tion of the agricultural rcsutrcc base. Past cxpc-
riences in West Africa have shos n that available 
technology for increasing sorghum atid pearl millet 
production Is not been adopted, primarily because 
it does not getierate the income to purchase the 

Table I. Mr1an annual rainfiall [nt) in M\fali. 

,NIC, a nualt 
r/aulltll 

froi %sattlos 
Statits sOurces 

Zotic I 
Sikasso 1373 
Hlamako 1188 
Kita 1151 

Zotte 2 
Segtit (('inilnil) 724 

lone 3 
io(lti (Koporo) 552 

Nioro (hlenlit) 709 

Zone 4 
Timbouctoi 225 

associated inputs. As aresult, it isfelt that the new 
stratcgics should include income-generating crops, 
which will stimulate the use of production inputs 
ol component cecal crops. More productive 
cropping systems that include income-generating 
components %ill encourage ieuse ol management
rCspOnsiVC cultivars. 

I his paper attempts to describe traditional sor
ghut- and pearl millet-based production systems 
and ow1 rcccnt experiences wilh the design 
alnd ealuation of itnprovcd production patterns 
fhrtthcsc crops. Some of the more promising sys
teis insole tMo commercial crops, nai/e and 

grountdmits. 

Sorghum- and Pearl Millet-based 
Systems in Mali 

Sorghutn and pCal I millet occupy about 75% of the 
total of about 1.5 million ha cultivated area in 
Mali. I hey are generally gotwn ill association with 
other crops such as cowpea, mai/c, grouldntit, or 
.cgelablcs. About 60(' is grown in the southern 

MNicanaiolal 
in lahll hor 

I ) .crease 
during 

17 .'etis 17 veats Rainfal 
( 1908.198.1) (1968-1984) (I ) in 1985 

994 18 1130 
868 210 907 
867 25 641 

562 22 566 

455 18 357 
388 45 433 

147 35 
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part of the country (800 mm annual rainfall). Of 
the rest about 30% is found in the central part of 
the country where the annual rainfall is 500-800 
mm. In the south, sorghum and pearl millet usually 
follow cotton and groundnut in the rotation. 

Physical Resource Base 

In Mali, the total annual rainfall varies from 0 mm 
in the north to IM)0 mm in the south (Fig. I). The 
season lasts up to 5-6 months in the south, begin-
ning in May and lasting until Oct-Nov. As one 
moves north, the rains begin progressively later 
and end earlier. The spatial variation in rainfall is 

very high. Effective moisture for plant growth is 
reduced by high evapotranspiration and runoff. 

It is interestin,, to note that during 17 years 
(1968-1984) the annual rainfall has been 18-45% 
below the long-term average (Table I). It is esti
mated that if rainfall isohyets were based on the 
1968-1985 rainfall patterns. they would lie 75-90 
km south of those based oil long-term averages. 

Most of the soils on which pearl millet isgrown 
are classified as tropical ferruginous soils. The 
topography is typically characteriicd by gentle 
slopes of weathered ferralitic soil, altered by gra
%elh latritic outcroppings or escarpments. They 
arc classified within the Acnosol group in the 
north and Lnisols or Alfisols in the Sudanian 

'00 1 1 

[ •/O,1,,. 

Figure I. Mean annual rainfall in Mali. 
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ecological zone. They are generally loamy, loamy * a tendency to become more acidic with crop
sand, saady loam, or sandy soils. The distribution ping and the use of acidifying chemical fertil
of parent materials from which these soils were izers. 
derived isshown in Figure 2.Their main character- A comparison of Alfisols at the ICRISAT 
istics are: Center (India) and the pearl millet soils at the 
" parent material rich in quartz, Agronon-.iL Research Station at Cinzana (ARSC)
" highly weathered and laterized nature, b'ought i,t.iven in Table 2. The soil environment at ARSC 

aboat by 'lie loss of silica through leaching and i.,i',acteri-ed by its relatively low water-holding
tbe deposition of free iron in the profile as mot- capacity, low clay content, low organic matter 
ties and concretions, content, high erodibility, root-limiting layers,

" shallow profile (<i25 c n), extreme structural instability, low CEC and a 
* poor physical condition that results in a ten- limited ability to supply plant nutrients. 

dency to form crusts and moderate water- Spatial variability in soils is also high. The 230 
holdirg capacity, ha at ARSC aie coinposcd of five distinct soil

* low cation exchange capacity (CEC), types. Within these soil tyvs,varability in crop
* low level of soil organic matter, N aad P growth is frequently associated with differences in 

content, physical and chemical properties over relatively
* widespread nutrient deficiencies, and shot dislaic:es. Ti:.'se differences may include 

toxicities and/ or nutrient deficiencies. 

Traditional Systems 
4 .. .ThL subsistence-oriented sorghum-and pearl 

2 	 millet-based croppingsystems have not been appre
ciably chaoged by recent innovations in agricultur
al production techniques. Mixed cropping with

lombouct ti 2 co'pea, naie, and groundnuts predominates. 

i IlnhorI " I.ese cropping patterns arc essentially replace
-:- - - . ,"	 menIt sy.,tems in time mtd space. l-ood ;elf-suffici'.,or,,f
, 
 icy and risk avoidance for the farm families are 

S"Segonk
among the principal objectiv,-s. Existing landracesI " ilk 	 are susceptible to leaf diseases, are drought -prone 

because of their reiatively long growth cycle, and 
I have a low yield potential. Sorghul yields are low, 

2.F\ten,,in -.\ s \about 	 600 kg ha-', compared with yield averages ofXa indat i', 	 2000-3000 kg hit-'. at experimental stations nearby.
2. Aotinera] 'adelt .	 roAverage peari millet yields range from an csti
3.Iliar fill,
selta rn ormated 300 kg ha-1 in the sandier Sahelian regionscoHcn clas.: pnlracamnh'ian to 7(10 kg ha in the higher-rainfall areas in the 

soutL. Yields of 1.5 2 t ha-I have been reported in
Figure 2. Ceological map of Mali. experimental trials. 

I able 2. A comparison of 'oil properties of an Alfisol from Patanch ru (India) and Ciniana (Mali). 

Exchange cations 
Joil 
 ' Organic [rneq(100 g)-i] CEC

l.ocation 	 depti piH 1;clav carbon ('a Mg K (100 g)-1 
Patancheru 0 18 6.7 29.6 0.55 6.7 1.5 0.7 17 
Cinzana 0-18 5.5 9.0 0.30 1.13 (.6 0.1 2.9 
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In Mali, technologies for increasing crop yields Agricultural Extension Agencies 
have been developed but have not been widely 
adopted by farmers. Agronomic practices that Mali has been divided into rural zones, each 
could increase crop yields include: primary tillage covered by an extension agency called 'Op&ra
with animal traction, timely weed control, row tions'. They were originally created to promote the 
planting, use of animal traction for cultivation and production of cash crops (Fig. 3) and are qualified 
seeding, fungicide and insecticide seed treatment. for foreign funding. In the past, they concentrated 
high yield potential varieties, higher densities, crop on production using chemical fertilizers aad animal 
rotations, application of chemical fertilizers and traction and marketing of single crop like cotton 
manure, and chemical crop protection. Combina- Compagnie Malienne de textiles (CMDI), and 
tions of techniques applicahle to sorghum and groundnuts Op&ation dveloppement intbgr pour 
pearl millet production systems and related yield a production arachidi&r, et cr&ali re (ODIPAC). 
expectations are given in Table 3. With a moderate Sorghum and pearl millet were considered to be 
dose of fertilizer, yield increases were substantial in secondary crops. Mali consumes 30% of all chemi
both sorghum and pearl millet under normal rain- cal fertilizers used in tile Sahelian countries, and 
fall conditions (IF R 1974). has about 40% of the draft animals, 50% of the 

Attempts have been made to improve the indige- plows, and 25(' of the ox carts. More than half the 
nous cereal cowpea intercropping system since primary groundinut production area is treated with 
1980. Practices were developed to improve the single snperphosphate. A mixed cotton fertilizer is 
overall productivity of sorghuni cowpcaand pearl gaining popularit5 throughout the country. At 
millet! cowpea associations. Productivity increases present, both the cotton and groundnut extension 
of tip to 3001' were demonstrated under experi- agencies recommend pure stands of cereals follow
mental conditions (Seralini 1985, Shetty et al. ing groundnut and cotton crops. Maize is usually 
1986). But the adoption of these improved tech- the preferred ccreal because of its relatively good 
nologies is negligible. Ultiderstand ing the low levels response to fertilizers and its sales value. Attention 
of adoption would req uire an eccOuminc and sociiat has only recently been given to improving sorghum 
exvaluatiol. The use of clenical fertilizers on and pearl millet crops. 
sorghum and pearl millet is not economical at cur
rent fertilizer and official grain prices. 

Table 3. Sorghum and pearl niillet package combnina
tion and yield exlpectation' (81101-11111 nin rainfall). 

(iiain yield 	 Algeria 
(kg ha i) 

Plearl
 

Package 	 Snrghuimn millet 

Iraditional itihds2 700 700 
Plus seed treaicnt 	 800 800 Mauritania 
Plus aninal traction (ftoot 
bar) and thorougli \.ceding 1200 1100 

Plus iniproed ,ariety 
ptinting density 1400 1311 Sor RtiiiiiCeSeno 

Plus 1010kg ha I anumiioiiin M'D. N.unut 
phosphate and 50 kg ha I 	 Mlt ig 

urea 30 day% alter seeding 18011 17110 - ' "-I uci 	 (in ina .5 

I 	 Yliel tiiites hasc'd il WI A I anninul Iese,iclh reporis .ind \'-' 
( 

,\\5 
resiillts il pilot i111itev, In i)perations I PI)tt'AC). 

ini d, tiite C 

'4cetding. im plai population. alid high al pla ication M~ Figure 3. A gricuilt ural devlopnent operations in 
nanure. Mali. 

2. I raditl it lmth iticludchand 'seedhed uepi tioriiin. ( d'ls fire 
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Recent Experiences tems differ in many respects: the pearl millet/ maize 
with Improved Systems 	 association is a cereal/cereal intercrop while the 

cereal/ groundnut association is ; cereal/legumeICRISAT, Mali, not only considered the agricul- intercrop. The pearl millet/maize system is effi
tural resource base but also the existing infrastruc- cient because of the difference in resources used by
ture in the design of alternative production sys- the two crops over time while the cereal/ground
tems. The design strategy focused on incorporating nut exploits differences in crop arch;tecture, and
intensified sorghum and pearl millet cropping spatial differences to improve the efficiency of 
patterns into cash-crop based production systems, resource use. Maize is considered to be the princi
because ofthe poor results that have been obtained pal crop in the pearl millet /maize intercrop, and
in the past during attempts to intensify monocul- groundnut it. the cereal/groundnut intercrop. 
ture cereals in the region. It was hoped that the 
cereal crop would benefit from the advanced tech
nology and the various inputs justified by the cash Maize/Pearl Millet Systems 
crop, so that investments made for the cash crop
would also increase cereal yields. Traditionally, in the south, maize is cultivated

Trwo agioecological areas were identified in the around family dwellings in villages. When grown
design phase, i.e., the southern cotton zone and the on large fields, it isgrown during the first few years
central and western groundnut zone. Two tradi- of it cropping cycle its an intercrop with pearl
tional systems were chosen for study. In the cotton millet. Cowpeas are also sometimes included in the 
zone, pearl millet, maize as a rotation following crop mixture. Maize is sown on top of hills covered 
cotton was felt to be the most likely candidate for with organic matter from the weeding operations
intensification. It also appeared that considerable in the previous season. A mixture of pearl milletimprovements xere possible with the cereal and cowpea is sown along the sides of hills when 
groundnut intercrop system (Fig. 4). The two sys- maize reaches the 3-4 leaf stage. 

In the south of Mali, the use of animal traction 
and a more intensive approach to farming have 
developed during efforts to promote cotton pro
duction. Traditional 'slash and burn' farming pat

1Maize !'carl millet terns are being replaced by sedentary systems that 
- - '.,include the use of organic and chemical fertilizers 

and the integration of livestock. Both maize and 
. I cotton have hegun to benefit from the these intensi

- I -- -fied , farming practices. Farmers usually follow a 
I.,- 3-year rotation of cotton-maize-sorghum or pearlt 

I"" r- t millet. Five to 30 t ha-I of manure and a complete 
May .lun .lul rug Sep Oct Nos l)ec package of NPK is rccomnrended for both cottonand maize. Although the extension agency .eels 

that maize can he more itensively grown as a sole 
crop, farmers still intercrop pearl millet in the 
maize rows. For best results, pearl millet is usually 
planted 25-30 days after maize. Maize completes 

L: 	 its ccle in 100-120 days and pearl millet maturesCereal in about 150 days. About 13000-20000 pearl 
/,. }."millet plants ha- r plantecd between 30000-

S / "- 1 6 60000 maize plants ha - I (.lohnson 1985). Farmers(irondnt usually harvest about 1O00 kg of maize ha-' and 
,1 . __"" i _ _500 	 kg of pearl millet hia
i I iI I 

,Ma', .hu ul Aug Sep Oct Nov Dec Studies were begun in 1982 to define the require
ments of this cropping system. Factorial experi-Figure 4. Schematic representation of "ize/pearl ments were used to examine the relationship

millet and cereal/gro'mndnut cropping s ilems. between management factors such as time of sow
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Table 4. Effect of pearl millet sowing date on grain yield (kg ha')of maize/pearl millet intererops, Sotuba and Sikasso, 
Mali', 1982 and 1984. 

Year 	 Pearl millet sowing date 

1982 	 Ai mai/e sowing date 

Maize at 4-leal stage 

Mai/e at 6-leal stage 


SE 

1984 Maize at 3-leaf stag-_-

Maize at 6-lea) stage 


SE 


I. Total rainfall: Sotuha: 1982 92K rnm. 1984 850 rain,Nornal 
Sikasso: 1982 1112 nma. 984 86 r. Norial 1200 tni. 

ing of the pearl millet intercrop, relative densities 
of the component crops. and N fertilizer applica-
tion rates, 

Early sowing of the pearl millet intercrop in-
cteased pearl millet yields at both Sotuba and 
Sikasso (Table 4). Pearl millet sown along with 
maize caused a marked reduction in maie yields, 
while delays in sowing pearl millet after maize 
reached the 3-4 leaf stage reduced pearl millet 
yields. Sowing at this stage gave pearl millet yields 

-
of 500 kg lia.When pearl millet was sown after 
the maize, increasing its seeding rate increased its 

yield without markedly reducing maize yield. lI-
creasing maize density to the normal level fora sole 
crop increased maize yield and decreased pearl 
millet yield at Sotuba, but did not significantly 
reduce yield at Sikasso (Table 5). 

Two levels of added N fertility, 40-60 kg ha-1 
and 80-120 kg ha1, were compared because maize 
usually receives additional fertilizer. Maize re-
sponded to higher fertility in 1982 when rainfall 
was adequate. In 1984, a dry year, there was no 
difference (Table 6). Added fertilizer also increased 
pearl millet yields at Sikasso. Though interactions 
were not significant, there were indications that 
maize responded better to N when pearl millet was 
planted later, and that the yields of the later-sown 
pearl millet intercrop could be maintained by 
increasing its density. Early seeding of the pearl 
millet intercrop eliminated the effect of the higher 
N level on the maize. 

Grain yield (kg ha- ) 

Sotuba Sikasso 

Maize Pearl millet Maile Pearl millet 

2480 1860 1611) 810 
3660 510 1900 530 
3400 110 2040 270 

±96 ±63 t 103 ±70 

1110 1040 1120 1240 
1361 520 980 710 
±48 ±50 ±115 ±75 

I100toni. 

In 1985, the effects of variety, density, and N
fertility on productivity were evaluated on an 
operational scale (Table 7). The local maize land
race performed as well as the recommended 
improved variety. Tiemanchie, in all "ocations. 
IHigher maize densities did not result in higher 
maize yields. Maize yields, however, did respond 

Table 5. Effect of inercrop population on grain yield 
(kg ha-1) of maize/pearl millet intercrops, Sotuba and 
Sikasso, Mali', 1982 and 1984. 

Grain yield (kg ha 1) 
Sotuba Sikasso 

Pearl Pearl 
Year Plants lia-1- Mai/e mtilIlet Ma i/e mtil letMai__
YearPlantsha __ emilletMaiemillet
 
1982 Pearl millet 

151)00 3241 650 1830 451 
31)000 3111 1010 1880 620 

SE ±30 ±80 ±120 ±90 

1984 Maize 
25000 970 870 920 870 
50000 1500 680 1080 1080 

SE 	 ±48 ±50 ±115 ±75 
I. Total rainfall: Sotuba: 1982-928 mi, 1984---850 mm 

Normal - 1100 am. Sikasso: 182-- 1112 mm, 1984--860 
mm,Normal-1200 rm. 
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Table 6. Effect of fertilizer N raics on grain yield (kg 
ha'1) of maize/pearl millet intercrops, Sotuba and 
Sikasso, Mali, 1982 a'd 1984. 

Grain y'iel d (kg Iha 

Sotuba Sikasso 
::ertilier N Pearl Iarl 

Year (kg ha- 1) Maize millet MNai, millet 

1982 60 2950 790 1760 470
120 3400 860 1940 590 

SE i60 ±100 ±36 ±27 
1984 	 40 1180 690 1060 970 


80 1320 810 1300 980 

SE -±133 ±87 ±125 t47 


significantly to added N-fertility. The increased 
competition associated with higher N-fertility and 
maize 'on-farm' pre-extension trials have been 
conducted throughout southern Mali in collabora-
tion with the Seni-Arid Food Grain Research and 
Development (SAFGRAI)) to observe the poten-
tial and feasibility of this improved system. We 
compared the yields of sole crop nmaize, sole crop 

pearl millet, and two intercropping systems (pearl 
millet planted in the interline and pearl millet 
planted in the maize row between maize hills). The 
interline system gave an LER of 1.54 in 1984 and1.49 in 1985. 

Studies to evaluate the performance of improved
pearl millet cultivars in intercropping systems in 

1986 indicated that very early pearl millet performed well in the beginning of the season but earlyflowering suffered from pollen-wash and damage
by birds. Medium- and late-maturing pearl millet 

used available moisture more efficiently, but suf
fered because of early cessation of rains in the 
recent drought years. As a result, the program will 
concentrate on evaluating the high-yield potentia ,medium-duration pearl millets, available from 
breeding programs in West Africa. 

The Institut d'Economic Rurale (IER) and the 
CM lYT organized ajoint research-extension work
shop (1IR ICRISAT 1985) to examine the poten
tial value of the intensified maize pearl millet 
cropping system. The workshop recommended 
that the improved system be extende'd to farmers 
throughout the CMDT zone and that further 
research be devoted to fertility, land preparation, 
weed control, and density and varietal relation
ships in the intercropping situation. 

Table 7. lean grain yields (kg ha1)of inlercropped maize/pearl millet, as affected bi different agronomic factors at 
three locations in Mali. 1985. 

Sikasso 	 Sotuha Kita 
Pearl 	 Pearl 
 Pearl
Factor 	 Maize millct .F-R Maite millet IR Mai/e millet IER
 

Maize cultis ars 
L.ocal 2120 1360 1.66 253(0 380 1.46 1520 900 1.35
Tienianchie 1940 1320 1.59 2221 390 1.37 1430 640 1.15 
SE 	 ±218 t93 ±117 
 ±65 ±185 ±87
 

Maize density ha-I 
26000 	 213(1 1460 1.72 2340 495 1.58 1480 880 1.31
52(000 	 1930 1230 1.51 2400 280 1.25 1475 660 1.18 

SE 	 ±218 -±88 ±124 ±59 ±185 ±88
 

N-fertility to maie 
0 1305 15301 1.49 2190 415 1.40 900 925 1.0180 2750 1160 1.73 2560 360 1.43 2060 620 1.49 
SF 	 ±116 ±80 ±115 
 ±65 ±108 ±84
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Cereal/Groundnut Systems 

The groundnut zone consists of a band, about 100 
km wide, stretching across the upper-middle part 
of the arable area in Mali, from the Senegal-
Guinea border to Burkina Faso (Fig. 3). There are 
about 100000 farm units and 20% of the Malian 
population lives in this zone. There are a small 
number t(f wvell-equippod and innovative farmers, 
and a larger number of more traditional farmers 
who are just beginning to adopt improved crop-
ping techniques. The use of improved xarieties, a 
beneficial place in the crop rotation, and improved 
weed control !ave made it attractive for fa;mers to 
include groundnuts in their cropping pattern, 

A crop rotation ofgroundnun cereal-groundnut-
fallow is currently recommended for the zc ne. [he 
cereal benefits from the residud effects of the ap-
plied fertili.zer and the nihegen fixed by tile 
groundnut crop. Cotton farmers are encouraged to 
include maize in their crop iotation in the CMIDT 
zone. Fertilizer for maize can ho bought on credit, 
whereas fertilizer for pearl millet or sorghum must 
be paid for in cash. 

Compared with pearl millet and sorghum, in-
creased maize production is constrained by: 
S greater sen.iitivity to weeds, 

* greater sensitivity to drought, 
0 harder to harvest and mill, 
• greater sensitivity to Striga. and 
0 susceptibility to maize streak virus, which does 

not affect pearl millet and sorghum. 
These limitations have resulted in the extension 

orga:nization focusing on improving the productiv
ityof pearl millet and sorghum in the cropping 
systems. The pearl millet/ maize intercrop should 
be included in rotation with groundnut cropping 
strategies for the higher-r:tinfall areas. Since 1985 
tilercsearch program has been Studying a cereal/ 
groundnut interc-oppingsystem in which tilecereal 
benefits from tileinputs applied to the groundnut 
crop without adversely affecting the latter's pro
du'tivity. Management factors such as relative 
crop densities and planting d.ites, cultivar choice, 
and applied fertility level have been stL died exper
imentally so that an 'optimum package' of practi
ces may be developed for this cropping system. 

Sorghum/G.-oundnut System 

Increasing groundnut density improves groundnut 
yields without significantly reducing sorghum yields 
(Table 8). Lowering sorghum densities improves 

Table 8. Effect of different agronomic factors on the performance of sorglium/groundnut intercrop at tso locationsin 
Mali, 1985. 

Treatment 

Groundnut density ha'1 
130600 
200000 
260 000 

SE 

Sorghum density ha-' 
26000 
52)000 


SE 


Time of planting sorghum 
With groundnut 
4 weeks after groundnut 

SE 


Sotuha Kita 

Sorghum grotundnut Sorghum Groundnut 
grain mass pod mass Total grain mass pod mass Iota) 

(kg hat ) (kg ha) 1.ER (kg ha-') (kg ha') [ER 

1710 71) 1.29 960 1340 1.69 
1640 910 1.40 890 1530 1.70 
1460 1020 1.43 850 1840 1.80 

±180 I114 ±63 ±87 

1400 970 1.37 940 1740 1.85 
1800 790 1.38 860 1400 1.61 

±141 ±94 ±51 ±74 

2130 700 1.45 830 1380 1.56 
1070 1060 1.30 970 1760 1.89 

±98 ±88 ±50 ±72 
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groundnut yields but redoces sorghum yields. 
When sorghum planting was delayed by 2-3 

weeks, groundnut yields improved. Groundnut is 
sensitive to early competition and as a result, a 
small delay in sorghum planting favored ground-
nut establishment. However, delayed sorghum 
planting resulted in poor establishment and yield 
reductions. There were some indications that the 
loss in yield from late planting could be compen-
sated for by maintaining high, pure stand, level,
sorghum densities. 

The advantages of the intercropping system 
shown in Table 8 indicate the gains in efficiency 
with this system. The optimum combination of 
practices includes a higher groundnut density 
(260000 plants ha-'), planted along with a lower 
sorghum density. Simultaneous planting also 
reduces labor requirements for the system. 

Our studies of sorphuni/groundnut systems 
used the early improved local variety, 47-10, and 
an early, locally developed sorghum variety, 
MALISOR 84-7. The recommended dose ofsingle 
superphosphate, 100 kg ha-I, was applied as a basal 

dressing followed by 100 kg ha-' of band-applied 
urea for the sorghum, 25 days after planting. At 
present, several fertilizer rates for the sorghum 
component of the intercrop, as well as for new 
sorghum and groundnut varieties are being 
evaluated.
 

Pearl Millet/Groundnut System 

A pearl millet/groundnut intercropping system is 
being developed for areas in the groundnut belt. 
Increasing groundnut density and delaying pearl 
millet planting had no significant effect on pearl 
millet growth and vield. Furthermore, no signifi
cant difference in pearl millet yield was observed 
by increasing pearl millet density. Groundnut 
yields were improved when groundnut densities 
were increased. Late pearl millet planting improved 
groundnut yields (Table 9). Total intercropping 
advantages were improved with higher groundnut 
densities, lower pearl millet densities and delayed 
planting of the pearl millet component. 

'Fable 9. Effect ofdifferent agronomic factors on the performance of pearl millet/groundnut intercrops at two locations 
in Mali, 1985. 

Treatment 

Groundnut density la-'
 
130000 

200 000 

260000 


SE 

Pearl millet density ha-I 
26000 

52 000 


StE 

Timre of planting pearl millet 
With groundnut 
4 weeks after groundnut 

SE 


Kita Cinzana 
Pearl millet (roundiut Pearl millet Groundnut 
grain mass 
(kg ha 1) 

pod mass 
(kg ha ') 

Iota 
L.ER 

grain mass 
(kg ha  ') 

pod mass 
(kg ha-') 

Total 
.ER 

650 
570 

2720 
3170 

1.41 
1.44 

550 
520 

510 
950 

1.41 
1.64 

520 3580 1.51 430 1155 1.60 
t49 ±167 ±70 ±73 

560 3330 1.48 450 850 1.44 
590 2990 1.42 550 890 1.65 

±40 ±150 ±57 ±81 

580 2570 1.29 450 700 1.29 
570 3750 1.60 550 1040 1.75 
±40 ±93 ±57 ±73 
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Conclusion 


There are clear indications that the cereal/ ground-
nut intercropping system has good potential in 
Mali. An average of more than 50% advantage has 
been observed using this intercropping system. It 
has been generally found that normal groundnut 
yields can be obtained by plantinga higher density 
of grouindnuts with a cereal planted at densities 

that are below their optimal pure stand levels. The 
optimum row arrangement appears to be one row 
of cereal to four rows of groundnuts. Delaying the 
planting of the cerehl 2-3 weeks in the southern 
zone would give groundnuts a competition-free 
period during its early growth. Availability of 
alternative cereal and grcundnut cultivars would 
provide an excellent opportunity to identify ideal 
plant .ypes for this intercropping situttion. Future 
agronomic studies will consider the effect of alter-
native fertiiity rates and weed-control measures. 

The results of the agronomic studies with maize 
pearl millet and cereal,'groundnut presented Ihere. 
have clearly indicated the potential for designing 
improved, more productive, production systems in 
Mali. These sy,,cms may incorporate commercial 
crops as well as improved genotypes. Work in 
future will concentrate on developing practices 
that ensure th,: optimal performance of the com
ponent crops. 
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Weed Management in Improved Rainfed Cropping Systems
 
in Semi-Arid India 

M.R. Rao, SV.R. Shetty, S.L.N. Reddy, and M.M. Sharma' 

Abstract 

In the semi-arid tropics (SAT), :weeds compete severely with crops for limited resources of 
moisture and nutrients. Weed problems differ with crop;. soils, and climate. Yield losses in 
rain fed crops varied from 30 to 80c, depending upon the severitY of infestation. The potential 
benefits ofnew technologies will not be reolized until appropriate weed management practices 
are adopted. Weeds in SA Tare controlled by hand weeding and mechanical interrow cultiva
lion: herbicides are rarely used. Research efforts in recent yearshave been mostly to improve the 
efficienc'vof'these traditional methods by edveloping improved hand tools and animal-drawn 
equipment. Some improved cropping s'stefns posed new weed problems that could not be 
handled by the on ventional methods. Double cropping of Vcrtisols bi adoptingbroadbed- and 
furrow-systems dry seeding ofcrops ahead of rains, and fertilizationencouraged gteaterweed 
gr,,,wth than the traditional sitnIt-season cropping. Improved sorghum genot'pes were fre

quently attacked by Striga. Preeneence herbicides helped provide early weed control on 
Vertisols where the scope lor tinel hand weeding or intercultures in the rainy season is 

uncertain. Integrated weed control is .iuggested combining inatercult urig,.judicious herbicide 
use. good agronomic practices, and inimhnun hand weeding for intraron' weed control. Low 
canopysnmcthercrops such as cowpea could he utilized to substitutepreenergenceherbicide or 
one-hand weeding. Deep plowing in summer months reduced the infestation ofcertainperen
nials but control with systemic herbicides (e.g., glvphosate) seemed to be most effective. 
On-larm evaluation of prospective weed managetnent practice.-; should be an integral part of 
technology devielopment. Some of the veed-nanagementprinciples and methods employed in 
SA 7" Ind' may have relevance to the Sudano-Sahelian zone. 

Resume 

Lutte contre les mauvaises herbes dans les syst~mes amilior& d'agriculture pluviale des rigions 
semi-arides de I'Inde : Dans les tropiques semi-arides, les mauvaises herbes entrent en s~v&re 
concurrence avec les cultures pour I 'humidit6et les bnientsn utritifs dejh limit s.Les problnwis 
varient scion les cultures, lcs sols et /es climats. Les pertes de rendement des cultures pluviales 
varient de 30 ; 80,§ en fonction du degr d intfesiation. A moins que Pon adopte lespratiques de 
dcsherbage appropriies, ii sera difficile de tirer part; des avantages potentiels des noavelles 
techno!ogics. Le dtsherbageest effectu manuellement et m6caniquement entre ies rangs; les 
herbicides sont raretuent utilisis. Les recherches des dcrniorcs annbes ont surtout port6 sur 
l'anulioratioade I'efficacit6 de ces mnthodes traditionnelles par le perfectionnement des outils 

.torghum and Millet Agrontomist, 1IA IRA USA I). B.P. 33. Marouit, 'anerton; Agromiist. ICRISATcu American Embassy, 

B.P. 34, Bamako, Mali; Research Associate, ICRISAI, 'atanchern, A.I'. 502 324 India. 

ICRISAT Contereace Paper no. (C'P489, 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics) 1989. Soil. Crop, and Water Management Systems for 

kainled AgriC1ltt.re in the Sndano-Sahelian Zone: proceedings o an International Workslop, 7 I1 Jan 1987. ICRISAT Sahelian 
Center, Niamey, Niger. Patanchern. A 11.502 324, India: ICR ISAI. 
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agraireset du mat&rielde traction animale. Certainssvstmes de culture am~lior6s ont faitapparaitrede nouvelles dilficult~sempechant1'utilisationdes uthodes conventionnellespourled6sherbage.A insi,lespratiquestelles que lesculturess6quentiellesparsaisonsurles vertisols 
en adoptantdes lits de semis larges et des sillons, les semis elfectues ;!sec avant ics pluies etl'1pandaged'engraisont l'avoris6 un dtveloppement des mauvalsesherbes plus importantquedans le cas d'un seule culture parsaison. En outre. /esg~notypes anulior6s du sorgho sontsouvent inksts parle Striga. L 'applicationd 'herbicidesavant la leve s 'est avfrte utilepour uncontr6le prcoce sur les vertisols pour lesquels ilest dificile de prevoir /a meil;'eurep~rioded'arrachageou de travail tnicanique entre rangs en s;nason des pluies. Un contr6le intrgrMpourraitcombinerculture intercalaire,utilisationjudicieusedes herbicideset bonnes pratiuesagrononiquescompkt es parun arrachage inimnium pourd-herberentre l1s rangs. L 'usageen inte.-:calairede plantes toulf'ues et prostri'escomme le nib pourraitremplacer/'application
d'herbicidesavant i leve ouiun sarclagemanuel. Le labourprofond,pratiqu en tA, r6duitI'inkstationde certainesherhes iivaces mais I'applicationd'herbicidess'vstMiques(parexempie, Ic glvphosate)senhlc &tretrs efficace. L 'tude prospectivedes pratiquesde desherbage
dans le chanip d pavsan devrait laire parti:intcgrarte du processus de dt~vvloppemnent desechnologies. (Certainsdesprincpeset des methodesde dcsherhageeniploi Ls lans Ics tropiques
semi-arides en lmde pourraien ctrc applicahlesziIa zone soutiano-sah~lienne. 

Introduction 
The need for weed control does not have to heemphasized, for removal of weeds isthe first activ-

ity that any farmer undertakes before raising a 
crop. Since weed competition is one of the most 
important constraints in crop production, weed 
management determines the production efficiency 
of a farm. Weed problems vary according to crop,
region, and soil type. In the semi-arid tropics 
(SAT),weeds compete with crops for soil moisture 
and nutrients, which are the most limiting factors 
for crop grow th. When improved agricultural
technologies arc adopted, efficient \,ecd manage-
nient becomes even more important, otherwise the 
weeds rather thain thlie crops benefit from tilecostly
inputs. 

Weed problems in tile SAT are Much more con-
plex than in temperate conditions because of 
heterogenous soil conditions, erratic rainfall, small 
farni holdings, illiteracy, and limited resources. 
SAT India has two predominant soil types, Alfi
sols and Vertisols. Alfisols are light-textured red 
soils cropped only intie rainy season. The first 
raints are accompanied by a flush of weeds domi-
nated by Digitaria, ileusine. (closia. C'perus. 
Trida.. Phllv/anthus. Firagrostis.Euphorbia, Tri-
anthemna, Brachiaria,and others. The soils are sole-
cropped with sorghum, pearl millet, finger millet, 
castor, and groundnut. or intercropped with 
cereals, low-canopy short-season legunies such as 
mung, groundnut, and cowpea or with later-

maturing pigeonpea. Vertisols are heavy-textured 
black soils, which, in the.-. 750 mm rainfall zone,are cropped only inthe postrainy season, and inthe 

.750 mm rainfall ione, have potential for being
cropped both in the rainy and postrainy seasons. 
Iwo flushes of, weeds dominated by ('ommelina, 
( vanotis. Fuphorbia.etc. coincide with the two 
cropping seasons. Weed management needs have 
changed greatly with the intitroductioli of double
cropping tecliology in high-rainfall areas. 

I his paper reviews the current devclopments in 
weed nanagement research in rainfed cropping 
systems in India. It highlights the need for devel
opment of efficient, feasible, and cost-effective 
w\eed management practices as ;Ininmportant coni
ponent of the overall regional technology devel
optletit. 

Losses Due to Weeds 

l.osses due to weeds are greater in rainy-season 
crops than in postrainy-season crops because of 
limited fieldwork days, and heavy labor reqnLire
ments for irrigated crops in the rainy season. 
Repeated cultivations during the fallow period can 
efficiently control weeds in postrainy-season ci .)ps 
grown after a rainy-season fallow. Most crops are 
sensitive to weed competition in the early stages of 
growth. Lack of effective weed control during the 
first 20 30 days (Table I) causes maximum yield 
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and interrow cultivation, e.g., blade harrows, 
Table 1. Effect of different weedfree periods (days after (Fig. 1). 
sowing, DAS) on yields ofsome rainfed crops on Alfisols Tillage immediately after harvest of crops helps: 
{ICRISAT 1976). (I) kill crop stubble and late-season weeds, (2) 

Wecdfree period (DAS) conserve residual moisture, and (3) form a rough 
and yield (kg ha- ') cloddy surface that facilitates infiltration of the 

0 8 42 56 70 ensuing rains. Compared to traditional tillageCrop 

Sole sorghum 800 1500 1700 1800 1800 practices on Alfisols at Hyderabad (Table 2), year

1500 1700 1700 round tillage, with and without herbicides and 
Pearl millet 500 1200 

in theinterculturing, reduced weed infestationIntercropped sorghum 1040 2230 2511) 2720 27:4 
600 1300 1800 1900 1900 rainy season and led to increased sorghum yields.Groundnut 

At Ranchi, blade harrowing together with year
round tillage was found to contiol weeds effec
tively and increase yields of upland rice. However, 

losses in crops with a 100-day cycle. The late- on alluvial soils at Varanasi, there was no particu

maturing crops (e.g., pigconpea, castor) may re- lar benefit from premonsoon tillage. Obviously, 

quire a much longer weedfree period. The extent of the benefit of year-round tillage is site- and soil

y;eld loss in rainy-season crops can vary from 37, specific (Friesen and Korwar 1982). 

to as high as 80%, depending on the severity of Many centers of the All India Coordinated 

infestation (Friesen and Korwar 1982). Late remo- Research Project for Dryland Agriculture (Al

val of weeds in a finger millet crop at Bangalore CRlI)A) in recent years have developed effective 

resulted in a per ha nutrient loss of 27 kg N, 3.2 kg and time-saving, hand tools such as hand-operated 

P, 76 kg K, 15.9 kg Ca, and 5 kg Mg. in another wheel-hoes, cultivators, and bullock-drawn blade 

study at Dehra Dun, weeds removed 100% more hoes for interrow cultivation. At Hisar. a newly 

Ca and N and 24% more K than crop plants. developed hand-hoe that can be used to control 
weeds at an early stage of the crop when weeds are 

small, reduced weeding time and costs by 66-75%. 

Mechanical Method of Weed Control At the Bhubaneswar center, newly designed agro

hoes and rake weeders were as effective as pre
-

Traditional methods of weed control include hand emergence use of chloroxtiron( I kg a.i. ha 1) on 

too;s such as the sickle or animal-drawn mechani- finger millet. At Varanasi, sweep- and blade-type 

cal equipment which is also used for line sowing wheel-hoes or hand-hoes appeared to be more effi-

Table 2. Effect of year-round tillage on weed control and sorghum yields on Alfisols at Ilyderahad (Friesen and 
Koriar 1982). 

Norinal tillage Year-round tillage 

Sorghum yield Weed control rltingi SorgL-in vield Weed control rating 
-

Treatment (kg ha 1) ((-5) (kg ,r 
J) (0-5) 

TI Atra/ine (I kg a.i.ha-I) 2 2151 3.2 2451) 2.3 

T2 Isoproturon (I kg a.i.)" 221)0 2.7 261)0 1.3 

13 TI + 12 2370 2.9 2621 1.5 

14 I + interculturel 2800 1.5 3160 1.2 

I5 12 + interculture 2780 3.0 3280 1.9 
16 13 f intcrCulturel 2730 2.2 2980 1.7 

17 Weedtree 2930 0.7 321)0) 0.2 

Aserage 2560 2.3 291)0) 1.4 

1. w ed uujeIntal.n i t:urse%. 0 - comple.e ctuirol, 5 z no Control. 

2. Ailline applied at preemergence; Isoproltron appl:ed i posteinerger'ce 

3. Iterculture i \o blade horrousungs at 3 and 7 ,.eek ater sowing. 
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Hand tools 

lBulhock-draw~n equipmnn 

Attachmt s bor an atunal-d rawn tool bar 

Figure I. Different types of tools and equipments employed to control weeds in semi-arid tropical India. 
. Sickle 2. Kaluvara 3. Flat khurpi 4. Khurpi 5. Weeding fork 6. Spade 7. Pick axe 8. Kh'.dal 9. Crowbar 

10. Tyned hand-hoe !I.Hand-hoe 12. Raker 13. Guntaka 14. Danhi 15-16. Blade harrow 7.Spring tyne 
cultivator 18. Rigid tyne cultivator 19. Interrow weeder 20. Straight blade harrow 21. V-blade harrow and 
22. Blade harrow. 
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Table 3. Effect of intrarow hand weeding on castor yields (AICRPDA 1976). 

Blade harrow 
Planting pattern (rm) interculture 

90 " 22.5 2 
90 - 22.5 2 
135 , 15 2 
135 " 15 2 

90 , 40 2 

90 ,40 2 
135 , 27 2 
135 - 27 2 
45 , 45 2 

(Both directions) 
60 - 60 2 

(Both directions) 
LSD (0.05) 

cient than tyned hoes or paddy weeders (Friesen 
and Korwar 1982). At the Hyderabad center, 
minor modifications carried out to the traditional 
blade harrow helped reduce weeding time by 50-
60(/;. By adding a height adjustment mechanism to 
the blade-hoe, weeding time aftcr crop emergence 
could be extended to 7 weeks (Gupta and Sub-
bareddy 1979). 

Although intercultivation effectively controls 
interrow weeds, the intrarow weeds have to b 
removed manually even in crops such as castor, 
which can be sown in spatial arrangements that 
permit harrowings in two directions (Table 3). In 
closely-planted cereals, intcrcultivation isconfined 
to the interrow area only. Cultivating close to 
plants is rather diffictt with any equipment, and 
hand weeding with efficient hand tools or herbi-
cides is the only alternative for controlling intrarow 
weeds (Table 4). 

A wheeled-tool carrier to which tools such as 
plows, seeders, and interculture equipment can be 
attached for various field operations has been 

developed at ICRISAT. Since duckfoot shovels 

and tyned hoes, used widely for intercultv.e. wire 

not found effective for weed control, the tradi-
tional blade harrow has been adapted for use with 
the tool bar. In a weed-count test made at mid-
season on maize and sorghum, maximum weed 
growth was observed when the blade harrow was 
used without any other weeding (Fig. 2). Weeds 
were not effectively controlled by runner blades or 
V-blade hoes either. Weed growth was minimum 

after treatment wih ahand-hoe, which is a modi-

Intrarow Yield 
hand weeding (kg ha-' ) 

- 1210 
2 1500 
- 1070 
2 1420 

920 
2 1430 

950 
2 1520 
- 1200 

1130 

380 

fied version of a traditional spade; it has a long 
handle to facilitate weeding without bending. 
Although it improved labor efficiency, it has the 
basic disadvantage of being totally dependent on 
human laboi. The next best system involved band 
application cf a preemergence herbicide to crop 
rows (to control intrarow weeds) and intercultur
ing by blade harrow, with or without sweeps 
behind. The degree of weed control achieved by 
different interculturing treatments was less pro
nounced on sorghum yields than on maize yields. 

Table 4. Effect of atrazine, intercultivation, and hand 
weeding on yield of sorghum grosn on Alfisols, Ilyder
ahad (AICRPI)A 1978). 

Inter Hand Yield 
Ilermicide cultivations weedings (kg ha-') 

No herbicide 2 - 3090 

No herbicideAtra/ine
(I kg n.i. ha') 

2 
2 

2 4360 
4230 

Atra/ie 
(I kg a.i. hl '1) 2 2 4230 

Atia/inc hand 
application 
11.3 kg a.i. ha -') 2 - 4580 

Atra/ine band 
application 
(0.3 kg a.i. ha -) 2 2 4420 

LSD 525 
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Maize a. Dry mass of weeds 

80 El Sorghum 

60-

E 

S40

20 

S1 Mai-ie"i 
 SI" Sorghum 

h. Crop yields 

2.0

1.5

t'

0 5-

II12 l3 T4 15 16 17 1I8 

II llade harrok + band application 15 20-cm. 120 degree V-blade hoe
 
ofp ree rergece he hi ide 16 = Farmer's hlade arrow ,no hatid weeding
 

T2 = llade harrowk no herbicide 17 40-cm wide runer blade
 
13 =lade harrow +2 dIckfoot ,"eeps T V e -ree control
 

behind hlade 
ha rowC
 

14 = 20-cru, widC hand floe 

Figure 2. Effect of interculturing with different mechanical equipment oi weed growth in maize and 
sorghum and on yield of crops grown on Vertisols at ICRISAT Center, 1984. 
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Role of Herbicides 

in Rainfed Cropping Systems 


Herbicides are seldom used in rainfed agriculture 
because they are often unavailable, expensive, not 
adapted for use in multiple cropping systems, not 
effective enough in traditional cropping systems, 
(Binswanger and Shetty 1977) and indirectly, be
cause of illiteracy among farmers. A limited use of 
herbicides may soon become ncessary because 
labor costs are increasing and very litte labor is 
available when agricultural demand is highest. 
Herbicide costs may decline in the near future as 
pateats expire. 

Herbicides are important in the double-cropping 
technology thuit ICRISAT has developed for Ver-
tisols, which were traditionally cropped only in the 
postrainvy season. Rese'uchl conducted by the 
Indian nationa! programs and at ICRISAT indi
cates great potential for cropping these soils both, 
in the rainy and postrainy seasons under appro
priate soii-, crop-, and we'.d-management systems 
involving ( 11 the graded broad bed-and-furrow sys-
tern (BBF) to reauce runoff and soil erosion, and 
improve surface drainage and workability (Fig. 3), 
(2) soil preparation immediately after the harvest 
of postrainy-season crops. (3) cropping systems 
that utilize both the rainy and postrainy seasons, 
(4) seeding of crops in the dry soil before the rains, 
and (5) improved implemints fo. fie!d operations 
(ICRISAT 1982). After dr' seeding, weeds germi
nate along with crops, which means the early flush 
of weeds cannot be eliminated by mechanical 
means. In places where the probability of early-
season rainfall is high, intercultures or hand weed-
ing cannot be used on Vertisols whose high mont-
morillonitic clay content (50--60(.) makes them too 
sticky when wet. Therefore, use of preemnrgence 
herbicides followed by intercultures and hand 
weeding appeared to be the most logical approach 
to weed management in rainy-season crops on 
Vertisols. 

The most promising cropping systems for Ver-
tisols were (1) an intercrop system based on long-
s(ason crops such as pigeonpea (sorghum; pigeon-
pea, maize pigeonpea), and (2)a sequential system 
of two short-season crops (naize-chickpea). Ex-
periments were conducted at ICRISAT Center to 
identify the best preemergence herbicides for these 
two systems. Of the various herbicides evaluated 
on sorghum ipigeonpea, S-triazinecompoundssuch 
as prometryne, ametryne, and terbutryne gave the 

Maize-chickpea 

Maize 

- 90 cm -

Chickpea 

.f ., , 

3 c 

Sor'hum i'eonpea 
o p 

I 

*-45 cm 

4 150 cm -


Figure 3.proadhed-and-furrow sstem showing the 
planting pattern of crops in two improved cropping
sstems. 

best results (Shetty and Rao 1979, ICRISAT 
1978). Other chemicals such as tribunil, dinitram
ine, prefar, and fluchloralin also gave good results. 
Fluchloralin-the only chemical available at pre
sent in the country-was also effective in a number 
of sorghum/legume intercrops (Abraham and 
Singh 1984). However, it sometimes reduced the 
sorghum stand, thus creating a need for a higher 
planting rate, and for best results, had to be incor
porated before seeding crops, which is rather diffi
cult with traditional equipment. 

Tw,; methods of herbicide application were 
eva~cated on maize in a sequential system: (I) 
blanket application of atrazine ( 1.5 kg ha -i) and 
alachlor (0.5 kg ha-') and (2) band application of 
the same hernicides on crop rows at reduced rates 
(0.75 kg atrazine and 0.5 kg alachlor), supple
mnited later with hand weeding to control inter
row weeds (Table 5). The highest yield of maize 
was obtained from blanket application, whereas 
band application produced 76% of that obtained 
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Table 5. Effect of different weed control methods on 
rainy-season maize grown on Vcrtisols (ICRISAT 1978). 

Weed 
Crop dry matter 
yield at harvest-Treatment ('.g haZ) (g m-:) 

I. Atrazine (1.5 kg a.i.) 3160 7 
Alachlor (0.5 kg a.i.) 
blanket spray 

2. Atrazine (0.75 kg a.i.) 2520 13 

Alachlor (0.5 kg a.i.) 

band application on crop rom 


3. Weedfrec 3298 -

LSD 691 

with the weedfree treatment on the control plot. 
The second treatment seems financially more prac-
tical for small farmers. If intrarow weeds are con-
trolled by herbicides, interrow weeds can be con-
trolled later by mechanical means. To avoid work
ing in wet soil, experiments were conducted apply
ing preemergence herbicides to the dry soil during 
seeding. The results showed that herbicides such as 
atrazine have similar effects on dry and wet soils. 
In a sequential double-crop system, the residual 
effect of herbicides used on the first crop must be 
considered. The triazine compounds generally have 
longer residual effect on subsequent crops. How-

-ever, low rates of atrazine (I 1.5 kg a.i. lia ) ott 
maize caused no damage to the following chickpea 
or on the intercropped pigeonpea grown the next 
year in rotation. 

Since the second crop in rainfed areas relies 
solely on residual moisture, it should be planted as 
quickly as possible after the rainy-season crop. If 
herbicides are used, minimum-tillage techniques 
can be adopted in such situations to shorten culti
vation and turn-around time and to conserve the 
residual moisture. Studies at ICRISAT showed 
that chickpea can be successfully planted without 
cultivation, following maize or sorghutn by spray-

-ing I kg a.i. ha 1of paraquat (to kill crop stubble 
and existing weeds) and 0.75 kg a.i. ha-' of prome-
tryne (to kill emerging weeds). 

As in India, in northern Cameroon, about 215000 
ha of Vertisols are cropped only in the postrainy 
season with a transplanted sorghum. Weeds grow 

luxuriantly to a height of I m during the rainy 
season fallow period, making weed removal labor
intensive. Apparently, a sizable area of these soils 
could be cropped both in the rainy and postrainy 
seasons, if some of the techniques employed on 
Indian Vertisols were adopted. The use of a pre
emergence herbicide in establishing the rainy
season crop is more important here because of the 
limited use of animal traction. In places where a 
rainy-season crop cannot be grown because of 

waterlogging, weeds can be cleared by using a 
cheap, effective contact herbicide, thereby reduc
ing labor requirements and extending lands for 

cultivation during the postrainy season. Experi
ments are underway on double-cropping andweed-management strategies. 

In many parts of SAT, availability of family 
labor for weeding often determines the area that 
can be cultivated. The use of selective preemer
gence herbicides can increase the acreage that a 
single family can cultivate (Ogborn 1969). Large 
areas infested with certain perennial weeds such as 
Cvperus-rotundus,Cjnodon-dactvon, and Ische-
Mum can be made productive by using herbicides. 

Integrated Weed Management 

The traditional concept of controlling weeds by 
one particular method should be replaced by an 
economic combination of methods. Understand
ing factors that affect crop-weed balance, such as 
plant type, plant density, soil fertility, soil mois
ture. light, and tillage, i, essential. Total weed con
trol is not always required since each crop has a 
certain level of tolerance to weed infestation. The 
concept of integrated weed management aims at 
minimizing losses due to weeds by combining 
improved crop-management techniques, mechani
cal cultivation, and judicious use of herbicides. 

Weed Management Studies at ICRISAT 

The improved BI1F land- and water-management 
system consists of 90-100 cm beds on which crops 
are grown next to 50-60cm furrows that serve as a 
path for draft animals and the wheels of the tool 
carrier. A significant advantage of the BBF in Ver
tisol technology is that the beds can be maintained 
on a semi-permanent basis and tillage require
ments can be reduced over time. The system also 
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provides for drainage of excess water to prevent weedfree plot-in a maize-chickpea sequence, and 
waterlogging. The new technology has resulted in 79% in a sorghum/pigeonpea intercrop. Lower 
six times higher returns than the traditional system returns from the intercrop suggest the need for 
(ICRISAT 1983), but there were greater weed herbicides that are more effective than fluchlo
problems because cultivation was restricted only to rafin. The smother crop, mung (Vigna radiata) did 
the bed area, leaving furrows and edges of furrows not cover the ground well, and produced poor 
unweeded. Since timely intercultivation was diffi- yields due to pests and diseases. Since smother 
cult on the sticky Vertisols, alternate weed-man- crops were allowed to mature, they competed with 
agement systems, involving preemergence herbi- the main crops. If they had been harvested after 45 
cides, smother crops, and intercultures were eval- days for fodder, they might have smothered weeds 
uated in two improved cropping systems (Rao et without affecting the main crop. 
al. 1985). Further trials were conducted on an operational 

In the first set ofexperiments conducted between scale in 1984 and 1985 (Table 7), using only cow
1979 and 1982 Table 6), the weedfree treatment peas as a smother crop. In one treatment, it was 
resulted in the highest yield and returns. But two harvested for fodder at 45 days and in another, it 
intercultures and two or three hand weedings (as was allowed to mature for grain. In 1985, below
done in this system) are difficult to provide because normal rainfall and the consequent competition 
of labor shortage. Returns from the unweeded con- for moisture restrained weed growth and, there
trol plot were lowest because yields in some years lore, the various weed-management systems did 
did not even cover the cost of inputs. The great not produce significant differ,;nces. The hand
difference ;n returns from these two systems may weeding system produc'd 87% o,' the returns 
be indicative of the potential benefits of compItC obtained from the weedfree treatment. In 1984, 
weed control. One interculture and two hand weed- weed control by mechanical interculture a!one was 
ings produced returns 3-4 times (72 :) greater than less efficient, probably because of compl.fition 
thost from the unweeded control plot. Similarly, from intrarow weeds. Herbicides were effective, 
the use of premergence herbicide on the rainy- but metadochlor reduced yields of both compo
season crop resulted in 9V(' of the highest possible nents in a sorghum/pigeonpea intercrop. The 

returns--- which can only be obtained from a totally smother crop controlled weeds very well, but sup

iseed-ini iit -ot 

siirglum/pigeoripea intercrop sistems gromin on Vertisois (uiean of feur scars 1979-82). 
'[ahWe 6. E fftct of Ierna te ,, s st(ems on crop yields atd net ret urns of maie-chickpea sequential and 

Mli,-chickpca Sorghuko pigconpea 

Mati/c ('%%pca Returns Sorghuiimi Pigeonfpea Returns 
-Weed Illatlgcnllont (kg ha i) 1Rsha 1) (kg Ia i') (Rs ha1) 

1.Iland wccd ysterlli 2830) 550 3405 3485 685 4115 
2. flerbicide system- 3395 610 4235 2920 1005 4600 
3. Smother crop slestcoi 2775 535 4080 3230 625 4520 

5
a;) Co%%pea (215) (255) 
h) M unghean 2390 581 3360 3100 576 3981 

((O) (00) 
4. Weedtrec 36r55 690 4690 4220 1105 5830 
5. Weedy check 1270 185 825 1475 335 1,100 

198SE -+ ±42 ±268 -185 t65 ±317 

I (n. inentecrrpping and li hand \htidsednigs. 
2 Atrai/ine ai%used at11.5kg hai I1idelle I) the Seqlentiil Sten) and Iluchlor ia al1.0kga I.ha I n intercropped sorghun pigeon

pea. In additi I t heii 1 ,st recelsed o\o hanid i\cctfings.leicidt. thil, 
3. SnID(UITr cropS piu . 0Ithind \,ecdilgs. 
4. 1"o intercultisatii plus im iti three hind iseedings. 
5. Values in pacrithes, are sntoher crop -"-Ids. 
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Table 7. Effect of alternate weed management s)stems on crop yields and net returns ofmaize-chickpea sequential and 
sorglium/pigeonpea intercrop systems on operational-scale ex)eriments on Vertisols. 

1984-85 1985-86 

Sorghtumn FPigeolpea Net returns Maize chickpea Net returns 
treatment kg ha ) (RS ha ') (kg ha ') (Rs hIa-) 

1. Hand %%eedsystem 2565 965 5785 1236 626 5022
2. Mechanical system2 2280 851 5045 1280 055 5338 
3. IHerbicide s5slelnls
 

a) IuIichlorahln
 
or Atra/me 251(1 1I(t 608(0 1461 442 4802 

h) Metahlbehlor 
((.0 kg a.i. ha 1) 2220 730 4645 6541140 	 5128 

4. 	S lhollcr Corp systems
 
a) cowpea grain 2305 465 45610 
 1550 595 5700 

(230)"
h) cotm pea fodder 2200 830 4865 144(1 549 5444 

5. Weedlice 2861 11181 6625 	 6911364 	 5660 
S ±343 ±214 ±920 ±84 ±60 

2. I %%oII i.oi.ii ,IlI ,IIINoi( 
"itr,,/,Ilc3 t ihh,s ii iii ,i liatitid s,t t .d on l plugoumpel \ hercas, 1.5 kg t.I. ha i%aused toi l . I rcatilln ts.3 

.t oneand 4 recsc onk additili hand %%cting 
,4 	 \r,hc III ii It.i motlier crop it ld 

pressed the yields of the main crops, probably Experiments were conducted at ICRISAT on 
because of high population pressure. Cnodon-infested Vertisols to examine the type of

Thus. no single method gave satisfactory weed tillage and management required for controlling
control, and when combinations of methods were this weed (Table 8). Double cropping on flat land
employed, the results all very similar. Thewere managed by traditional tillage gave low yields:
choice of methods should, therefore, depend on the returns were reasonable because operational costs 
ease of execution and availability of resources. On were low. But where no efforts were made to con-
Vertisols. a combination of preetnergence herbi- trol Ctnodon, double cropping resulted in nega
ctide, mechanical interculture and minimum hand tive returns. Of' the thrce tillage systems on BBF,
weeding appears to be the best option. Smother cross plowing and remaking of beds every' year was 
crops such as cowpeas could be used instead of most effective in checking (Y'nodon. Although it 
herbicides or intercropped in widely spaced crops involved additional expense, it gave 51(', higher
like tmaize. returns in sorghum pigeonpea, and 33,,i in maize/ 

chickpea over other tillage systems. There was no 
significant difference between strip tillage and

Management of Special Weeds complete tillage on beds. Atrazine controlled the 
annual weeds but not Ct'nodon in maize. WithoutPerennial weeds are difficult to control by conven- competition from other weeds. -'nodon became 

tional tillage. Deep plowing in sumnmer tmonths is More competitive and suppressed crop yields, par
advocated to expose and dry the underground ticularly of low%-canopy chickpea in the postrainy
reproductive structures, but this is very dermyiding season (Table 9). Direct intcrrow application of
and requires substanial draft power. The alterna- glypl'osate on (C'nodon has helped increase 
live is to employ systemic herbicides. But these are chick pea yields, but was applied too late on maize.
expensive and should be considered mainly for which had reached the 4-week stage. Another lima
spot application of infested patches. However. itation of postemergence application ofg!yphosate
they may become less expensive in the near future is that it requires special equipment (e.g.. wick
when they are produced within the country. applicators or sprayers with protective hoods) to 
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Table 8. Effects of different tillage systems (in the control of C),nodn-dacqIon, crop yields, and net returns of 

sorghum/pigeonpea intercrop (mean of 2 years-1981-82 and 1982-83). 

[)ry mnatter of ( '-ndon-rrdocir'h/ (g tn- 2) 

At first At At
 
Sorghum PIigeorpea Net r:turns inter- sorghtll pigeontpea
 

Treatment (kg ha- t (kg ha- ) (ls ha ) culture haries harvest
 

Strip tillage' 3168 569 478(0 49 319 113
 
Complete tillage2 3535 59K 5(093 31 239 114
 
Deep piosing and
 
rebuilding of' beds' 4029 1131 7473 
 12 135 82
 

Trad itiona I 1106 28S9 30 259 54
 

S :M 	 ±200 ±92 ±507 ±12 ±32 ±16 

I.Pl ing t" ice %%ttlltit ar d right plo% iihich clltiiare, i 20-25 cn trip in both edges of the bed. lirir cleanig "%ith itridger, bed 
culti,itiorl. ard shapilng. 

2. Split-strip tillage splitting the bed at the center Itilrm ed b. plokin%ilh a pair of lett and light phm., III n passes, Itnrrn \ cleatniig, 
bed utti alton, and shlpllg 

3. (ro,, pho%%,tig of beds aind reilorn itig them err sear. 
4. 	 tiain)-se isin all,, Irequent hiarrni ing b%blade hiarruril in ll i ta t, ptisrait-seair ClOpping %ill)r 'ghtill il d platlling ild 

irnerctiltire kinthlocal imnplements, 

avoid damage to the crop. Flauzifop butyl was as cially with supplemental irrigation, was found to 
effective as glyphosate. One advantage of this pos- encourage C..vperus infestation. Discing generally 
temergence chemical is that it can be used safely on aggravated the weed, probably by separating the 
legume crops. underground rhizhomes from each other. How-

Intensive cultivation of two crops per year, espe- ever, in a 2-year study that compared moldboard 

Table 9. Effect oif different herbicide and tillage s.sterts ol the control (f( ('nodon-dach'Ioh, crop %ields and returns (if 
a rtai/e-chlirkpea sequential system, 1984-85. 

I )ry miatter of ('I tulnoin-tlln ol/it (g In 2) 

At first At At 
Mai/e ('hickpea Net returns inter- inan/c chickpea 

Ireatiltent (kg ha- 1i (kg Ira '1 (lb Ira 1 culture liar,,est harcst 

Strip tillage 1255 433 3712 6 8 64 
Comnplete tilage 876 461 3371 21 24 76 
Deep phn Iing and 
rcbuilding il beds 1170 629 4747 4 17 58 

Atra/ine 
(1.5 kg a.i. ha 1) 1270 335 2993 10 37 159 

(il.pliosaic at 1.511 895 726 4485 2 12 34 

IHlaitnlop bitl 
(0.3 kg a.i. ha i) 8261 560 5652 4 5 73 

Flit (traditional) 863 339 3739 4 30 61 
Unr.edecd (cnntrol) 165 29 334 10 23 22 

S I: 	 -132 !92 ±565 ±1.3 ±5.5 ±10 

*. (iCipea )tell]%. 
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Figure 4. Effect of plowing by a moldboard plos v% 
discing and ghphosate on C'perus infestation on 
Vertisols. 

Table 10 Effect of different chemical 
Iyderabad (Kornar and Friesen 1984). 

Iroatment 

-
(and kg a.i. hi,') 

Weed control 
Iand-kced control 
Ft hephon I kg 
2,4-) (Na salt) 2 kg 
Atra.ine I kg 
2.4-1) (Ni salt) 2 kg 
2.4-1)1 Na sallt 2 kg 
Urca 10"i 
Ammonium sulphate 10"i 
Corn on salt I0'" 

.SI) (0.05) 

I. PP] z P~ltplilnl Illt.'opora Ilmil. 

2. WAS z Weeks atter so0ing. 

plowing with discing, plowing did not show much 
improvement over discing (Fig. 4). Glyphosate 

sprays at 1%, 2%, or 3% effectively controlled the 
weed, but two or three repeat sprayings were 
required for complete control. Although higher 
concentrations achieved slightly better control, the 
lower dose (1%) is suggested because of the high 
cost of the chemical. 

Ischemum sp is commonly noticed on Vertisols. 
Farm observations indicate that it can be con
trolled effectively with a I%glyphosate spray.

parasitic weed Striga has been a serious 
problem in many sorghum-growing areas of India, 
particularly on high-yielding sorghum hybrids. 
Yield losses between 25 and 100% were noted 
(Hosmani 1978). In on-farm tests conducted by 
ICRISAT on Alfisols at Aurepally in 1980, the 
hybrid CSH-6 produced 1050 kg ha on Striga
infested plots compared with 1650 kg ha-' on 
Striga-free plots. The hybrid CSH-5 failed com
pletely on a nearby field due to Stria,and yielded 
3000 kg ha-' on Striga-free plots (Shetty and 
Sharma 1982). Hand pulling of Striga did not 
improve the sorghum yields, although it helpedprevent Striga from seeding. Yaduraju (1975) sug
gested growing trap crops such as cotton, cowpea, 
groundnuts, castor, and sunflower in rotation withsorghum, but the effects of crop rotation on Striga 
take time. Experiments conducted by the Central 
Research Institute for Dryland Agriculture (CRI
)A) at Hyderabad indicated that the chemical 

treatments on Striga incidence and )ields of sorghumi grown on Alfisols at 

lime of application 

PPIT 
3 WAS' 

- WAS 

4 WAS 


Flowering of Strqaa 

Floikering of Striga 

Flowering of Striga 

Flowering of Striga 


2Yield (kg ha-1) Striga plants o
1980 1981 1980 1981 

1915 43 21.2 23.3 
1707 385 26.2 20.8 
2307 71) 16.6 22.7 
2388 623 13.6 16.8 
2227 644 14.4 19.2 
3534 2116 72 9.0 
2298 1127 3.1 7.9 
2845 350 10.9 16.5 
2781 557 14.6 18.2 
2783 320 8.5 13.2 

1077 555 4.6 5.6 

314 



2,4-D at 2 kg a.i. ha-' applied 30 days after sowing 
was the best treatment. It gave an acceptable leve! 
of Striga control and increased sorghum yields 
(Table 10). This chemical is economical, easy to use 
and readily avaiable in India. Other chemicals 
such as atrazine, 10% urea spray, ethepon, 10% 
ammonium sulphate, and common salt were not 
effective. Shetty and Sharma (1982), however, 
observed that a 20% urea spray at the flowering 
stage of Striga controlled 90% of the weed, but did 
not result in increased yield because the damage 
due to Striga had occurred earlier. 

Although no single agronomic technique can 
fully control Striga, many practices such as early 
planting, higher plant density, application of N 
fertilizer, irrigation, crop rotation with trap crops 
and intercropping with legumes were found to 
reduce its incidence. An integrated approach com-
bining the use of Striga-tolerant genotypes, the 
above agronomic practices, hand removal of Striga, 
and/ or herbicide sprays secns to be most effective. 

Conclusion 

When new technologies are transferred rom the 

station to the farmer's field, they sometimes are 
accompanied by newweed problemsas was seen in 
the BBF system tests, and with Strja on new 
high-yielding sorghum and maize genotypes. 

Good crop husbandry practices such as early 
postharvest land preparation, growing crops from 
the beginning of the rains as far into the postrainy 
season as possible, intercropping with quick-grow-
ing, low canopycontibuesmothersgniicanlycrops like cowpea, allo eficent eedmange-
contribute significantly to efficient weed manage-

Some of the methods and equipment. e.g., 
animal-drawn blade harrows and interrow cultiva-
tion tools used in SAT India may have relevance to 
the Sudano-Sahelian zone. Thev should be exam-
ined critically with a view to adapting them to the 
local African conditions. 
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R sultats et priorites de la recherche pour i'amlioration de
 
l'agriculture pluviale au Burkina Faso 

L. Som'l 

Rsume 

Aprbs une presentationdes contraintes climatiqueset p~dologiques rencontr~esau Burkina 
Faso, on passe en rcvue lcs acquis de h? recherche agricole nationalesur les varits de mil, 
sorgho, mais, soja et arachide,sur le maintien et 1a restaurationdes sols, et l'ambliorationdu 
bilan hydrique. On montre ainsi qu',) Saria avec une pente de 0,7%, le labour diminue le 
ruisellementde 30-35( ,20-25%, alors que le billonnagecloisonn&l'annule. Des effets trbs 
positifssurles rendementssont 6galenentobtenus. Ondonne entin la structuredes programmes 
de recherchede 17NERA. 

Abstract 

Results and priorities of research for improvement of rainfed agriculture in Burkina Faso: 
After reviewing climate and soil problems, the national agriculturalresearch on millet, 
sorghum, maize, soybean, andgroundnut varieties,soil conservationandrestoration,and the 
improvement ofthe water balanceis examined.An example from Saria,where slopingis 0.757c, 
sho ws thatplowingreduces runofffrom 30-35%(to 20-25% andthat tiedridgingmay even arrest 
it completely. The reportends with a presentationof the prioriti'researchprogramscarriedout 
at the nationalinstitute foragriculturalresearch and studies, 1NERA. 

Introduction 	 en cours de cycle dus hune alimentation hydrique 
et rninrale dficitaire; d'o6 des bais es de rende

1)epuis plusieurs dcennies, leBurkina Faso, con- ments tris importantes en particulier pour les cul
nait i l'instar des autres pays sahbIiens, tne sbche- tures vivrires. Ainsi en raison du deficit pluviom&
resse endLmique entravant lapiomotion de son trique de 1984, la campagne 1984-1985 s'est sold~e 
agriculture essentiellement pluviale et pratiqu~c par un deficit cr&idier de 163 000 tonnes. 
par environ 80% de a population active. La recherche agronomique dolt proposer aux 

En effet les conditions pSdoclirnatiqucs qui pr& paysans des solutions qui permettent lemaintien et 
valent sur la quasi-totalit do territoire bt-, kinb I'amlioration de la productivit&des sols cultiv~s. 
se caractrisent par : Au Burkina Faso, plusieurs efforts de recherche 
* 	 un bilan hydrique prbscntant au cours de la apprbciables ont W entrepris avec I'appui de la 

saison des pluies des priodcs de dibficits fri- coopbration scientifique bilat~rale et internationale. 
quents; lls portent notanment sur : 

" 	 do ruissellement et de Irosion importants; 0 I'amlioration et la sblection de varibts r{sis
" un faibie niveau de fertiliit des sols et une r&- tantes ii la scheresse; 

serve en eau souvent tri~s limit{e. 0 lamist au point de forniules de fumure permet
'Ien r{sulte de frbquents accidents de v~gtation tant d'amieliorer leniveau de fertilit des sols; 

I. 	 Institutnational d'&tudes c de reherches agricoles (INERA), B.P. 7192, Ouagadougou, Burkina Faso. 

ICRISAT (International Crops Research Institute fortheSemi-Arid Tropics) 1989. Soil, Crop, and Water Management Systems for 
Rainted Agriculture in the Sudano-Sahelian Zone: proceedings of an International Workshop, 7-I1 Jan 1987. ICRISAT Sahelian 
Center. Niamey, Niger. IPatancheru, A.P. 502 324, India: ICRISAT. 
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0 l'amlioration du bilan hydrique i la parcelle gique. Cependant lessols lerrugincux tropicaux et 
pour une meilleure &conomie de l'eau. les sols peu Cvoluijs (65,3 ;) sont de loin les plus

Le present document prs.-nte :;uccintement les rpandus. Ia disponibilit, de ces sols est ingale
acquis de larecherche agricole nationale et les ment rLpartie dans l'espace etest lontcion de la 
actions qu'elle se propose dlentreprendre dans une r partition dnmographique. ILcs Tableaux I et 2 
approche globale d'amrnnagement des sols, de donnent des exemples de contlraintes chimiques et 
l'eau, et des cultures pour hi promotion de I'agri- agro p,dohog'ques des sols.
 
culture pluviale. 
 E-n fflet,
Is sols sont pour 1aplupart de texture 

sablo-linoneusc en surface. argilo-sablcuse Cn pro
fondeur (Tab. I). L.a faiblc teneur en argile et hiContexte p doclimatique pr sence d'ne cuirasse o d'Line carapace I pro

du Burkina Faso Iondneur variable, en dterminent Icniveau iela 
reserve elleau. )upoint (ICvue chimiq , les sols 

Contraintes pdologiques sont gn&ralement carenc& en phosphore, avec ties 
teneurs en n1atire organiqLue trs faibles. I.e corn-Les sols du Burkina Faso dans I'enscmble, sont plexe absorbant est dcs.itur& ct pauvre en bases 

caract(ris~s par tne grande ht~rogL'nit pedolo- icangeables (Tab. 2). 

Tableau I. Caracltristiqtes agrononiques des sols du lurkina Faso. 

Rscr-ve ellCai 
Iexture ul i ) 

0- 10 cm 10-60 cm 40-60 cm 0-40 lil0-80 t)c 
Site Nature du so] HP A: I. FG A':( I. LG A I. 

Sabounrt Sol hitin cutrtphe ;irecouvre
mcnt sahlcu. - 13,5 6.1 - 31,2 II 32,4 9.8 53 149,8 

Sariau Ilaut Sol ferrugincux trtpic;i 
les,,isegra illonnaire 2)) 10,2 7.5 3)) 11,5 6.7 16,2 22,2 8,4 40,9 80,5 

Saria Has Sol fcrrugineux tn-pical 
le,si irgilo-sableux 
cuirasse it70 cm 2.5 15.4 8,2 2.5 21,9 9,1 13,5 32,8 7,4 39,2 67 

(illpela Stl leirugincux tropical 
lessi e argilo-sablcux 10,9 23,2 - 7,2- 4,2 3,9 33,8 32,9 77,3 

Farako-lli' So, hiblement lerralliquc 
pro ond . texture sablo
argilcuse - 5,0 10,4 - 8,2 12,7 - 29,0 13.0 34,1 72,8 

1.I ( pourcentage )tvIi1Clen|ts vjow.)ers. 
2. A pourcentage d'argilc. 
3. t. pturceniteg de limon. 

Tableau 2. Principaux Wrlments du sol de Saria (parcelle 20) (dapris Sedogo 1981). 

pH calu C('; N C, N Cal M gt7 Kq I. 
'; 

6,10 0,35 0,28 12,5 0,5 0,31 3,3 0,012 
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Les acquis de la recherche 
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Figure I. Variation de a pluviolnilrie i Saria 
(1970-1986). 

Risque climatique 

Le risque climatiqueest tri:s lev au Burkina Faso 
oilest essentiellement li ,,tu caractire alcatoire de 
iI pluviomnitrie. Les saisons de pluic connaissent 

des dtbuts irrguIliers souvent tardils et des fins 
precoces. Pour I'ensemble dit pays et en ceouparant 
les cartes des isoiytcs de la p& iode 1971-1980 , 
celle de 1984 par exemplc, on observe tin d&place-
ment latitudinal vers le sud. ("C'st ainsi qo'en 1984, 
I'isohyte 1000 i1ni avait pratiqu,ement dispart dit 
pays. At cours d'une ukoic sason die pluiC, Oi 
enregistre uic grande variabilit spatio-temporellc 
des pr3cipitations, cc qui cnlivc tute signification 
aux valeurs plvuotiktl riq tics mttovelmies ainuelles 
dans liI termination dit ristC climatique. 

la Figure I niontre la variation dc la pluvionl-
trie de Ia station de recherccles agricoles de Saria 
pour la pfriode 1970-1986. ;! apparait alors plus 
utile de raisonner en ternic de fr(q ucnce au non 
dpassement d'une plhvionii.rie mensuelle ou an-
nuelle donnie comme Ic roontre le Tableau 3 pour 
Ia ieme Station de Saria. 

agricole nationale
 
S6lection et amiblioration des plantes
 

l'essentiel des activit:s ont port6 jusqu'Ai present 
stir les cr&daes (sorgho, mil, malis), les Ikgumi
neuses (soja, arachide) et le cotonnier correspond
ant t la vocation des diffrents Instituts de recher
ches qui ont initik la recherche agronornique dans 
le pays avant III cr+ation de Ia structure nationale. 

L'objectif de slection vise I l'obtention des 
varitt¢s 'Icycle court pouvatt atteindre un haut 
rendement par rapport aux cotypes locaux. Ainsi, 
pour le sorgho, plusieurs varitts de 90jours avec 

-des rendernents potentiels de 3 t 3,5 t ha sont 
identifies : IRAT 204, SVP 35, IRA]' 202, etc. 

Pour le mil, de notvelles crLations telles que 
IRAT 172 et 173, IKWV 8101 et 8201 ont des 
rendements de 1,5 it 2 t ha - I. 

Quant aI mars, I recherche a mis it III disposi
tion de III vulgarisation d.s varitbs amior~es, 
voire des hybrides inter-variktaux (I RAT 98, 100, 
et 102) ou complexe (IRAT 81) qui ont des rende
ment.i potentiels pouvant atteindre 5 A6 1ha-1. 

Le maintien et la restauration 
de la fertiliti&des sols 

Les rcsultats de recherceli stir des essais de longue 
duroc ont montre que III monoculture du s'orgho 
aboutit ai la st&ilisation du sol malgr I'emploi 
d'une fertilisation minrle. Par contre [a rotation 
crac ilgunincuse maintient IaIproductivit It 
long ternie tandis que I'apport de 5 t ha-I de fumier 
ou de compost tons les deux ans, conserve le statut 
organique. 

l.a Figure 2 montre I'&volution du niveau des 

Tableau 3. Analyse fr.quenielle de la pluviomitrie de Saria (1944-1978) (d'apris .idon et al. 1978). 

Ptluvionmtrie incusuelle (im) 
i Annuelle Mai Juii Juil. Aofit Sept. Oct. 

0,8 704 39 76 112 181 106 12
0,5 817 66 109 164 236 148 32 
0,2 938 101 147 225 298 199 
 63
 

I. Nivcau de probabilitW. 
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-----------------------------------------------

FMO = fumure minrale forte +40 t ha- I de fumier tous les 2 ans 
.....- fmo = furnure min&rale faible + 5 t ha-' de fumier tous les 2 ans 

2500- FM = fumure minirale forte 
..... f= funure minerale faible 

T1 temoin sans fumure 
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1500
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0 - - I I 
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Figure 2. Evolution de la moyenne des rendernents du sorgho. Essai entretien de la fertilii de Saria (d'apris 
Sedogo 1981). 

rendements pour le sorgho sur l'essai "entretien de 
la fertilit&" conduit i Saria depuis 1960 it nos jours 
(Sedogo 1981). 

l)e mme les essais soustractifs et de correction 
des dbficiences rnin&ales mends dans lai zone Ouest 
et du Centre en collaboration avec l'lnstitut de 
recherches du coton et des textiles exotiqu,:s 
(I RCT) depuis 1967 ont mis en &vidcnce la baisse 
de la productivit&du sol lii it tne perte de la matii-
re organique, au taux de min&ralisation moven 
annuel de 4% malgr une fertilisation ininbralc 
complkte. 

Amilioration du bilan hydrique 

A la parcelle 


Trois axes de recherche ont ,t entrepris dans cc 
domaine : 
* 	 l'&tude des techniques d'&conomic de I'eau per-

iettant une utilisation judicieuse de la pluvio-
mntrie; 

* 	 la determination des besoins en eau des cultures; 

0 	 I'&ttde du ruissellement et de l'brosion. 
L'btude sur les techniques d'&conomie de l'eau a 

dtlbut it partir de 1982. Actuellement elle couvre 
douze localitbs (Fig. 3) reprbsentant toutes les 
situations p~doclimatiques du pays i l'exception 
de I'extrme nord. 

En chaque situation, plusiCurs techniques sont 
comparees i untnmoin ahsolu, comme le montre le 
Tableau 4. 

Les observations faites dans certains sites, sur la 
dynamique de I'eau, I'%,'olution du systbme raci
naire et les modifications ph~nologiques de la cul
ture permettent non seulenent de mesurer et de 
comparer les rendements obtenus mais surtout 
d'expliquer ces rendenents it travers la simulation 
du bilan hydrique iAla parcelle d'aprcs le module 
prbsent par l'lnstitut de rechercles agronomiques 
tropicales et des cultures vivribres (IRAT)/ Centre 
de coop&ration internationale en recherche agro
nonlique pour le dveloppenent (CIRA)) (Forest 
1982). 

Le nivea, de satisfaction des besoins en eau de la 
culture an cours du cycle \bgtatif est donn&par le 
rapport entre l'vapotranspiration relle (FTR) de 
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Figure 3. L.ocalisation des sites d'itude de l'icononfie de I'eau au Burkina Faso (d'apris Nicou et al. 1984). 

la plante et son &vapotranspiration maximale 
(ETM) possible du fait des conditions climatiques 
du milieu. En g~nfral la plante souffrira de stress 
hydrique quand le rapport ETR/ ETM est infrieur 
"i0,80 (Tab. 5). 

A cc jour, les principales c~r~ales du pays 
(sorgho, mii, inafs) de mrme que l'arachide et le 
cotonnier ont ,&t concerns par cette etude. 

Le Tableau 6 prbsente les moyennes des rende-
ments obtenus en cinq situations avec les cr ales. 

Les £&tudes des principaux termes du bilan 
hydrique se r~sument actuellement "ila dtermina-
tion des besoins en eau des cultures , travers une 
valuation des coefficients culturaux K et A des 

mesures sur le ruissellement et l'6rosion. 
L'valuation des K s'effectue au niveau de deux 

dispositifs decuves lysim triquesinstallesen 1983 
sur les stations de Saria et de Farako-Ba. Des 
rsultats satisfaisants ont &t&obtenus sur le sorgho 
et le mais en culture pluviales et sur la tomate et le 
melon en culture de contre-saison. 

Les etudes surle ruissellement et l'rosion ont W 
cntreprises depuis 1971 sur le site de Saria. A partir 
de 1982, le dispositif a t& utilis pour mesurer 
l'impact de certaines techniques d'&onomie de 
leau sur le contr6le du phbnomhne. 

Les r sultats ont montr&que sur les sols ferrugi
neux tropicaux de Sariaavec une pente deO,7%, le 
ruissellement moyen atteint 30 A35% sans aucun 
travail du sol; avec un bon labour i plat on diminue 
le ruissellement i 20-25% alors que le billonnage 
cloisonn6 le r~duit fortement, voire l'annule. Les 
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Tableau 4. Traitements rialisis dans cinq des sites d'expcrimentation, au Burkina Faso (1982-1984).
 

Sabouna Saria haut Saria Bas 
 Gampela Farako-BA 
Traitements 1982 1983 1984 1982 1983 1984 1982 1983 1984 1982 1983 1984 1982-1984
 

T6moin non travail x x x x x x x x x x x x x
 

Scarifiage en sec x x x
x x
 

Labour i plat x x x x x x x x x x x x x
 
Labour en billons x x x x x x x x x x x x x
 
(espacement
 
0,80 in)
 

Labour en billons x
 
ressers (espace
ment 0,50 m)
 

Labour en billons, X 
cloisonnement des
 
billons Achaque
 
extr&rmit 

Labour plat X X X X X X x 
Buttage r I mois 

labour h.plat +
 
buttage I mois +
 
cloisonnerment
 
2 mois 

Scarifiage en x x x x
 
humide, Hinage
 
aprs chaque pluie
 
-20 rum
 

Semis ,I pkt, x x x x
 
buitage +
 
choisonnement a
 
I Inois
 

Labour ii plat, X X x X
 
buttage +
 
cloisonnement
 
,I I lois
 

Tableau 5. Satisfaction des besoins en eau dos parcelles t1moin exprimis par le rapport ETR/ETM. 

1982 1983 
 1984
 

Station IFpiaison Epiaison Epiaison
exprimentales Cycle Floraison CCIC Floraison Cycle Floraison 

Sahouna 0,65 0.59 0,43 0.24 0,25 0,06 

Saria Flaut 0.75 0.58 0.77 0,40 0,40 0.43 

Saria Bas 0,68 0,67 0,74 0,33 0,68 0,44 

Gaompela 0,60 0,23 0,79 0,59 0,51 0,23 

Farako-B.I 0,96 0,97 0,96 0,97 
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Tableau 6. Rendements (kg ha-') moyens obtenus avec les techniques d'iconomie de I'eau. 

Stations Labour 
exp&rimentales Trnioin i plat 

Sabouna (82/83) 592 994 

Saria Haut (82/84) 1112 1622 

Saria Bas (82/84) 1151 1598 

Gampela (82/84) 990 1937 

Farako-BA (82/84) 2024 3270 

quantits de terre &rod es sont inoi rues et peuvent 
atteindre 20 t ha-'. 

Priorit~s de recherche pour la 

lutte contre la d6sertification 

Les priorites de recherches ont t dfinies a travers 
huit programmes nationaux qui ont &t: adop(&s 
pv r lc S~minaire national de la recherche agrono-
mique et zootechnique de f\vrier 1985. 

La lutte contre la scch.:resse pour unc meilleure 
production vLgetalc et animale constitue la strata-
gie de chacun de ces programmes d6jt lanc par 
l'lnstitut d'ttudes et de recherches agricoles 
(INERA). la structure nationale charge de la 
recherche agronoinique ct/ootechnique. 

Les huit programmes nationaux sont : 
" 	 Eau/ Sol/ Fertilisation, Irrigation: Machinisme 

agricole (ESEI NI A)avec pour objectif I'amilio
ration des conditions de milieu de production 
travers unt: action stir l'eau, les fertilisants 
notammen: leaux et I'+quipement agricole; 

* 	 Recherche sti ls syst~mes de production (RSP) 

qui vise l'amlioration de la productivit& du 

travail des agriculteurs et Ieveurs dans le cadre 

de syst~mes agricoles stables; 
" 	 Sorgho/ Mil/ Ma's pour la selection et I'amlio-

ration des cultivars 5 vulgariser; 
* 	 Cultures maraichres et fruitibres qui devraient 

proposer des r~sultats pour mieux valoriser le 
travail des agriculteurs durant la saison sche; 

* 	 Ol1agineux et ftgumineuses Agrains;* 	 Ri:z et riziculture;tindlarcecearceM 
* 	 Coton; 

• 	 Production animale. 
Chaque programme ad~j d fini les operations 

prioritaires "iexecuter dans le cadre du Plan quin-
quennal de dveloppement populaire. 

Labour Labour +buttage + 
en billon cloisonnement Culture 

918 1020 Mil 

1417 1693 Sorgho 

1657 2115 Sorgho 

1824 2238 Sorgho 

2624 3060 MaTs 

Conclusion 

L'agriculture et l'&le, age constituent la base essen

tielle du d~veloppement, ,'cio-&conomique du Bur
kina Faso, la restauration d'un environnement 
propice t l'essor du monde rural est urgent pour 
arriver i l'autosuffisance alimentaire. Pour cc 
faire, il faut viser i augmenter les rendements des 
cultures en d~pit des conditions p~docliniatiques 
dfavorables, grfice h l'emploi de vari&ts adapt~es, 
11l'acquisition d'un &quipernent agricole adquat, 
et i la maitrise des nouvelles techniques culturales. 
C'est in travail de longue haleine qui implique la 
participation de tous les acteurs du dveloppement 
rural et en particulier les agents de la vulgarisation 
qui doivent r~soudre la problmatiquedu transfert 
de technologies bien connue dans les pays en voie 
de dveloppenent. 
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Effects of Tillage on a Corn-Cotton Sequence 
in C6te d'Ivoire 

J.L. Chopart' 

Abstract 

Central Ctite d'voire has bimodal, ratherirregularrainfall(April to June and August to 
October) that is often insufficient for optimum crop yields. In a field trial established in 1980, the 
eft;cts of the followving tillage practices were studied in corn-cotton cropping sequences: 
(I) Manual tillage writh mulching. (2) Direct mechanical sowing with mulching. (3) Plowing 
prior to corn and cotton. (4) Plowing prior to solving of corn followed by direct drilling of 
cotton. Comparisons ha ve been made on water-useefficien'v, soilph'sicalproperties and root 
development, production costs and yields. The results ofthe study suggest the need forplowing 
prior to sotwing of corn despite the added production costs. But direct drilling of cotton can 
replace plo wing when a cotton crop follow acorn crop. A s'stem that combines plowing prior 
to sowing ofcorn in the first rainy season and direct drillingofcotton in the second appears to be 
a profitable alternative to the currently recommended practice of two plowings a vear. 

Risum6 

Effet du travail du sol dans une succession annuelle mais-cotonnier en C6te-d'lvoire :Lapartie 
centrale de la C6te- d 'voire comprend deux saisons de pluie, d i vril "ijuinet d'ao~t "ioctobre. 
La pluviosit&est irrbgulire et souvent insuffisante pour obtenir des rendements optimums. 
Dansun essai mis en place en 1980, les effets de difkrentes techniques depr~parationdu solsont 
6tudis dans le cadre d'une double culture annuelle mais-cotonnier:(I) travaildu sol manuel 
avec paillage: (2) tra vail dusol mnceaniqueavcc paillage; (3) labour avant le marset le cotonnier; 
(4) labour avant Ic mais suivipar un semis direct du cotonnier. Les traitements sont compares 
suivant dilfkrents critres : efficience de /'eau, propriets phvsiques du so/ et croissance raci
naire, cot't de production et rendenents. Les rsultats de l'tude montrent la nbcessit6 de 
labourer avant l'implantation de mais malgr le cotit de production plus Hlev6. Par contre, le 
semis direct peut remplacer le labourpour une culture de cotonnier qui .uit Ic ma's, si cette 
culture a b6nbfici6 d'un labour. (In systrme qui associe le labour avant It! mas pendant Ia 
premire saison des pluies et un semis direct du coton pendant la deuxibme saison de pluies 
parait etre une alternative intcressante ii la technique actuellement recommandbe dun labour 
avant chaque culture. 

I. Soil physicist, IRAT-CIRAD, 04 1.P. 125, BoUak, ('6tedlvoire. 

ICRISAT (International Crops Research Institute for the Semi-Arid rropics) 1989. Soil, Crop, and Water Management Systems for 
Rainted Agriculture in the Sudano-Sahelian Zone: proceedings of an International Workshop, 7-lI Jan 1987. ICRISAT Sahelian 
Center. Niamey. Niger. Patancheru, AP. 502324. India: ICRISAT. 
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Introduction 

The central zone of C6te d'lvoire is characterized 
by irregular rainfall. Its bimodal character, how-
ever, permits double cropping, but there is a high 
climatic risk during a large part of both growing 
seasons. 

To protect cereals (corn and rice) and cotton 
crops from water stress, cultural methods that 
ensure optimal water uptake by the plant should he 
used. 

e"chniques such as tillage and mulching can 
play a major role. Experiments carried out in dif-
ferent ecological zones of West Africa have, how-
ever, often given contradictory results, particularly 
with regard to tile effects of plowing and mulching 
with no tillage. Whereas plowing was found to 
have a beneficial effect in Senegal (Charreau and 
Nicou 1971. Chopart and Nicou 1976, Nicou and 
Chopart 1979, Chopart et al. 1979), in Nigeria. the 
best results were obtained with notillage(Lal 1974. 
1976, Maurya and lal 1979). 

In C6Ite d Ivoire, prelirninary results have shown 
the value of deep soil tillage which, at least in some 
conditions, reduces erosion (Kalrns 1977). and 
improves water relations (('hopart aid Kone 1985) 
and weed control. With tvo cropping season:; a 
year. however, it is sometimes difficult to fit in two 
plowings, 

In 1980, trials were set tip to compare the agro-
nomic effects of different soil-preparation tech-
niques and to studs the possibility of reducing soil 
tillage, the major objectives heing to facilitate crop 
establishment, reduce production costs, and in-
prove crop water use. 

The Trials 

Trials have been carried out at Bouak each \,ear 
since 1980. using a two-crop sequence of corn and 

cotton. Early-maturing (75-80 days) corn, variety 
CD (Dahomey composite), is sown in March as 
soon as enough rain falls, and a 140-150-day cot
ton crop is sown after the harvest in late June or 
early July. 

Treatments 

The trials consist of three replications, each with 
four treatments on 450 m-' plots. The first treat
ment involves hand cultivation: 

TIl. No-tillage planting with straw, left as a 
surface mulch and hand sowing, 

The three remaining treatments are mechanized: 
12. Crop residues left on the soil: very shallow 
(5 8 cm) tillage only on the sowing lines, using 
twe crenellated discs placed in front of the 
direct seeder; 

0 	 T3. Plowing, to depths of 25 30 cm, twice a 
year, with the straw incorporated by plowing 

0 	 T4. 1980 82 .chiseling. to 20-25 ci, before 
each crop. witl straw incorpt)ration: 1983-84 
single plowing once prior to corn crop, direct 
seeding of cotton as in T2. 

Soil chiseling (1980 1982) did not give satisfac
tory results. Incomplete iricorporation of crop 
residues made sowing difficult, aid yields obtaiied 
were regularly lower than those obtained after 
plowing. For these reasons, the treatment was 
replaced in 1983 by one plowing a year. 

Climate 

The Flouak&region in central C6te d'lvoire includes 
two wet seasons, March to June and August to 
October, separated by a short July early-August 
dry season. Total rainfall and Penman PET for tle 
two growing seasons are given in Table I. 

Table 1. Rainfall and Pennran PET during tire corn- and cotllon-gro ing seamrrin. 

(ornI (otini 

1981 19N1 1982 1983 1984 t9o0 I'M 1t982 1983 1984 
Sowing date 22 Mar 15 Mar 15 Mar 4 Apr 14 Mar 29 lt 25 Jun 3Jul 8 Aug 15 Jun 
Rainhnll (mni) 
Penian PET (riii) 

346 
438 

434 
466 

357 
403 

330 
389 

218 
4110 

689 
547 

578 
532 

450 
467 

222 
426 

843 
513 

Average rilnfall (nn) 345 318 318 357 320 44(0 536 524 428 579 

I. 1953 8i. si .ing no hal',%esr. 
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Table 2. Average soil physical characleristics in a field trial at Bouake'. 

Particle size distribution 

Depth Gravel 
(cmr) (,>2 ram1) (2rm 

0-20 21 
20-40 32 
40-60 36 
60-80 30 
80-100 26 

Soils 

The trials are established on soils derived from 
pegmatite granite, classified in the French system 
as reworked, moderately desaturated ferralitic 
soils, containing variable but always high propor
tions of gravel, mainly quart/. Their chemical 
characteristics and available water-holding capac
ity are r,:prcsentativc of the gravelly soils of the 
region. Some physical and chemical characteristics 
of the soil are presented in Tables 2 and 3. 

Table 3. Average soil chemical characteristics of the 
0-30 cm upper la)er in a field trial at houakte. 

Soil ch aiitcristic, %I.ca i ' alue 

p Itiaici 

i g1aic mattl (I') 2.2 
I al N V(') 0.1 
A.ailable I (ing kg 1) 40) 
Exchangbchlc K Imcq (100g) 11 o.31 
( ('f Ineq (100g) '] 6.2 
Baws saturation (1;) 58 

Cultivation Methods 

Soil-preparation techniques used with each treat-
tuent are described above. Fertilizer use isthe same 
for all treatments and for both crops, i.e., 300 kg 
ha-I of a 10-18-10 mixture at planting, plus 100 kg 
haI urea (46('() subsequently in addition, 200 kg 
lia- of dolomitic limestone was applied before 
each corn crop. On the plowed plots, a selective 
postseeding and preemergence herbicide was ap-

Fine silt Aailable 
Sand and clay water 

20 pmi) ( 20 pin) (m1m) 

59 20 26 
46 22 19 
38 26 17 
38 32 Is 
41 33 2() 

plied. On the no-tillage planting plus mulch plots 
(TI), weeds are controlled with paraquat applied at 
sowing and between the lines during tile growing 
season. 

Recording and Calculating Results 

Water-use efficiency was calculated from determi
nations made with a neutron probe. Soil-bulk den
sity was determined from cylinder samples of 
known volunmes. Soil temperatures at 5-cm depth 
were recorded at different times of the day using 
mercury thermometers. The results given are for 
1530 when temperatures are at their maximum and 
differences between treatments greatest. Corn root 
density was determined by measuring the length of 

roots extracted from soil cores 10-cm thick and 

0.48 m2 in area (Chopart 1983). 
IProduction costs were calculated to include all 

hand labor and supplies (fertilizers, herbicides, 
etc.). For mechanized operations, the standard 
prices charged by the Ivoirian Agricultural Mecha
nization Centre (CIMA) were used. This made it 
possible to calculate gross returns from each 

treatment and earnings per day of work. 

Results 

Compared to no tillage planting, plowing resulted 
in a reduction of soil-bulk density (Fig. I), an 
increase in the rate of growth of corn roots (Table 
4), and thus in an improvement in crop behavior 
during dry periods. 

The direct seeding treatments benefited from a 
mulch composed of the residues of the preceding 
crop. Corn stover provided a slightly better soil 
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Figure I. Plosing effect on bulk densit%. 

cover than cotton stalk, but the percentage of soil 
cover was only 50-60i at sowing. In the climatic 
conditions of CCite d'Ivoire, mulch decomposed to 
<25(7 soil cover 2 months after sowing (Fig. 2). 
The corn stover mulch reduced soil temperatures 
during the first month of the cotton growing sea-
son (Fig. 3). Water-use efficiency was higher with 
the plowing treatment, both for the first-season 
crop (corn) and the second (cottoii) (Fig. 4). 

The corn variety used had a yield potential of 
3000 kg ha- . Its main advantage was its short 
growing season (75- 80 days), which left time for a 
second crop to be planted the same year, Average 
corn yields over 5 years were always markedly 
higher (almost double) with plowing than with 
direct seeding (Fig. 5). 

Table 4. Corn root lenglh (din) per dni' of%oil,25 days
after emergence. 

Root length (tIn dn] I) 
)epth (cm) Notillage Phising 

0 It 2.J 2.4 
10- 0 0.0 1.4 
21)30 (.4 0I.9 

50-

U 

-~ 0 

2 

" 25-

U 0
 

' 
OU 

00 

0

0 3(0 60 90 

Days alter sowing 

Figure 2. Percentage of soil cover l)v a corn stovermulch during cotton cropping. 

The mechanized direct-seeding technique (T2),
which tills tile soil in the area near the seed results 
in better germination and a generally higher yield 
than hand cultivation (TI ). 

For cotton, differences between treatments are 
less than those for corn and are not significant. 

Average returns for aday's work, calculated on 
the basis of the 1983 and 1984 results for both crops 
taken together (corn and cotton) are shown in 
Figure 6. 

BIarc soil
 
Plowed
 

.... NI ulch
 
35- (corn stoer)
 

30 

-. "S 

-. 

25 

0 30 60 90 

I)a v, lter ,os'ilg
Figure 3. Effect of mulching on soil temperature at 
5-cm depth during cotton cropping. 
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Treatment T3, with two plowings a year, gives Mechanized direct seeding of the two crops (T2) 
the highest return per man per day; treatment T4, reduces production costs slightly, but since yields 
with plowing only before corn, is almost as high. are lower, returns are distinctly less. 

With hand cultivation (no-tillage), yields-and 
costs-are much lower. Returns are thus higher 
than with mechanized direct seeding and almost as 

0.002- high as with plowing. 

713 
14 

0.001 -

U!
 

2
 

0i
0.i _ t4 0.5-__ 

Corn Colton 0-

Figure 4. Water-ue efficiency of corn and cotton, Figure 6. Return%(VS S)per working day for cotton
 
4ith (13 and IA) and without (TI and 2) soil and corn crops (mean 1983-1984).
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Figure 5. Yields of corn and cotton crops. 
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Discussion 

A comparison between conventional tillage (plow-
ing) with residue incorporation and no-tillage 
planting with acrop residue mulch shows that each 
treatment has both favorable and unfavorable 
effects. 

Favorable Effects of No-Tillage Planting 

Soil mulching reduces both soil temperature and 
evaporation during the early part of the cotton 
growing season. Production costs for direct dril-
ling are slightly lower than for plowing, 

Favorable Effects of f.'onvcntional "i'ace 
During dry spells, because of plowing, tile root 
system of first season corn can draw profitably on 
stored soil moisture. Since dry periods are frequent 
during the first rainy season, the effect of plowing 
on yields is always positive and, on the average, 
considerable. Returns per mnan per day conse
quently, are far better than with direct seeding. 
Plowing prior to sowing lirst-season cor, thus 
seems necessary, at least on soil not tilled the pre-
vious season. 

During the second rainy season, rainfall is 
higher and corn stalk mulch has agreater effect on 
water and soil temperature. Further, cotton is less 
sensitive than corn to water shortages. These fac-
tors may explain in part, tihe better behavior of 

plaithpar,beter bhavir ~ cotton, grown without plowing and the small dif
ferences in yield for the treatments studied. 

If production costs are considered over the 
whole year (two crops), it appears that mechanized 
direct seeding isthe least profitable. With a single 
plowing before the corn, returns are equal to those 
of two plowings a year, with the added advantage 
that cotton can be sown earlier. Hand cultivation is 
almost as profitable as plowing, because plowing 
costs are still high. It must, however, be empha-
sized that hand cultivation requires a lot of labor at 
sowing, which limits the area that can be put under 
cultivation. 

Conclusion 

Plowing, particularly prior to sowing of first-
season corn, remains the most effective soil-pre-

paration technique for an annual corn-cotton 
sequence in the central zone of C6te d'lvoirc. 

Plowing twice a year, before each crop, is often 
difficult, as cotton can only benefit fully from the 
next rains if it is sown soon after the corn harvest, 
i.e., before the short dry season in July. 

The new cultivation technique studied over the 
past 2 years, cousisting of plowing before the corn 
crop and direct seeding of tle second-season cot
ton, appears promising, particularly when there is 
not enough time to prepare the soil by plowing.

Trials are still underway to confirm past results 
and to study longer-terma changes in physical and 
chemical soil characteristics, weed pressure, and 
yields. 

Similar trials will be conducted at other sites in 
C6te d'lvoire to assess to what extent tile tech
niques .,iudied are adapted to other soils and 
climates. 

References 

Charreau, C., and Nicou, R. 1971. L.'amnlioration 
du profil cultural dans les sols sableux et sablo
argilcux de ]a zone tropicale siche ouest-africaine 
et ses incidences agronomiques. (In Fr.) Agron
omic Tropicale 26:209 255, 565 631, 903-978, 
1183 1237. 

(lIopart, J.l. 1983. ltude dii systme racinaire duniil ( I'nfsL'tum typhoides) (fans un sol sableux (1uiIi enstmt'shov. (alu o abuxd 
Senegal. (In Fr.) Agronomic ropicale 38(1 ):37-46. 

(hIopart, ,..., and Kone, D. 1985. Influence de 
dillrentes techniques de travail du sol sur I'ali
mentation hydrique du mais et du cotonnier en 
'toc dlvoire.(In Fr.) Agronomic Tropicale 40(3): 

223 229. 

(IboUart, J.L, and Nieou, I. 1976. Influence dulabour sur Ic d, veloppement radiculaire de diff,
rentes plantes cultives auS~n~gaI-consquence 
stir cur alimentation hydrique. Agrono qieTropi
s rle 31i1 Tro-i

(hopart, J.L., Nicou, R., and Vachaud, G. 1979. 
Le travail du sol et le mulch pailleux, influence 
compar~e stir l'&conomie de I'cau dans le syst~me 
arachide-mil au Sin~gal. (In Fr.) Pages 199-211 in 
Isotopes and radiation in research on soil-plant
relationships. Vienna, Austria: International 
Atomic Energy Agency. 

330 



Kalms, J.M. 1977. Studies of cultivation tech
niques at Bouak , C6te d'lvoire. Pages 169-200 in 
Soil conservation and management in the humid 
tropics. Chichester, UK: John Wiley. 

Lal, R. 1974. No-tillage effects on soil properties 
on maize production in western Nigeria. Plant and 
soil 40(2):321-33 1. 

Lal, R. 1976. No-tillage effects on soil properties 
under different crops in western Nigeria. Soil 
Science Society of America Proceedings 40: 
762 -768. 

Maurya, P.R., and Lal, R. 1979. No-tillage system 
for crop production on an ultisol in eastern Nige
ria. Pages 204-219 in Soil tillage and crop produc
tion (Lal, R., ed.). IITA Proceedings Series no.2. 
Ibadan, Nigeria: International Institute of Tropi
cal Agriculture. 

Nicou, R., and Chopart, J.l,. 1979. Les techniques 
d'conomie de l'eau dans les sols sableux du Sbn 
gal. (In Fr.) Pages 249-257 in Soil tillage and crop 
production (Lal, R., ed.). IITA Proceedings Series 
no. 2. lbadan, Nigeria: International Institute of 
Tropical Agriculture. 

331 



Cultures alternatives pour le Sahel
 

J.Vieira da Silva'
 

Resume 

La majorit6desplantescultiv6esa 6t6 domestiqubepar 'hommeaupaltolithiqueet n~olithique. 

Depuis J'effort le p.us grand dintroduction de plantes a t6 fait aprs Ia dkcouverte du 

Nouveau-Monde et ;) une moindre chelle aprbs a crtation de grands jardins botaniques 

tropicauxet du Serviced'introductionde plantesaux Etats-Unis.Le potentielpour 'introduc

tion de nouvelles culturesdans le Sahe; est trbs grand,surtouti partirde deux origines:lv Nord 

du Mexique vile Kalaharivt Namib. Le Nordestedu Brsil,IA ustralieet 7nde aride sont aussi 

des sources de culturespotentielles.Quelques plantes utiles sont decritesvt une propositionest 

faite de crberun .ardin botaniquedes zones arides,responsablede 'introductiondes plantes,de 

Ia quarantaine,dv Ia recherchedo faisabilit&et de a formation des chercheursde ces zones. 

Abstract 

Alternative crops for the Sahel: Most of the cultivatedplantswere domesticated by man in the 

paleolithicand neolithic tiros.Since then the biggest effort in plantintroductionoccurredjust 

after the discovery of thc New World and, on a more modest scale, after the creation of the 

TropicalBotanicalGardensand of the U.S. PlantIntroductionService. It may be well possible 

to introducenew cropsin the Sahelianregions, especiallyfrom northernMexico, Kalahari,and 

Namib. Northeast Brazil, Australia.and arid India arealso sources of potentialcrops. Somne 

useful plantsareindicated with a proposalfor the creationofan Arid Zone BotanicalGarden 

for plant introductionsand quarantine,feasibilityresearch and teaching. 

Introduction 

Les regions semi-arides et arides sont caract&rises 
non seulement par une faible pluviosit& pendant 
une pSriode de l'ann~e, plus ou moths longue, mais 
aussi par une variation annuelle importante de la 
quantit&d'eau reque, et /ou par des piriodes si~ches 
intervenant pendant la saison pluvicuse. 

Certaines cultures humaines ont, soit domesti-
qua, soit utilis&un nombre considbrablc d'espices 
de plantes, mme dans les diff&rentes rgions arides 
et semi-arides du globe et il doit tre reconnu que lIa 
priode la plus riche d'innovations s'est situ&e ii 
I'aube de l'agriculture dans les cultures n&olithiques 

ou nalkolithiques, danv i'ancien et dans le nouveau 
monde. Quelques milliers d'esp~ces vig~tales font 
ainsi partie du patrimoine agricole de I'humanit6 
(Harlan 1975). 

La dicouverte du Nouveau-Monde a apport 
des modifications notables i la carte des produc
tions vbg~tales et I'Afrique, en particulier, a requ un 

nombre important de nouvelles espices qu'elle a su 
ob.t'rver et adapter i ses hesoins : le ma.,', 1,k 

manioc, la tomate, la pomme de terre, le piment, 
I'arachide, le haricot, le cacao, etc. D'autres esp 

ces sont venues d'Orient : la banane, le cocotier, le 

ri,, la canne h sucre. L'&change a aussi bbnffici 
I'Am&rique qui cultive maintenant le hW, le sorgho, 
le caR, le soja (d'Asie) etc. 

I. Professeur, Centre de recherche de botanique, Universiti Paris VII. Paris, France. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics) 1989. Soil, Crop, and Water Management Systems for 
7-Il Jan 1987. ICRISAT SahelianRainfed Agriculture in the Sudano-Sahelian Zone: proceedings of rn International Workshop. 

Center, Niamey, Niger. Patancheru, AP. 502 324. India: ICRISAT. 



11faut cependant reconna~ire que les grands 
nlouvemer,ts e l'introduction d'especcs se sont 
faits. en g~n&ral, en dehors d'une planitication
scientifique on technique ctd'une fa;on tout iI fait 
empirique, ctqu'ils ont it& tiks facilcinit adopts 
et assimils par les populations agricolc's alricaines 
en palticulier qui ont st lesintgrer dans leurs 
re'gimes alimentaires souvent consid&r .s commle 
tris rigides. 

I)'antre part. rares sort les plantes qui ont fail 
l'objet 'llc domestication aprs It noitliitiC oii 
paleolithique sp&iricur. et olots assistons tine 
simplificationt extliictc t da igercuse tic l'agri-
culture mondialC Liii sC rduit ,1tr'Ols cJ'ialcs 
leuICeIrCSanxquclles on deniaidedoccuperlolsIs ctOsystemCs ctconditillns ieculture. 
,'ccitt s sion rtedtuctitisic ci qui a de g2rave~sCelsle sin IduNccs prtihctiit ci. ptriciilici 

dallns ICs gionls sichlis. s'cst oppos'c Faction ics 
Vrands .rdits botaniqucs dii .iotdc :Kew. Sri-
Lanka, Hogor. Rio ie.lticlrto tic.. qIi O111cl till 
r6le IIIa.jCI dalliIts MclinLgcs Cl itroductions 
dcsp-scc iatis Ic oltide tropical, lllitc si lireglon 
sech, plus &1oign'c tdtsp[reoccipatiolls colonial s. 
ait pCu hniiCi cIcuiaCillii. 

II faut aussi rcconiaitic qLuICg ltld'sCIop-
pIctit agricole dCs Flats-Inrs a'tiSiItaidIpar Icui 
emxraordillairtc sLr\ ice d iIOtlIIctiOII LieplaPes., Cl 
Ltlit. potlr parlor sCelCmct tietcultUreS majeiUres. IC 
Solgho ctIc sota ont collidc1ableitnt imodilic Cts 
vst..mCs ieprOttictiti. 

II fauui ohscrVC CCptndaiii ]i' tlc reclerclic 

acluelle (als li majort&' ds /onCs aides Cout-

nucuice seliment :I recouliaitrc ]a valcur t'utli 

grand notubre td'espccs aticierenctl dontesti-

quics, ou faisat I'objet tie cucillette. Fi cc qul

conccrtie ISaiel it part li proposittit sporadit
 c

de quelques "plantes miracles', it inlrtt douteux, 

ILICUIt
effort colls~qUciitI1'1 (aW"flit[)oir profiter

de li grande richesse foristique tie /ones aridcs 

sentblables. 

Presentation du probi me 


L.a production '(gt ale est largeneit fontctioitde 
li quantity d'cau utilis~c par Li platne ct dtjil des 
travaux relativement anicens datins e Natilb 
i'avaient clairemnit d onoutr (Walter 1955). 

Pour les plantes annuelles li variation de pro-
duciivit est done nitcaracilc foriement li&I Li 
nature ni&mne de Li r~gion et I'introduction de tou-

velles estieces pourra Setlleient attLnuer on, tout 
an plus. vitcr Ics i6ecs absolus. 

Par contre, losespeces percnnes. par des m&ca
niNnies dtadaptation variables peuvent compenser
les variations iepluviosit :soit qu'elles utilisenit 
ticsrscrves hlvdriquCs pls Oil noits profondes, 
C'Cst Ic cas tic certaines cspces ligneuses dans des 
biotopes fasorables sO[t qu'Clles accumulent des 
rCesCers qul peutt'Cl cots( itler ies ressources dis
poniblcs iull'ne lesdarts ainncs iedisette. Ces 
cspe.cs sotIt soUIent plis productives qiie les esp -
ces culijcs dalls Ic Sahl, mias n'ont pas fail 
l'objet d'elforts iereclche importants. 

Les regions arides et les espbces 
potentieilement utiles pour le 

Sahel
 

\1iiC Siius laisons rdfL&rcncC i des esp~ces arbo
rCSCclncs. lots tie iotns occilpons pas de i'agrofo
restcriC tjui constuC tin aspect particulier du sys
tIilc agricole tluisera trait& par ailleurs dats cti 
atclier (Van l)cneBldt 1989). 

I)Cux I'oi0tS priIcipales, cttrois SCcontdaires 
constituent Its soulces-, ilalriel v gOtl ayant dc 
ItNalcur pour li I'gioll sah;-lieiiic. ('es regions se 
sit iClttets telaiIS li Oi llidc tropicalC 1I*'clu
siotll
tIC lit/oic aride m'd irtanente. Nous met
tons cur galde Its clierchcurs coitre les introduc
toiIs aPatird tti c dcrlrit'rc. lesdiverses tentatives 
st sotIlt Oties soldees palr des Mchecs rctentissanits. 

la prt'lii.'rc des Irgiotis prci pales est la /otte
aritlt' Illixcalin ('nlsu IlO) : 'exclusion ticli 
region iidiqLUe aii paragraphe pr~c 'dent. Non 
seulette t ctiC liote est riche cn esp~ccs de cucillet
tes, Iulis quclqucs doneslications anciennes sont 
extruietcnnt promettcuses, conunc le Ihas' o/I.s
ac'tiilifius par exeiple (Nahhai et Felger 1985).

Notts feotions en 6s itetcn cn particulier lcgenre 
C'ucurhitatI Iii presctitC utte Nariabilit extraordi
nalire et dont certaines tspces doivcit po voir 
surpasser les cultures tradiiilnnelles du Sa," Iced: 
groupe x(.ttphi te. C. digiltti.t't tn;",' 'ordttla. 
In~.1ata.produi tiegratidt's luantit~s dc graincs 

riches en huile ct en prot~iincs (Hemis et Whitaker 
1969) ainsi qtc ('. lIot'tdjissii (Ben is etal.1979). 
Ces courges sotI, ion seuletenit de grandes pro
ductrices tie graines trais leur systbitc racinaire 
puissant ct tubrenx est une ittportante source 
d'anidon qui nous seniblc encore plus pr&cieuse 
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comme ressource alirnentaire. D'autre part, ces reuses), C. sessilillora (cornichon rouge), Cucumis 
plantes sont une source importante de "cucurbita-
cine" utilisable pour li lutte biologique contre cer-
tains colkoptres. 

Les Cnidosco!us offrent plusieurs esp~ccs utiles 
(Nabhan et Felger 1985), soit par leurs racines 
tub&reuses (C pahneri et (" stimnulosus ), soit par 
li richesse de leurs feuilIcs en protine, qui petit 
atteindre 30(' ev matires sichc. Lia recherche de 
formes non prurigineuscs. quii ont d.ijLi &t&recon-
nues, est essentiellc. 

Nous devons aussi reconailtre la valeur des 
espicCs d genre Ltciumn. en particulier Ic L. /e-
mnontii comme productrices de fruit, uIilis s par 
les indiens Piona. 

Ics laricots sont tr;s prometteurs, depuis Ic 
PhasColusaCUtitihlius,tlja Ctiltiv ct qui dolt pou-
voir dnihonirer sa sup&ritrt, dans li rgion sahl-
lienne (lhisen. ct a. 1978) ,i 1'. ritensis et ,i P. 
Iiliirmi.s encore plus r~sistants i Ia s&chercsse. I.e 

).croisement de ces espccs as c, vlgatis semble 
possible avec recoutrs i i culture d'cmbryons. 

L.e genre Ceiba avcc Ies dcux csp~ccs C. acumni-
nata ci C. partifioliacst utile par les grandcs 
racines tuhretuses, riches en ailidOnt, (ttt1 constitt-
enittine resstOurce poir Ies aitnes s~cecs. i ne attre 
espce, arborescentie irs rcsistaintit Lili stchclrcssc et 
, enracincietnt prulond Ct ()/nuca tItc.sta dol les 
graines senihlables LI tic petit cacahttes. stit 
comestibles. 

l.a edtixiemc regi"nl. ct pobableflelit laI plus 
ittiportantc conitic rcsstiouc ,etitqtue polr les 
rngittns :iridese.est celiL di Kiliiahiri ci Namib. le, 
peuples dc la rogion coilstmmtcn plus de trois 
cents esp, ccs, dont ccritaes tIritent tine alien-
lion particuli'ic (l.ce 966. lanika 1970. Arnold 
et al. 19S5, lavlor 1985). 

11West pas possible de tlotttcr toutcs les ttl rct-
cos des esp,.ces utiles dInit certai es ou'tdli't0l 
cttltivo~cs sans diftictIlictitecre. II tatit cepedmanit 
faire ressort ir I'jit pttrticC Ies CuttrbitacCres Ctt1-
tile : ,cattho.wtvos Itorrida,.isant da us Ics rbrgims 
les pl its (lshrit'es dI Nam i b. I.;t pulpe tI it fru it est 
tres nourrissanto ct le, graines (301 tie pri tnc) 
ont dij:i Itt conlritecialisteC, ciltitnic ,ttect.alztL& do: 
l'auande (. lcetuse 1902). A tCtCnir aussi A. nltldi-
aia. concinhre li relio c tIit ( "mit )rllt.s hlm-
tits, I'attctrI Cde a past.qtc, I ts pJolyitrpie ci qti 
soutient dats le Kalah' i tatt I'lotine luC 'ailail: 
c'est probablcment I'cspcc awec laquelle les tsul-
tats les pus rapides potttwtt "tie obtenus. Attrcs 
espices sont ('uccinia retmnannii (racines tLibK-

anguria var. longipes (dont lia var. anguria est dbji 
cultive aux Antilles), C. africanus,C. metuliferus 
et C. Kalahariensis (racines t ubreuses). Des graines 
particulibrement nutritives sont fournies par : 
lAhinia petersiana subsp, macrantha,petit arbuste 
facilement cultivable, Schotia afra var. antustifo
lia, (uilbourti L'(otcos/tnal'l et surtout 7vlosemna 
esculentum tie trbs grande valour tant pour les 
gri ncs quc pour Ietuhcrculc (Bousquet 1982). Les 
tubercules tie Vina lohati/o/ia et Pelargonium 
inci;,ssatum soni aussi tris utiles ainsi (life les 
cormes de Bahiana dltegei. 

Mais les fruits les plus riches appartiennent aux 
espces arborescentes t r.s pruductives : Sch/eroca
rt'ia birrea subsp. Calfi'a (dont tinte autre sous
csp.ce existe au Sahel) ct rtt Ricintlendron 
ratelaniiiiqui est la base de I'alimentation ties 
Kung(Lce 1966). (cs fruits p deuttinle no ix trs 
tiire ct dificile 'LIcasser, les Cpeccs sont diohlues et 
rentrent en production tardien t :des difficultts 
que ties techniques iodernes ptt-ront surmtonter. 

Lia prcmi6C ties trois autres rL1pions, est Ic Nor
desiC dtI Rrt1sil qtii petit Ii11rttir nno sculement des 
cultivars tie rllniuc rclatikencint resistants ,I lh 
s iccre:;sc, mais aussi ( "tlio.scolusphyl/acanthus, 
eutphorhiacc ,irborescellic d nt les feltilles e tiges 
sont trs riches en prote.inc, Spndias tuberosa, 
anacardiacc i grande racine tulbercusc possdant 
dles fruits tres nutritils, aitisI CitC S. ItIla, S. dulCis 
et S. ptrpurea. Uine I,.guiincuse produisant 
d't'Iorncs tibrCutlcs (jtiStLt'L 50)0 kg), Dioclea 
.%cerotarpa.ptlt ait aivuir tnt granl putentiel daus 
les ,es ardes lcs graine, de I). grandi/lorasont 
aussi utilis&cs pendant les peri ides de siteresse 

l qife ceitte platite supporte bien (Ri/ini et Mors 
1976). 

I.'Atisiralie petit Iournir til unoibre consid&a
ble, ct peu tti& encore. dc planites ttilises par les 
atrbt igines et extri-tcnient rt~sistantcs Ilhi s&hce
rcsse (Brand ct Chierikotl 1985). Nous citerons 
pout 'exemple les graines de diff.rntes espces 
d'Acacia avec des pttutrcentages de proti nes sup&
riettes Li20(', le ntombre imptrtant I'cspLces (Itt 
gittC ( 'appatis ftturnissant ties Irutits comestibles 
;iIS title lS S0t,1n2ttnt xIrophvits. I.e Vina hIn
ct-oi, prtdui titdes ttibeiclIes conilI le Diosco
ret ltlhil'ra.,igtnteC tui puturrait ,tre tr, s tile an 
Sahel, ci I'lpomea costatai. 

ia rgion indienne dt Rajasthan nous fournit 
ctitlespcc cultivze tIc haricot tre., rusistante i lIa 

s chtresse, , acitilOlia,et autre VignaIC0na uin 
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asiatique, le Vigna radiata, a aussi d6nontr& de 
grandes capacit~s de rsistance it la s~eheresse. 

Propositions de recherchie 
et developpement 

L'&tude et l'introduction dc nouvelles espces est 
probablement tine dCs n, biodCs les plus rapides 
pour augmenter et assurer la prodructivit0 agricolc 
dans les regions arides. en particulier an Saltel. 
M~nmc si seul tin petit pourcentage des centaincs 
d'espi~ccs dijit identiics adu succs, cela constiti-
era uinc ,,ritable rvolutioi, agricole semblabl,: Si 
cellc uui a stiii I'introduciOn ties esrices anri
tainsI. 


aan 'nportanc qlsiardis htiius 


tropicaux ont eu pour I'agrlciulliurc. ainsi lie celle 
du Service d'i t iction de plames des lats-
Unis. il nous st bl, uirc itde crier fill .ardin 
botanique des /ones amidies chlarg de [a rcoltc, 
I'ii rod fction ct I'tudC des esp~ces potenttille-
mcli cs donllue de atilesc Itic tiolls setait asllsi 
formation Ic cherchcurs Iocaux dans [a rechercele 
en biologic ,'cgctalc appliutieC. 

L.cs connaissances inlodeniCs en biologic \g 
tale, en particulier cien ulitir III W1. pe etteilt a 
levee de beaucoup tie difliciultis lires i a doiniesti

'atio tides csp&c us lerules ce i n niiltiplicatioli. 
l)'autire pait nn tIl .lardint IotaniqiC ies /ilies
irides pOirrlaMit Se challgel ies banqiUCS dC lllalicl 
gcnetique ci de la qularalainc \Cgeale pour toUle 
la rigiont sahdietin cl souidanlo-sahlce. 
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Modeling Agroclimatic Systems:
 
Guidelines and Perspectives
 

J.L. Steiner' 

Abstract 

Agroclimatic models offer nany potential benefits including reduction of site-specific field 
experimentation,better interpretationofclimaticlimitationsto cropproduction,evaluationof 
risks and benefits of proposed nanagenentpractices,communicationof researchresults, ard 
enhanced understanding ov/biological andphyvsical systems. Io date,model development has 
farexceeded validationand imiplemen tation. Crop models rangefrom simple, statisticalmodels 
through complex, process-oriented models. Datarequired to support development and valida
tion of these inodels are quite diffehren t, as arethe potential applications.Simplemiodels require 
largedatasets for developnent and caunot be transferred outside the regionfor which the were' 

developed, but utilize easily available data for implementation. Development of complex 
tnodels contributes to scientific understandingand olers the potential for a wide range of 
applications,hut requires detailed infiOrination. Intermediatele el models have more manage
able datarequirementsthan the complex models andol'eragreaterlevel of transferabilit1 than 
simpler nodels, so arc most promising for use in developing countries. Regardless of the 
complexit.yvofthe model andregardlesso/'whetherexisting models are utilized ora net, model 
is developed, a successfil modeling application must be carried out as a part of a broad 
approach to problem solving, which includes a clear statement of achievablegoals, explicit 
statementofassumptions andhypotheses based on project will be conducted, carefulformula
tion of'the assunptionand hypotheses into inatheniatical-based computer code, criticalevalua
tion ofthe model outputs includin. aldation,using independent data sets, and conmunica
tion of results to the end user in a usehil form. 

Rbsunub 

Mod61isation des syst~mes agroclimaliques-lignes directrices et perspectives : Les modbles 
agroclitmatiquesprisententdivers avantagespotentiels et, entre autres,permettent de r~duire 
I'exp6rimentationa u champ, dinterprtermieux les contraintescliinatiqueshla production, 
d 6valuerles risques et les avantages de pratiquesd;'.-nNagement, de miCux communiquerles 
rnsultatsde rechercheet d anNciorerla coipr-hensiondes svst mes biologiques et physiques.A 
cejour,Ic dthveloppeient de modlcs est de loin en avancesur leur adoptionet leurrise en 
place. La gammc va des siiplesinodesstatistiques:i ceux p/us complexes et dMterministes. Les 
donnces nleessaires pourdMvelopperet installerces inodlessont bien dilirentes,tout comme 
les applicationspotentielles. Les modles simp!es exigent beaucoup de donn6es pour tre 
developpbset tie sont pas transfrrablcsen dehorsde la rgionpour laquelle ils oit t6gbnr&s 
parcontre leur inise en place requiertdes donncs fIhcilement accessibles. 

Le dcveloppement de niodlescomplexes contribue lIacoiprehensionscientifiqueetoffre le 

I. Soil Scientist, IUSI)A-ARS, Uo'isers.ation adl Production R.eairch Laboratory, P.O. l)raer 10, ftushland, TX 79012, USA. 

I(' RISAl (International Crops Institute for the Semi-Arid Iropics) 1989. Soil, Crop, and Water Management Systems forc ,Reearch 
Rainled Agricitiltne in the Sudaiio-Sahelian Zone: proceedings ol an Intcrnatiinal Workshop, 7 II Jan 1987. ICRISAT Sahelian 
Center, Niamey. Niger. Palanchei ii. AP. 502 324. India: ICR ISA1. 



potentiel d'une largegamne d'applications;leur exigence en inlrinationsprecises est par
contreNeve. Les modles intermdiairesont des exigencesen donn~esplusfacilesAig&erque
bien des modeles complexes. leur degr6 de transk'rahilit6est superieurAicehli des modi'les plls
simples et parh , ils sont plus prometteurspourIes pays en voie de dteivoppement. 

Indbpendanmmentde la coinplexite d tnod'leet du tlit que certainsmodiles existantssoient 
utilis6s o quu'n nouveau i odde soit dMvelopp, ine bonne application doit tre r&tliske 
comme un maillon d'one approche lare tendant ; resoudre des prohlines. Cc/a inclut une 
d~finition claire des objectikA , atteindre, des estimations et hypothses qui sous-tendent IV
projet, une lrmuktionattentive de ces estimations et hi pothdses en code mathriatiquepour
ordinateur. On procderaAine evaluationcritique des retomhes du modleenl uti/isant/a mise 
en phce A)l aidede donnecs hidcpendantesctla communicationdes rcsultatsAPutilisateurlinal 
sous une forme exploitable. 

Introduction 

The use of agroclimatic models has increased in tile 
past several years to the extent that hundreds of 
agricultural models are now documented in scien-
tific literature (e.g.. France and Thornley 1984). 
Ambitious goals have been set in 	many of these 
modeling efforts. but researchers, as acomunity, 
arc just beginning to deal seriously with the prob-
lemIs of hom to apply models to meet specific goals 
and objectives in agricultural research, produc-
tion, and management. The resources being devoted 
to 	model development filr outweigh those being 
devoted to model e\aluation or to modIl irpic-
nintation, and the time has come for scientists in 
tile agricultural research community to set clear 
and realistic goals for future modeling efforts. 

Why Use Models? 

The attractions ofagroclimatic models are obvious 
as we deal with tile complexities of cropping svs-
terns. While tihe suitabilit\ of current models for 
dealing with these complexities is not always clear. 
it is not possible to absorb and interrelate all tile 
necessary factors to describe an agricultural systen 
without the use of somic type of model. Cotrrcntl\ 
available models can offer the following betiefits: 
* 	 reduction of site-specific. long-term field ex-

pcrinients: 
* 	 itterpretioi of climatological records in terms 

of production potential and limitations: 
" evaluation ofexpected retutrns to soil- and crop

management practices; 
" evaluation of risks associated with management 

practices; 

0 communication of research results between 
locations: 

a enhanced understanding of biological and phy
sical systems and their interactions; and 

0 conceptualiiation of multidisciplinary activities. 
These factors are essential to improve the effec

tiveness of our research efforts, whether it be in a 
high-input or a low-inplt agricultural system. Eval
uating the array of published models to determine 
tie suitability of specific models to specific prob-
Icms is a very complex process . The objective of 
this paper is to put forth some observations and 
suggestions on model evaluations and applications 
to agroclimatic systems. 

Agroclimatic Models 

Agroclinatic models can be described at three 
general levels: 
1. Simple. statistical models. 
2. 	Intermediate, crop growth models. 
3 	 1.onplex, process-oriented models. 

Characteristics of these types of models as sum
tiaried by Norman (1981 )and Stapper (1986) are 
shMn in Figure I. lie data req uired to support 
development and utili/atiol of these models are 
very different, as are tile applications that can be 
made of tile modelsiafter they have been developed 
and validated. 

Simple Models 

Simple, statistical models are primarily based on 
regression analysis and empirical relationships. 
They require a large data set to develop and cannot 
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Simple 	 Intermediate Complex 

Category Emperical Crop growth Crop process 
Crop weather Crop systems 

Type 	 Statistical static bi Mechanistic dynamic 

Relationships 	 Empirical 

Corrclati c 	 W1e MK - I" 

l) tn t enologitcal 

NIec hit Stic 

Scale Regional Field 1m2 ,leal 

Time step 	 Seasonal l)aily Ihurl\ 

Use 	 Operational Operational ,'Rescarch Research 

(harlactcr 	 RequirCS data froh Limited scopc Broad scope (yield. El]. 
many \ears to derie (yield, \\atcr sc,. soil eaporation, canopy 
paraleters to gro\th stag., tmperatiire, dew, canopy 
estimate .\icld leal area. ctc.) profiles, soil and canopy 

fluxes. slomatal behavior, etc.) 

Reh\ onl plant heing good intcgrator ol Intcgratimon oser time 
ct inotiniintal ellCcts in imn and space and space explicit 

Figure I. Characteristics of crop models of different le, els of complexit,. 

be applied to simulations outside the region from around the 1:1 line, with asimilar amount of scat
which they were developed. An example of asin- ter as was seen in the original data set. However, 
pIe regression model is given in Figure 2.Jones and sorghum grown during a high-rainfall season (re-
Hauser (1975) developed a statistical model to de- presented by the 9 symbol) yielded much more 
scribe sorghum yield as a function ofavailable soil grain than would have been predicted by the 
water at planting. They used data collected over a model. In addition, the model cannot be used to 
14-year period for model development and it is predict yields for other locations, even those fairly 
doubtful if a more complex type of model could close to BuIshland, because all the data used to fit 
predict yields better for the research station at the model \,.'rc collected at a s.ngfe locmiion. Bush-
Bushland, Texas. where the data used to develop land is located in a region of pronounced rainfall 
the model were collected. The grain sorghum yield gradients (60 mm a-i for each 100 km in the EW 
at Bushland isstrongly related to soil water stored direction) and temperature gradients in the NW to 
in the profile at planting, and assuming that aver- SF direction (first and last frost dates are particu
age rainfall and temperature conditions prevail larly important). Therefore, a simple empirical 
during the growing season, the soil water at plant- model, dependent on average conditions across the 
ing is a good predictor of yicld. range of data used to fit the model would not 

Figure 3 shows tile perf ormanmce of the simple provide valid predictions for other locations. Re
regression model from Figure I in predicting the gression models work when average conditions 
yield of grain sorghum at IBtishland using data from prevail but fall apart during unusual growing sea
experiments that were not used to develop the orig- sons. However, it is during the unusual seasons 
inal model. Many of the data sets are distributed that predictions of crop performance are needed 
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'Figure 2. A simple regression model descrihing 
grain sorghum yield as a function of soil vsater atplanting. Bushland, Texas, 1959-1972 (Jones and 
Hauser 1975). 
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Figure 3. Evaluation of the Jones and Ilauser 
model (Fig. 2) for predicting sorghum yields i 
Bushland, Texas. Data from (0) O.R. Jones, per-
sonal communication, 1973-84; (2) Unger 1984; 
and (., +, 0) Unger 1978 (1974, 1975, and 1976 
data). 

most. Thus, the use of these types of models is 
limited and often not practical. 

Many simple crop models were developed for 
much broader applications than the Jones and 
Hauser (1975) model discussed above for illustra-
tion purposes. A useful discussion on the develop-
ment of an empirical crop-weather model is given 
by Feyerherm and Paulsen (1986). Slabbers et al. 
(1979) have discussed the potential applications 
and evaluation of simple crop models, 

Level Models 

Intermediate level models utilize descriptions of 
distinct processes such as photosynthesis and trans
piration, which are known to be important in con

crop growth. They generally operate on a 
daily time scale, because of the availability of daily 
climatic input data and because the knowledge of 

biological and physiological processes on a 
shorter time scale is not adequately understood. 
Calculations are often made on the basis of a single 
plant or land area and then converted to the field 
leve!, assuming uniform soil and plant conditions across the field. 

Daily growth is usually calculated in one of twoDiygot suulycluae noeo w 
ways--either the model calculates a daily net photosynthate production based on daily interception 
of solar radiation (e.g., Arkin et al. 1976, Charles-
Edwards 1982, pp. 82 85, Gallagher and Biscoe 
1978), or the model calculates photosynthesis and 

separately, based on solar radiation 
temperature, and determines net photosynthe

sis as tile difference of the two (e.g., Baker et al. 

1983, Goudriaan 1982). 
Daily evapotranspiration is calculated as a func

tion of the potential evapotranspiration (PET), 
canopy, and soil-moisture level. One of the 

most utilized approaches to the calculation of 
evapotranspiration is based on Ritchic's (1972) 
inodel, which partitions PET to crop and soil sur

priin PE rpadsifaces on the basis of leaf area index (LAI). Transpi
ration and evaporation are then calculated separ

ately, because they are affected by different physical 
and physiological processes. PET rates are most 
often calculated by the Penman (1948) method, the 
Priestley and Taylor (1972) method, or using pan 
evaporation rates. 

Crop phenology is calculated as a function of 

temperature or thermal units. The partitioning of 
dry matter is dependent on crop growth stage and 
is generally estimated from empirical relation
ships. Stress effects that are most often included in 
crop growth models are water stress, nitrogen 
stress, and, less frequently, phophorus stress. The 
effects of water stress on various plant processes 
are calculated by empirical methods, generally 
based on soil-water content and sometimes on 
PET rate. Interactions among stresses are seldom 
considered. 

Figure 4 illustrates the application of an inter
mediate level model, SORGF (Arkin et al. 1976), 
to determine the probability of grain sorghum 
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level of model and includes additional production

1.00- _ 216; mm controlling processes. 
105 min Intermediate level models span research and 

0.75- operational applications. They allow researchers 
to interrelate knowledge from different disciplines. 

Soil water at planting 

0.50 "They have contributed considerably to the advance

ments of science by drawing attention of the scien
0.25- ,Jtists to description of processes and mechanisms, 

....... 	 and to quantitative rather than qualitative descrip-

ON tions of relationships. The data requirements are
(1 21000 4001 00) it) ()800 

generally available, but an expert must oversee 
(jiin sorghum .yield (kg lid compilation of data sets to ensure high quality 

It is important to renmember that there areIt.%el 	 data. 
still many empiricisins built into most of these

Figure 4. I se (if 	 an intermediate model, 

SOi G(I'(Arkinet al. 1970m), to ialuite i lit effect of 

soil imiter at planting on grain sorgiunm yicld. B|ush-	 models and few of thein have been rigorously 
tested and validated. Norman (1981) illustratedland, 'Iexa%,1958-1984. Vullinan claN loam. 
that intermediate levl models have a tendency to 

produce large errors. 

yield with high or lo . soil-%%iter content itplant
ing at Ilushland. I exas. lie graph illustrates pre- Complex Models 

dicted yields (tr a 26-Year period, assuming high 
(210 ii) or low (1115 1111)lvailale soil wrater it Complex models have not yet reached the point of 

time end t01 pcriod, prior to plamting griain ceneral availability. Each model isgenerally linkedthe lallotm 
sorghum. 1lie predicted yields (or eich case (high to a specific researcher or research group. The goal 

or low soil water content) Cereralnked and plOtted of this type of model is to eliminate empiricism 

tWillustrate the probability of obtaining yields as from the nodel: to describe the plant canopy in 

great as at a certain level. Ihe graph sllows that physical. biological, and physiological terms. When 

of the time, the extra smil-%%ater content made this type of model has been developed and vali80ti 
a st stantial contribution toItie yield level. At the dated, it isextremely flexible in potential applica

tions. Norman has applied the CUlIl) model to501 pIrobability leel, the high soil-\kater regimuc 

produced yield predictions of less than 4300 kg 1, such diverse applications as analysis of calnopy 

and the low soil water regime produced yield pre- temperature (Norman 19791, leaf \etness (Nor
(ampell l983), aind microclimate anddictions of less than 50(10kg li 1.Ihese yields lrc man and 

too high for the Blushland aret compared to those pest iianagement (Norman 1982). The input re

in Figure 2. [he reasons lor yield overprediction, qut. enents for complex models are quite exten

are no[t vet utnderstood, but the principle of the sive, including detailed hourly climatic data, soil 

response to soil water is valid., tnder lower soil- and plant reflectance properties, leaf si/e, leaf 

water regimes (e.g., difftretit soils or annual crop- aingle distribution, root distribution, plant and 

ping), the two curves would cotie together in the caniopy resistances, etc. 

driest 10 20('' of the years, as well as in the wettest Complex models incorporate existing knoIl

years because the rainfall %%otildnot provide adle- edge about crop production systems, and contrib

quate water to produce acromp Nkithout acontrihu-	 ute to the advancenent otl"thagricultural sciences 

t~on from stored soil water. by narrowing down gaps intileexisting knowl

I)e Wit and lenuing de Vries (I 985) present a edge. Ilse of complex models requires an active 

good tloverview of a hierarchy of models with and *well-supported research program to allow 

increasingly ciplex models used hcii more liri- investigation of relationships and processes that 

iting factors of production are considered from irenot well understood. They are not used in 

light interception and temperattire to water, ii- operational programs at this time because the data 

troget, phosphorus, and other minerals. -ach lcvel required to support complex models are not gener

of model incoicorates concepts from tie previous ally available. 
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Expert Systems 

Rbcalua C State objecticsIn future, many modeling applications will utilize i(,.eetls -M
'expert systems,' which incorporate existing knowl
edge into computer-based systems, organized to

aid in decision making (Grable, In press). ComTpu-
 State
ter hardware and software arc being developed, rsimihn,c (ls aidwhich will establish decision-making processes I pths.s that
patterned after tie huan.n decision-making pro-
 (fL5.llbL 55 shill 

cesses. The computer will make many of the 'trial
 
and error' iterations involvcd in decision making,

utilizing encoded rules, data bases, and user inter
face systems (Barrett et al. 1985). tixpert systems 
 nu lllliltc
provide a way of 'packaging' models that make -- tH h1\p ,t1 scs 4('Colcct data them easily accessible to users alld easy to inter- 'ariahles illl oli,,,lllpl1ie les
pret. The models embedded in Currllt expert sys- [

terns are generally sophisticated, intcrnediale
level models. An expert s stem. (')MNAX (Cotton (halige
Management expert), is curntclIv being tested b lpilt R imi,1dc cotton growkers in the southcastern United States' data
 
to aid iti iaking niallalgellilltt decisions, relating to
 
in-season fcrtili/er applicatitn. irrigatiotn, harvest

date. and other factors (Agricultural Research 
 I ahlatc ItS

Service 1986). CO, AX incorporates acriop growth
 
model called (OSSIYM (Baker et al. 1983): user
 
interface programs aild built-in data bases differ
entiate between the 'mrodel'and tlie 'expert systcnl'

that was developed specifically as a decisionmaking tool for farm imia agers. 

511111inarm/c 

results aild 
lpui tolitisel

Systems Analysis 

For aty modeling effort to be successful, it must be Figurt 5. Scherntalic diagranm of %)stem analsisutdertaken as a part of a project that has specific including tttodel deel-pfItteit.

and achievable objectives. A model should be
 
viewed as a tool used to achieve agoal, rather than
 
its an achievetiient by itself. The overall process of
 
solving problems by the 
use of afmodel ws'ill be
 
described iti this paper 
as 'systetrs analysis'. le
 
essential compotients of systems analysis are out
lined in Figure 5. As is indicated, systems analysis 
 A group that sets agoal to 'stop soil erosion' orisan iterative procedure the results of each effort to 'end world hunger' will not achieve those goalsare used to refine and improve previous steps until in the foreseeable future. Instead their effortsa satisfactory level of performance 'as initially might become so diffuse and the possibility ofdefined by the project team' is achieved, achieving their goal so hopeless that very little will 

actually be accomplished. Several components are 
necessary for goal setting. First, it is necessary toSetting Simulation Project Objectives identify and then maintain active, two-way com
munication with the end User throughout the proj-A crucial step inthe probletm-solving process isthe ect. A model written to provide infornation aboutstatement of clear, obtainable goals. mai/e yields to a national agricultural ministry will 
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be very different from a model which is written to 
provide information to a farmer. It is important to 
be realistic in evaluating available resources includ-
ing people, money, data, and facilities, and to spec-
ify a time frame for the completion of various 
stages of tile project. An additional factor that is 
often omitted is the specitiCation of IeqLuired per-
formiance levels ot tile model and the cvatlltion 
techniques. An example of this might be that tile 
model should be able to predict regional nalic 
yields to the Agricultual Ministr %within251 of 
actial yields, 9 sears out of I0, with a lead time of 
four wecks before liars "etbegins. It the goals are 
set keeping these criteria illlind, ilen tile llodel-
Ing group 'kill be able todeieiiic sshciihe\ hasc 
net their goals and tiiiished the protCCt. 

lhiI, goal-setting step should include the acti\ C 
pilrticipatioti of the eild ucl. i.e.. the rcCarch taml 
that will be puttinp the miodel togethmc, and thit 
administ;,at e leri-chv Mlich \ill be o esc etl 
the project. 

State Ilvpotheses and Assumptions 

Once the objectiscs of the projcct arc statif. then 

the process oft rvil! to accomplish thos goals cai 
begin. At this point, the h potlices, andi assunip- 
tions under \%hich the teat! w\ill be \o rfkit g shOlld 
be cleairly stated. Ill OrIcr 1todo) thi', ill atniattCr 
that %%illI,.ad ialtilli ll\ into a Illotililli ctlort, the 
problem should bc broken dossn into Illialliageable 

subtits. life assumpioii, and h_\potlicses asso-

ciated %il each subitmlit must fi st he set out in 
specific atd quantifiable statenii. Mtid then 
interactioIs aimmotg the \ioiotis suhuilmhs niust h 

defined. Rather thantlating that *gros\th is relateif 
to %%ateruse of plant% aimore ustblc li\ pothesis 
would be thit 'tile dail. dts-tnatter productioti ot 
the crop decreases f Ollti soiC upper limit ts i nits- 
piration for the plant otn that da'\'.MlcKinion antid 
Baker (1982) listed iiportautitl hypothcscs ttld as
sutnptions that wcre idtCtit ed atid theti incorfpo

rated into it cotton gro th illolel. 
A:, was tle case in. sctting the ovcrall otjcctivcs 

of the pro-cc, acti\C particlpltion atill levels troti 
adiniiistratve Ihrough scientific to iser levels is 
necessary to adeiuately dClitnC the ISsut1ptiotis 
and hyipotheses inder which the project will be 
conducted. 

Formulate Hypotheses and Assumptions 

Formulation of hypotheses is tie process of ex
pressing ideas stated verbally in a mathematical 
forl. The process tt formulating hypotheses and 
ass.,Umltions associated with the project may be 
quiite time consuinlg. Il owever, a logicalsequence 
of Steps should be followed just as in the previous 
phases. Ilie filst Step is to graph the interesting 
relationships using existing data or knowledge. 
Ilocating and csltuating the uscfulness of av'ilable 
data ICtluiles considerable knowledge of the sub
.cit matter. After looking at the dala ill a graphical 
folm. each h. pothesis should be rewritten in an 
applopriate numerical form that describes the 
shape of the curse indicated hy tile points on tile 
glaph and the Cquations sol\cd to obtain tie coef
icictiiassociated s\ tIh cach CeIltito (Ross 1981). 

In InaIV CIses. the dependent \saiable (tllkown1) 

Off oiie Cqitition skill ble Uscd ais the independent 

vatiable (kno\\ii of anoticr equation. lhere arC 
mans statistical hiaiards associated \\ithi this pro
ceduLie, but tile\ artic inavoidatlc in niamny types of 
mtlodcl building. (onsultation with a statistician at 
this poii nt av prodIuCe a more valid and stable 
model W(hanter I0I ). [qtotiOns Imtls then be 
tllislaltl into COmpler codc for soIlUiol. 

Ilhis step of le s\,,stclls analysis proccss differs 
I oll the oihler steps ill that it lust be conducted by 
people kitlh spccilic scientific, technical, mathicna
ttical. statistical, and or computing skills. If the 

team IrspotiihC for COMtltIctii, the project is lack
ie ii sotie of these skills, it can reaisonably seek 
assistance ftotn pCr is SsIo have the InCCCSsI-V 
expertise (i.e.. Itiatlictnaticais. stattisticiats. syNs
teitis analysts), and who ha\ Cnot been involved in 
setting Ihe oserall goals and defining tile ypo

e nd assutiptiots of the plojeit. llosvcver, it 

is cscntial that it least oie person be reasonably 
famuiliar \%ith all lesels oh the project, includitig 
toe s. slctin being modeled, the dati sets available 
for iliodel building, and the basic formulation 
piocctures. 

Make a Run of tile Model 

Initial runs of tile model should be made at a fairly 
early stage to evaluate the reasonableness of the 
overall approach taken and to identify areas that 
require or would respond most to additional 
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efforts. To make a run of the model, someone who 
knows the system well must assign initial values to 
variables and assign values to the identified con-
stant. Scientists who have been involved in the 
formulation of the model and end users of the 
model are likely to provide the most reasonable 
initial input values, 

Evaluate Model Output 

Once tile
earliest output of the model is obtained,
the process of improvement and refinement begins. 
The first step, comnonly referred to as 'debugging' 
involves checking that the computer code iswork-
ing on the calculations which lie programmers 
intended it to work on according to tilehypotheses 
outlined by tile project team. The next step is to
verify that the results ofthe simulation make sense 
according to existing knowkledge about the system, 

e.g.. that predicted yields fall] within a reasonable 
biological range or increase with increasing water 
or nutrient availability. It is likely that several iter-
atis e steps will be required before a reasouable 
prediction is made by the model. If the results of 
the simulation to not appealr reasolnablc, there are 
several possible opfioiis. Sets of initial values for 
variables and ct,tistaits can be tried to best des-

cribe tileconditions of'simulation. If no set pro-

duces 
a reasonable result, then the formulation of 

the project hypotheses should be examined. Per-

haps inappropriate equation forms were used tii 

describe the diata. Some of tie variables nay need 

to be limited toii
a specific range of values (e.g., 0.0 
I- x..1.0) so that an Cqluatiul may make physical 
or biological sense. Iladeqlate data may ha\e 
been used to dscribe tlie process of interest. Field 
or cont rolled-en ironnct t experiments may have 
to be designed to collect the necessary data to 
describe certain relationships needed in the model, 

The model predictions should be compared to 
indepcnde-.t field data to validate tilepredictions. 
A sensitivity analysis shoutld be made to determine 
tie degree of accuracy necessary in the iput v'aria-
bles. If change in al input variable results in large 
changes intle model prediction, then that variable 
must be measured accuratelyv. In models with man 
subroutine ;,each important relationship may need 
to be validated separately so that tilemodel may 
reasonably predict the performance of the crucial 
processes. 

If all the relationships taken separately seem 

reasonable, fails to 
reasonable results, the hypotheses and assump
tions under which the project is being conducted, 
or even the overall objectives of the project, should 
be reexamined and restated if necessary. Although 
the early evaluation processes may be carried out 
by programmers and technical people, in the later 
evaluations, the entire team must 

and the model still produce 

be involved. 

Summarize the Project Results 

Once the model is performing at the level that was 
originally specified in the objectives, tilenecessary 
simulation analysis should be conducted, summar
ized, and communicated to the end user. 

Using Existing Models in Systems

Analysis
 

Needless to say. tileabove process is time consum
ing and a considerable amount of expertise and 
resources are necessary to develop a model. When 
possible, it would help to utili;e an existing model 
t) accomplish a different set of objectives other 

than those for which it was originally written. 
When using an existing model, a group should Ilse 
the same basic steps as described above, but tile 
procedure can often be expedited by using an exist
ing model as outlined in Figure 6. Once the project
objectives are clearly defined. then one or more
 
models should be identified that may be suitable
 
for use in the simtlation. The next step is to ana
I/e each model in question quite thoroughly.
 

First the assumptions and hypotheses that are
 
incorporatcd into the model should be identified to
 
make sure they do not 
 limit tie model from the 
application in question. It is important to analyze 
all the assumptions incorporated in all the subroti
tines before using tile model. This procedure is 
greatly facilitaied by communication with the 
de eloper of the model. Sometimes, well written 
docmentation of the model is available, but this is 
the exception rather than the rule. Certain parts of' 
iost models are much better documented than 
iv In Some cases, documentation may desothers. 
tribe earlier versions of the model that have since 
been modified. sometimes extensively. If most 
components of a model seem acceptable for the 
desired application but a few assumptions or hypo
theses seem inappropriale or wrong, then imodifi

348 



Reevaluate
f" objectives State objectives 

t-lsaluate 

hypotheses, CollectReevassuaptio, and d(lata
-assumptions0 assupions and to refine 

oPer modelonaace 

of model 

Change input Ri) 

data 


Slixaluatc rcSuh S, 

Surnmari 
reuh,, 

and repoltcess 
to t11,cr 


Figutre 6. Schtematic (ltdgratttl of s~slls atalahi% 
using existing Iliodel. 

cation of certain subunits of the model may be 
possible without developing a new model. Dan-
neker (1984) discussed in some detail tile cvalua-
tion of two published models - al empirical, re
gression based model (Hodges and Kanenlasu 
1977) atid ;ai intermediate level model (de Wit et al. 
1978)- for use in yield prediction programs and 
climiate-yield potential analysis. lie was tnt satis-
fied with predictions of either model, so in order to 
use one of then, lie would be required to reevaltate 
the assumptions built into the models. In this case, 
the tested models could not be used 'off the shelf', 
but iniproveien A iltheexisting models might save 
a lot oft tile compared to developing an entirely 
tiew model for the desired application. 

By the time a model is published and distributed 
to other users, the developers almost certainly will 
have verified that it performs reasonably well, i.e., 
it provides plausible answers. However, before the 

model is used for other applications, its perfor

mance should be evaluated using independent data 
sets, i.e., data sets that were not used in the model 
development or calibration procedure. The valida
lion data sets should covcr a wide range of condi
tions to ensure stable model performance as was 

illustrated by Slabbers et al. (1979). With interme
diate to complex models, validation of the sub
components rather than validation of the entire 
model is often necessary (Bell 1981). 

In another type of nodel evaluation, a sensitive 
analysis of the input variables needs to be done to 
know how sensitive the model is to , particular 
input variable in order to evaluate the quality of 
the input data required for simuhiion work. Ter
jung et al. (1982) describe a sensitivity analysis of 
the input variables to an evapotranspiration model. 

The model developers or an independent group 
may have already conducted validation tests on the 
model. If not, this should he done before the model 
is utilized for simulation work. In most cases, the 
model must provide not only a plausible, but a 
reasonably accurate answer. I lie validation pro

defines tile confidence with wi.hich you can 
accept the accuracy of the answers provided by the 
model. 

When using a properly validated model, simula
tion anialysis can progress lairly quickly to the 
stage of making the initial runs. At this point, the 
performance of the model isevaluated, and through 
an iterative procedure. the initial input values and 
formulation of the hypotheses are modified, if 
necessarv. Satisfactory performance of the mode.l 
should be expected relatively quickly. The project 
team can then complete its simulation, and report 
tile results to the end user. 

Data Requirements and Availability 

In order for any type of model to contribute to an 
agricultural research or development project, it is 
essential that good data sets he available. Hlistori
cal data sets are essential tr tmodel development 
and validation. ()ngoing data collection is essential 
for model improvettient and operational programs 
where prediction of current or future production is 
desired. 
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Development of large-scale, statistical models 
requires data collected over long periods of time 
and from many locations. These types of data are 
seldom available in areas that have only recently 
been developed for agricultural production. The 
necessary agronomic data sets are seldom available 
to model new agricultural production techniques 
o strategies. Climatic data can be generated sto-
chastically using climate models such as those described by Richardson (198 1, 1982) to extend evai
hlation of ianagement practices over long periods 
of time. lowever generated climatic data cannot 
be used for model development. 

Complex models require a very technical, well-
funded research program to support their devel
opment. Use of complex models requires dettiled,accurate, and precise input, so data sets must hc 

11CUN~e,111dilpil, o sesl-Cls dti usthecollected and monitored by highly trained techni
cal staff and specialists. It is impotantCal taf an fr tht'Speialsts It ', mpotantlorthe
developmcnt of complex mttodels to ConOic,but
they do not offer lil potential Forcurcnt applica-
tlons. TIhe Models at this time are research-, not 
applications-oriented, and the payoll for their
dcxehopmrint max he far inlthle future.Intermnediate lc,.el m,\odelstenloler tiie ntd 

entfit ofrmnagelC data lequiren'ent anda a 

greater level oftran,,ferahilitv tiai simpler models, 

Within the broad categor% of intcrnediate level 
models, a\kide range of model t.rpes isavailable for 
differein applications. l)eveloping agricultural pro-
grams can take advantage of existin models by
concentrating oi validation of n(dels for the 
de.sired applications and lmodilication of existtin., 
models, where necessar. 

The discussion of s\stems analysis inthis paper 
was drawn partially from apresentation made by
Dr Gorge S. Innis, (Soil Science: \Viat Has Svs
terns Analvsis to Offer'!), Soil Science Society of 
America Annual Meeting. Chicago, Illinois, 2Dec 

1985. 
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Considerations e'conomiques et agro- coiogiques 

pour I'adoption des technologies nouvelles par i'exploitant 

M. Krause, M. Kadi, Chandra Reddy, R. Deuson et i. Mahaman' 

RWsunc 

Des essais en i/lieu rM/ sur /'ssociation des cultures de mil etde ni~bb ont vt installs par 
/'1NRAN en /985 dats trois regions du Niger a/in d'valuer le potentiel pour I'doptionde 
nouvelles teemologiesprnicttusesmiss aiupoint en station. L ana.se des risultatsde 1985 
inottre luie le raitement tcolmprenaut ttaitle , 2liorce deiril.unec densiltu erue. el desn niM 
opandages d'engrais, ,produit dans Jes tros li//aces des inde'mi'ts sipnitecatil'etnentp/us 
61eves que le traitement tidnoin ilisant hi tchnlogie tratfitiotnelle,hin cu )+tie lift CL'otlo
nltqueCfent rentiableC/ami1 clx des trois vi//ac.s. Oii ckinlontequchh rnlilith rtiie des 
nou h 	 a.riations dc.s des proclits, ayes teh/ntlo,gies cst lortenlmnt inlhicneCc paIr /e,.,, pri.\ 


valorisation du tiavail lamilial, i ptuvionLtr lertilit[ des sol.,.
c et 	 Ot discute 4galcncnt 

I'e'et de /a haute viariabiiit des rendlements en I98.isur/a perception des aleas. lAarcitnsclent, 
ces considcrationsaktlnt larvntahililt &ollonlice des ntiwcles technoofies c11i dolt ctre 
e'i'ahc.& avant de /0rmil/er c/es recoitilandatiO.IS ar n,1'ncmiio/iqtes. 

Abstract
 

Economic and agroecological considerations for the adoption of new technologies by 
farmers: On-t'arinagronoinictrialsot'as.sociatcdmilletandcowpeas were installedby INRAN 
inl1985in three reions ol'Niger inorderto evaluate tiepotentiallt/radcoptioni ol'pronisingnew 
technologies fron the rtesarichstation. An ana/sisol the 1985 results in three vi/lag s shows 
that a treattintcombitjili anti improved variety olmillet, increascd cnsit.v, andapp/'cationsof 
lertili/er ives sicni/licmitlvhi iLi .Vichlsthan t/ie traditionl/ treatnitt,but was mnoreprol)itabc 
if) olh't wo oftlhe tliree tillages. Rclative prolitahi/itv o/neiv te/chnologiesis showil to b-highli' 
iz/luenced bi VlriatintiSin niiiAet.S, the Va/liationti ol/uInili,' labor,rainil'-l., and soil firtilitY. 'The 
vl'ct ol'/hih t vields oti risk perception is also discussecd.ariatioti in the /98.5 ihese considera
tions learli al'lct fle prolitability od' ieiv technologies, which must be evaluated be/ore 
atrolnolllie recomeniietdationsctin be made. 

Introduction 	 alimcntaire est tin ies buts principaux de lit 
recherche agricolc au Niger. ('ellcs-ci peuvent 

l.ed 'cloppenlnttics nouvi liCs tCchnol)ogiCs igri- inclrtie es varit& ali1iorScs, tiesnouscills pra
colts pour auigmenter ctstabiliser lapioduction tilues pour lapreparation (iusol. des modcs ad&-

I. ('crctcheurs. national dc ic-ti'cche,, dill Niger (INRAN). Niamc\. N pcrn stitut ag onolmqticels 

I(RISA I (lliernlicoricct (roip Icearch ]n.tiltcforthe Sc.ll-Arld lioplo x,)s oii,( top. mii wacic maldncgercemew S} cic slor 
RIainlced e in /one tlan Incernational Wcotksiip. 7 SacielianAgricult theSt.ulacii-Saeichal prcccdinpg II .JanI)M7. ICRISAt 
('Chier NIille\, Niger Pt'ia chlii,i AT,. 512 324. Inidia ' tlSA I 

P1 
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quats de semis, ]a rotation des cultures, i'utilisation 0 Traitement I S'st~mie iel'expl)itant (t~il1oil).
d'engrais, les traitements phytosanitaires, etc. 0 Traitement 2: Svstine tiel'exploitant avec mil 
Toutes ces nouvelles techno:ogies, prises s~par&- am1lior&. 
ment ou dars leur ensemble, ont dirnontr leeur 0 Traitemenit 3 : Association mil-nil& avec mil
potentiel pour augmenter haproduction alimen-
taire. Cependant, elles ne sont ,tellcnenti profita-
fles q ue dans lamesure ot dies sont comprises et 
adopt~es par les exploitans. Atin d ' valier les 
potentialites d'adoption tIe notuvelles technologies 
performantes en station, Ic l)epartcneni de re-
cherche en &conomie rirale ( )IECOR )Iel'lnstitut 
national Ic rccherclies aigruonomiqtes (luNigcr 
(INRAN) iiniti&tics Cssais Cn rmilieu I'l d ans trotis 
rgions dutNiger ds I985. Bien qie icdisposalll 
que des r~sulttiis de deux cainlpagnes agricoles doit 
cctix de ladcuxinie camnpagne liesont pas Cllcol 
analss en (h&tail, on a dtccle plusi.urs problmncs 
econom ties et agro-&citi onmiques ()tui doivcnHt trC 
pris en cojisidration d'ans 1',aliation de lapoten-
tialit& de I'adoption de ccs nti let.chnolog,ie, 
par les paysals nicericns. 

Description de l'essai 
cultures associices 

Trois sites ont t.selcctiolnnls poilr v inplanter les 
essais : Maiguro (A rrondis,enltitde Madarouifa, 

Dlparteiecn'(Ic Maradi). l.ibor&(Arrondissement 

de Kolo, i),partementdcd Niamev) el Koika 
(Arrondisscinent de Filingi&, I)partclcill de 
Niamncy). L.esitc tIe \I:iCgtilr) rt.iprescilC ine /one 

phliionLtrie [ioyenne (norialement 40) In 
par ,in)et est caract&ris&.par des sols sabhlonneu ci 
sablo-argiletix. I.e site de Iihor represente tue 
zonie "ipluviomrie moyenne ci li sol sablonneux. 
Et le site de Kolika. ICprseiItcine lonle ,itaihlC 
puviometrie (normalemcnt 400 nnm) et isols sah-
lonneux. Les trois sites ont ait[objet d'ciltetcs 
s cio- eono rniqtes approlondies I en cs par Ic 
DECOR itpartir de 1984. 

Stir chaque site, 17-23 exploitants tintinstall& 
I'essai sur les cultures associ~es en 1985 (Sanba ct 
al. 1986). Chaque exploitant a cultiv. lcmil etIc 
nicbe el association da.ns liatrc parcelICs denICn-
taires de 1000 im'. I)uus ccs parcelles ilsomit insltallkexpliqier le tatix c 
quatre traiten., 'isdo[ila Iechnicit& cuntiule des 
praiiques tradiionnelles (I raiteineni 1)jusqi'a 
systine qui combine les sencnces amlior&s, line 
dcnsit i71eve, ct l'application dengrais (Traitc-
ment 4). L.es quatre traitcnleits s'cnboitent de la 
faion suivante : 

aind1ior& et densitcs de mil et de ni bh' lev es. 
* 	 Iraitement 4: Association riil-nib avec mil 

amlior., densits lcv.cs et les applications 
('engrais. 
)evavri, t~s dilicntes de mil ettic nibih ont &t 

titiliscs dansl ICS rots sites. Pour letraitement I les 
exphiltani, ts(ICchLLqtic rgiol ont utilis hI vairi~t 
local ic ni prplr : i cgiOn. Pour les traite
ncnts 2, 3. ci 4. le('IVI a t&(utilis, fiMaiguro, le 
P3 Kolo iIhor&et Ic IlK P :i Kouika. E'n 1985 les 
' alittl. locales dc niii oni t& titilisces parce que 
Ics ,arilt&s anilliors (ieni&h, n'3laient pas 
dispolihlhs. 

Foir lestraitcnients 3 ct 4 enl 1985, ladeiSit& de 
il &laittic911110poquct, par hectare etladlensit& 

dcis iLe. lait de 27 )0)) poquts par hectare. l)eux 

ligies de iii{l&tint L1 insLr~s elltrc tlcux lignes (ie 
mil. L'&carteicent iiels iynes dc mail tail (Ie1,5 
in, ctI'&carteiiltllll elilre es lignes ICrii~b (Ie0,5 In1. 

P'tirleiraitencnti 4,II kg dc phosphate super 

simple et50 kg d'rcC on11it& appliqus. Le phos
ph;tc supcr ,inple it0 "appliqu& ct enloui par

illttllodc locale alltIe Ciis. I.'rie a &t5 appli
q&e LicCute tICs poqIucs diCnil en (icux apports a.li 
noUent (lii prenlier sarclage ci an (lbut Ic li 
moliltaison du ail. 
I.csrercidcnens InoyensIpour ces (illtre traite

ments en 9)5 soil itie/iques dhilisIc Tableau I pour
 
hClulIlic village. MallicireuscliClnt, les varilts de
 

niiuihL utilis~es en 185 n'ouit pa.s loin Ies gousses,
 
iiais les lanes tIe ni'b olt ett recoltcs. 

Considerations conomiques pour
I'adoption des techi ologies 

n0UVelles 
Noiis posons connie hyplthisc deIdipart que 
rtalte nouvelleIechiologic dot &trerentable avant 
dtnc adoptc par les exploitants. Ileaucoup d'&
tildcs Cc(iiUt0iIit4es ont deionitre qt'on petit bien 

lavitesse dci 'adoption des 
nouivcllcs technologies agricoles par leur rentabi
lil ci les contraintes itcctte rentabiliti. l.a premi&
re ttide tr~s coinue qtii a clairemenit &mnontr 
cetic relation est celie de Griliclues en 1957 i1propos 
de I'adoption des hybrides de nlsis aux Etats-Unis. 
Ilien ut'ilexiste plhisieurs lacteurs sociaix ec o
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Tableau 1. Rendements moyens de grains de mil et de fanes de niibi,par traitement et par village. Essais en milieu riel 
(EMR), 1985. 

Rendement par traiement (kg ha-l ) 

Erreur Type 

Site TI T2 T3 T4 (kg ha-') 

Libor&(ni = 17) 
Mil, grain 263 451 297 508 40.2 

Nib6, fanes s ches 472 541 941 991 68.5 

Kouka = (n=20) 
Mil, grain 238 354 306 452 20.7 

Ni b , fanes s&ches 78 66 192 164 15.7 

Maigu&ro (n=23) 
Mil, grain 284 358 309 590 33.8 

Nib, fanes siches 778 787 1069 1387 97.0 

Note: Les rendements portant des lettres diff~rentes acc"sent des moindres diffirences significatives au niveau de 5%. 
I. n = nombre d'exploitants. 

logiques qui peuvent limiter l'adoption des nou-
velles technologies, les etudes depuis celle de Gri-
liches ont presque toujours dmontr& que les 
technologies qui sont clairement rentables et faisa-

bles techniquement sont rapidement adoptbes 
(Feder et al. 198 1). 

Cependant la question de la rentabilit des nou-
velles technologies valu~es dans l'essai sur les cul-

tures associ~es de I'INRAN n'est pas simple. Les 
revenus bruts, bien qu'tant tr~s souvent faciles ft 
calculer, suscitent ici quelques difficult~s d'appr
ciation "tcause de leurs variations dans le temps et 

entre les regions. Les coots des intrants achetts 

sont aussi faciles i calci'er, mais l'intrant leplus 
important dans cet essai est celui de la main

d'oeuvre. Parfois les exploitants engagent de la 
main-d'oeuvre salari&e, l:I-Ia plupart des op&ra-
tions sont faites par la main-d'oetvre familiale, 
dont la valeur est estim~e en fonction de ce qu'elle 
pourrait gagner en se faisant engager. Pour les 
exploitants de Libor&, qui se trouvent 15 km de 
Niamey sur une route goudronn~e, il y a trbs sou-
vent des occasions de se faire engager pour un 
salairejournalier. Pour les exploitants de Kouka et 

Maigurbo ces occasions n'existent pas toujours. 
Donc, l'analyse de la rentabilit des nouvelles 
technologies comprend lecoot de lamain-d'oeuvre 
qui est valoris~e au salaire journalier local, mais 

I'analyse indique aussi le revenu brut moins les 

coots montaires (coats des semences et d'engrais). 
Par ailleurs de nombreuses autres informations 

sont n6cessaires pour une analyse &conomique 
complkte. On peut citer les pertes dues au stockage, 
les quantit~s moyennes consomm~es et leur prix A 
lap&riode o6 elles ont &t&consomm~es, le coot de 

transport des produits sur les marches r~gionaux et 
le coot de transport des intrants achetbs ailleurs. Le 

DECOR n'est pas encore arrive A intbgrer toutes 
ces considrations dans son tude de mme qu'il 

n'est pas arriv& chiffrer I'apport et lecoot de 
l'utilisation de la traction animale dans lesessais. 

aWsultats economiques 
des essais en 1985 

Les r-sultats des analyses budgtaires pour la cam
pagne 1985 sont largement influences par la pluvi
omdtrie. Dans les deux villages o6f la pluviomtrie 

tait sup&rieure fi301) mm, Libor et Maigu~ro, 
chaque nouvelle technologie (Traitements 2, 3 et 4) 
a toujours augment& les revenus bruts moins les 
coCots montaires et leplus souvent a augment&les 
revenus nets (Tab. 2, 3 et 4). Mais si on suppose 
qu'it Maigu&o le,produits sont vendusjuste aprds 
lia traitement 3 (variktr&colte, le revenu net pour le 
am&lior&e en haute densit ) devient infrieur au 
revcnu net pour latechnologic traditionnelle (T6
moin). Pour letroisi~me village, Kouka, o6i la plu
viomtrie tait de 250 mm, seul letraitement 2 

(varidt ainlior~e i ladensit traditionnelle) dait 

plus rentable que la technologic traditionnelle 
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Tableau 2. Calcul des revenus moyens et des indices economiques, basis sur les prix de janvier 1986, par traitement. 
EMR mil-niibi, Libori, 1985. 

Traitement 
Donn&es techniques et CoOts TI T2 T3 T4 
Donn~es techniques 
Rendements 

Mil (kg ha-') 
Fanes de Nib6 (kg ha-1) 

Main-d'oeuvre familiale (HJE' ha') 

263 
472 

21.5 

451 
541 

23.6 

297 
941 

30.8 

508 
991 

39.2 
CoOts de production variables 
Intrants (FCFA2 hat ) 
Mai!n-d'oeuvre familiale (FCFA ha-1) 
Total (FCFA ha-) 

2162 
15050 
17212 

2218 
16520 
18738 

4690 
21560 
26250 

12190 
27440 
39630 

Cofils variables marginaux par rapport au
Traitement pr&6dent (FCFA ha-1) 
Tcnoin (TI) (FCFA ha-') 

1526 
1526 

7512 
9038 

13380 
22418 

Calculs des revenus globaux
RCvcna brut (FCFA ha-') 
ReVCnu brut moins coots mon~taires (FCFA ha-') 

87113 
84951 

110466 
108248 

157532 
152842 

179763 
167573 

Revenu brut mons coCits niontaires 
par jour de travail (FCFA tJE-') 

Revenu net' (FCFA ha-') 
3951 

69901 
4587 

91728 
4962 

131282 
4275 

140133 

('alcul des revenus inarginaux par rapport au 
Traiternnt pr&o&dent
Revenu brut-cofits montaires (FCFA ha-') 
Revenu net (FCFA ha ) 
Taux marginal de r&nTutItration (V} 

23297 
21827 

1430 

44594 
39554 

527 

14731 
8851 

66 
Temoin (TI)
Revenu brut-cofts monitaires (FCFA ha-') 
Revenu net (F'CFA ha ) 
Tanx nargiinal de rtu nfriation (%) 

23297 
21827 

1430 

67891 
61381 

679 

82622 
70232 

313 
1.1.11: Ilomine Jour lEqsliS'illenl. 

2. FCFA = Franc de la Connunauit Financire d'Afrique, 50 CFA = I Franc Franqais.
3. On ne tient pas compte des coits fixes. 

selon le revenu net ou selon le revenu brut moins les Done, la variation des prix au cours de I'ann~e 
coots mon~taires. I1faut noter que les rendements toute comme I'existence d'un march& officiel avec
du tail et du ni~b& pour Ic traitement 4 ii Kouka des prix fixes peuvent rendre une nouvelle tech

aient significativement suptrieurs "iceux du tra- nologie rentable alors qu'elle ne 'est pas si les
itement I, mais le traitctent 4 apparait moins produits sjont commercialis~s apr~s la rfcoltesur le
rentable que le traitement 1. marchU local.

Le march& des produits dktermine aussi la ren- Les diffkrences des prix de march& des regions
tabilite des nouvelles technologies (Tab. 5). A diffrentes peuvent aussi influencer I'adoption ou
Maigufto, si on utilise les prix de trois mois apris non d'une nouvelle technologie dans une region.
les ricoltes ou les prix officiels de l'Office de pro- Au moment de la r&colte 1985, le prix de mil tait
duits vivriers du Niger (OPVN) au lieu des prix 57% plus lev& i Libor& qu'A Maigu~ro, et troisjuste apr~s les rtcoltes, le revenu net pour le traite- mois plus tard cc prix itait 97% plus 6lev&toujours
ment 3 reste sup&rieur ii celui du traitement 1. en faveur de Libor&. De mime, le prix de fanes de 
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Tableau 3. Culcul des revenus moyens et des indices iconomiques, basis sur les prix de janvier 1986, par trailement. 

EMR mil-nibi, Kouka, 1985. 

Donntes techniques et CoOts 

Donnes techniques 
Rendements 

Mil (kg ha-') 
Fanes de nikb&(kg ha-1) 

Main-d'oeuvre familiale (HJE ha-') 

CoOts de production variables 
Intrants (FCFA ha-') 
Main-d'oeuvre familiale (FCFA ha-') 
Total (FCFA ha-') 

CoOts variables marginaux par rapport au
 
Traitement pr&cdent (FCFA ha-') 

Temoin (TI) (FCFA ha-') 


Calculs des revenus globaux 
Revenu brut (FCFA ha-') 
Revenu brut moins coa]ts montaires (FCFA ha-') 
Revenu brut moins coOts monttaires 
par jour de travail (FCFA HJE -') 

Revenu net (FCFA ha-') 

Calcul des revenus marginaux par rapport au 
Traitement pr&cdent 
Revenu brut-co~ts mon~taires (FCFA ha-') 
Revenu net (FCFA ha-') 
Taux marginal de r~munration (%) 

T~nmoin (T I) 
Revenu brut-cofits mon~faircs (FCFA ha-') 
Revenu net (FCFA ha-') 
Taux marginal de r~muntation (%) 

I. On nc tient pas co-npte des c ats fixes. 

nikb&i Libor&y tait 3,5 fois plus &lev&qu'a' Mai-

gu&ro pendant ces deux pbriodes. C'est surtout A 

cause de cet cart de prix que les revenus nets par 

hectare pour les traitements (2 t 4 par rapport au 

traitement taient seulement entre 2548 et 10 636 

francs CFA h Maiguro alors qu'ils 6taient entre 21 

827 et 70 232 francs CFA ALibor&(prix de janvier 

1986). I1 est dhs lors ivident que ces nouvelles 
technologies int&resseront plus les paysans de 
Libor&que ceux de Maigubro si ces &cartsde prix 
sont maintenus. 

I1y a aussi les variations des prix de produits 
d'une annie i 'autre. Surtout it cause du rende-
ment nul en grains de niib en 1985, le prix et les 
revenus de la vente de fanes de nikb& 6taient trts 
importants. A Maiguro, la vente de fanes de nib6 

Traitement 

TI T2 T3 T4 

238 354 306 452
 
78 66 192 164
 
23.5 22.7 33.5 40.2 

3095 2935 8275 15775
 
16660 15890 23450 28140
 
19755 18825 31725 43915
 

-930 12900 12190
 
-930 11970 24160
 

13050 17910 19530 25260
 
9955 14975 11255 9485
 

418 660 336 236
 
-6705 -915 -12195 -18655
 

5020 -3720 -1770 
-5790 -11280 -6460 

INFINI -87 -53 

5020 1300 -470
 
5790 -5490 -11950
 

INFINI -46 -49
 

a constitu&60 A.70% des revenus bruts en utilisant 
les prix juste apr s la r6colte et 70 ht79% des reve
nus bruts en utilisant les prix de janvier 1986. 
Cependant, en 1986 il y avait tant de fourages 
pr~ffris aux fanes de ni~b& que le march&pour ces 
fanes ftait ngligeable A Maiguro et les exploi
tants ont refus&de les r&colter. Donc, la rentabilit6 
d'une technologie bas~e sur la production en fanes 
d pend d'un march&stable et r mun&rateur. 

Iutres observations
 
economiques en 1985
 

Deux autres considerations 6conomiques se sont 
montr~es importantes pour I'adoption des nou
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43.9 

Tableau 4. Calcul des revenus moyens et des indices icortomiques, basis sur les prix de janvier 1986, par traitement. 
EMR mil-niibi, Maiguiro, 1985. 

Donnes techniques et CoOts 

Donn es techniques 

Rendements
 
Mil (kg ha-') 

Fanes de ni&Ub(kg ha-1) 


Main-d'oeuvre familiale (HJE ha-') 


Cots de production variables
 
Intrants (FCFA I ha-') 

Main-d'oeuvre familiale (FCFA ha-') 


-Total (FCFA ha 1) 

Co6ts variables marginaux par rapport au 
-Traitement pr&cdent (FCFA ha ') 


Tnioin (T I) (FCFA ha-') 


('alculs des revenus globaux

Revenu brut (FCFA ha-') 

Rcvenu brut moins cooits monaraires (FCFA ha-1) 
Revenu brut moins coots monitaires
 
par jour de travail (FCFA IL') 


Revenu, net (FCFA h1
it) 

Calcut des reventis marginaux par rapport au 
Traiteenrt prMcdent

Revenu bruit-Coits monetaires (FCFA ha1) 

Revenu net (FCFA ira-') 

Faux marginal de r'mun ration (%) 

flmoirn ([I)
 
Resenti brut-corits monitaires (FCFA ha') 

Revenu net (FCFA ha- r )

Taux marginal de rlinunration ((7) 


I. On fie tient pis comrpte des coits fixes. 

velles technologies. D'ahord il faut consid&rer l'in-
certitude des rendernents, et les risques &cono-
miques que cette incertitude pose aux exploitants, 
surtout s'ils achltent des intrants. l)euxinlement, 
on dolt consid&er hr structure d'approvisionne-
ment des sentences amtliores et les engrais et hi 
disponibilit& de I'argent en csp.ce ott du crdit 
agricole. 

l.a plupart des analyses (it coniportetient des 
exploitants paysans envers les risques economiqtres 
irtdique qtleuleurs perceptions des risques influen-
cent lur choix de cultures et de technologic (Abalu 
et Da Silva 1980, Anderson 1980, Binswanger et al. 
1980, Lang et al. 1984). Done, si mgn1e ]a recherche 
n'est pas sore que la rentabilit& d'tirie nouvelle 

Traitement
 

TI T2 T3 
 T4 

284 358 309 590
 
778 787 1069 1387
 

22.1 22.3 31.7 

2240 
 2560 6400 13900
 
13260 13380 19020 26340
 
15500 15940 25420 40240
 

440 9480 14820
 
440 9920 24740
 

41344 44368 53884 76720
 
39104 41808 47484 62820
 

1769 1875 1498 1431
 
25844 28428 28464 
 36480
 

2704 5676 15336
 
2584 36 8016
 
587 0 54
 

2704 8380 23716
 

587 26 43
 

technologie soit sup&rieure it la technologie tradi
tionnelle. il y a tr-s peu de chance que les exploi
lants l'adoptent. 

l-nfin notons que toutes les recommandations 
tl'o peut faire suite AsI'analyse de nos essais rep

osett stir I'hypothise de l'existence d'u narch 
local des senencecs arn1iores et des engrais. II faut 
aussi considerer ile hr plupart des exploitants 
n'avait pas assez d'argent alU d~but de la campagne 
de 1985 pour acheter les intrants agricoles "5cause 
de fa stcieresse de 1984. Puisqu'il nexiste pas d'in
stitution de credit accessible aux exploitants de 
Maigu&ro et de Kouka, il n'est pas du tout certain 
qu'ils auront r guli rement des movens d'acheter 
des intrants. 
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Tableau 5. Les prix de produits et les Revenus Bruts, par site, par marchi, et par traitement. EMR mil-niibi, 1985. 

Prix 
March&, Site, Produit (FCFA kg- 1) 

March6 local (ri:colte) 
Libor& 
Mil, grains 63 
Ni~b&,fanes 110 
Total 

Kouka 
Mil,grains 42 
Nib ,fanes 20 
Total 

Maigufro 
Mil, grains 40 

Ni~btfanes 28 
Total 

March& local (Jan 86) 
Libor& 
Mil, grains 71 
Nibt, fanes 145 
Total 

Ku uka 
Mil, grains 45 
Nib, fanes 30 
Total 

Maigu&ro 
Mil, grains 36 
Nib, fanes 40 
Total 

OPVN/SONARA: 
Libor& 
Mil, grains 70 
Ni&bh,fanes 127.5 
Total 

Kouka 
Mil, grains 70 
Ni6b&, fanes 25 
Total 

Maigu&ro 
Mil, grains 70 
Ni, b&, fanes 34 
Total 

Observations s 
bssagro-coogques 

en 1985 

A part la pluviomtrie, qui est discut~e par ailleurs, 
Ia qualit&des sols a fortement influenc les rende-

Traitement
 

TI T2 T3 T4
 

16569 28413 18711 32004 
51920 59510 103510 109010
 
68489 87923 122221 141014
 

9996 14868 12852 18984
 
1560 1320 3840 3280
 

11556 16188 16692 22264
 

11360 14320 12360 23600
 
21784 22036 29932 38836
 
33144 36356 42292 62436 

18673 32021 21087 36068
 
68440 78445 136445 143695
 
87113 110466 157532 179763
 

10710 15930 13770 20340
 
2340 1980 5760 4920
 
13050 17910 19530 25260
 

10224 12888 11124 21240
 
31120 31480 42760 55480
 
41344 4436L 53884 76720
 

18410 31570 20790 35560
 
60180 68978 119978 126353
 
78590 100548 140768 161913
 

16660 24780 21420 31640
 
1950 1650 4800 4100
 

18610 26430 26220 35740
 

19880 25060 21630 41300
 
26452 26758 36346 47158
 
46332 51818 57976 88458
 

ments et donc la rentabilit des traitements dans le 

village de Maiguro. A Maigu~ro les rendements 

de mil 6taient fortement liis (coffficients de corr&
lation par traitement de 66 5i 84%) is la capacit6 

d'6change cationique (CEC) qui est un des ir.dica
teurs principaux de la fertilit&du sol. I1y avait aussi 
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une correlation forte entre la CEC ct les autres porter une haute densit&de mil et de nib mme
indicateurs de la fertilit du sol. Les observations avec une application d'engrais commercial corn
de la CEC (exprim&e en meq 100 g-1) ont varie prenant l'azote et le phosphore en dose moyenne.
entre 1,4 et 2,9 AI'exception d'une observation it De tels problmes du sol doivent tre risolus avant
4,2. Si on calcule les rendements et les revenus nets de pratiquer une agriculture intensive.
 
moyens pour les I I exploitants (parmi les 23) pour
 
lesquelles les observations de la CEC itaient de 2,0
 
ou moins, on d~c~le que les revenus nets pour les Conclusion
 
traitements 2, 3et 4 sont tous inf&ricurs au revenu
 
net du tbmoin (Tab. 6). Ces rsultats indiquent que I1
est &vident que les diffi'rences significatives des
les sols avec trs peu de CEC ne peuvent pas sup- rendements ne constituent pas tine base suffisante 

Tableau 6. Calcul des revenus moyens et des indices iconomiques, pour les champs dont IaCEC est moins que 2,0 basi 
,ur les prix de janvier 1986. EMR mil-niibi, Maiguiro. 

Traitement 
Donn~es techniques etCoats TI 12 T3 T4 '
 

Donn&es techniques 

Rendements 
-Mil (kg haI) 194 209 139 330Fanes de nim6 (kg ha-1) 784 776 

- 884 1219Main-d'oeuvre familiale (H.II ha ) 22.1 22.3 31.7 43.9 

Coats de production variables 

Intrants (FCFA' ha-) 2240 2560 6400 13900
Main-d'oeuvre familiale (FCFA ha-1) 13260 13380 19020 26340Total (FCFA ha-I) 15500 15940 25420 40240 

CoOts variables marginaux par rapport au 
-
"raitement precdent (FCFA ha ') 440 9480 14820T'moin (TI) (FCFA ha 1) 440 9920 24740 

Calculs des revenus globaux 

Revenu brut (FCFA ha-) 38344 38564 40364 60640Revenu brut moins coots monctaires (FCFA ha' l ) 36104 36004 33964 46740
 
Revenu brut moins coats mon~taircs
 
par jour de travail (FCFA HJE-1) 1634 
 1615 1071 1065

Revenu net (FCFA ha') 22844 22624 14944 20400 

Calcul des revenus marginaux par rapport au 

Traitement pr&&deni

Revenu brut-coits monctaires (FCFA ha-') 
 -100 -2040 12776
Revenu net (FCFA ha-') -220 -7680 5654Taux marginal de r&munration (%) -50 -81 37 

T~moin (TI) 

Revenu brut-coOts montaires (FCFA ha-1) -100 -2140 10636
Revenu net (FCFA ha-') -220 -7900 -2444

Taux marginal de r~mun&ration (%) 
 -50 -80 -10 

pas comptc des cotlisI. On ne tient fixes. 
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pour recommander les nouvelles technologies. Les 
r~sultats de 1'essai des nouvelles technologies que 
I'INRAN a installken 1985 dans trois regions diff&-
rentes du Niger ont montr une sup riorit, de ren-
dements significative pour tine technologie qui 
combine tne varibt& amniliorbc, tine densitt &lc\,e 
et I'application d'engrais (Traiteni-nt I). ('epen-
dant, dans le village de Kouka cette sup&riorit ie 
rendelents n' Iait pas suffisante pour assurer [i 
rentabilit? de la nouvelle technologic. Wnme si on 
ignore ICCofit delIa main-l'oCIvre en ne consiik 
rant que le revenu brut moins les cocits niontaires, 
le traitcment 4 ttait moins rentable Line le traitc
nient I ih Kouka. l'adoption ties nouvelles tech
nologies iie se fera title si tldes s'ascrent rentables 
conomiquenlent pour Its exploitants. I'ne t altia

tion ,cononiqnc ie la rentabilite d'une IIouvellc 
technologie est done indispensahle as ant sii recoti-
mandation en milieu pa.vsan,. 

I'lusieurs kiCteUrs econootiques cl deux lCCIrs 
agro-,cologliJues out claircuicot influencie hI ren-
tabilitl des Irlaitenicilts. ltarIi les ficteuts &'Collo-
itiucs, 1'influence ties priX ditlCreots des produits 

explique largentl les ditthrcnces ie rentabilit3 
des traielments entre lcs trois sites. L.e stockatie ies 
prodiiits ci leilCom CIecilisaijoit q flques mIOts 
apr~s 1IarCCOte oulI'eXIStceC d~Ifn nIiaCK oiciel 
as cc des priX fiX Speus rciirt Icii des taitemeCiIs 
Ieitables alors qu'ils fie Ic soft pas aitrcmnl. l.a
\alorisaltitln tie la nllalln-d'oei. 1rcut i~etit infhi-

cc fac-
teI dJoIide plus ell plus c coisi&[ dans 1'&%a-
Iluation die la rentahiliiteidc nooells teclnoloicis 

oir ,car

encer Ia reiitabilil dies tirite nts a I:LT 

afin ie valoriser lc travail familial ct pott 
ter les tliiunes po vant colnstlitier ics goulots d'ei-
tranglcment aux p riodCes ie pontie Ia ciIn-
pagne (semis. sirclages). .\ cause ies Nariattolis 
,2leves des rendeients. il aut ;Lussi coisidlrer Ics 
risliutes Lui sC posent aux c:splotaiits, surtout s'ils 
doient acicheter des tntrants. lParmi les facieUrs 
aigro-ccologiques. Ilaplumoiutiric ctla qualit dii 
sol ont parfois infloiec tortinCnit hi renihiliA)i 
des notselles technologies. 

I1apparait que li'doption potentielle des nou-
velles technologies par les exploitaits iiigcri1lns is) l 
one question coinplexe. A\tin de r~southre cciii' 

qLutestiOn, il faut &sv'liicr ICs nousClles tecMnlogiCs 
en milieu pavsan oil il est pOssible de d&celer les" 
problenies qui pcuscnt Ireiner lcur idoptimon. 
1'INRAN -I travers lc I)IOR sient d'entarner 
l'saluation des ficteurs socio-&conomjiques qui lti 
peuivent influencer l'adoptiion des nouivelles tech-

nologies. Cependant, cette premire anne d'exp
rience a prouv& qu'il est aussi important de collec
ter ct valuer des informations concernant les 
narchts des intrants et des produits ainsi que des 
inlormiationsconcernit 1hipluviomtntrieet lessols. 
II faut consid&rer, par ailleurs, les diffL'rences et ies 
variations des r+sultats &conomiques et agrono-
Miiucs scion les regions, au scin de chaque annie, 
cI dtine ain~e itI'autre, et les risques que ces varia
tiors posent au:i exploitants. 
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Economic Effects of Soil- and Water-Management
 
Technologies: Preliminary Results from a Case Study
 

Analysis in Mali
 

J.C. Day and P. Ailleryl 

Abstract 

For Sudano-Sahelian farmers to adopt recommended soil- and water-nianagenientpractices. 
technologies must be appropriate to the specificsite conditions found in the farm setting and be 
consistent with the larfer." objectives and available resources. A whole-farm modeling 
approach to this problem is described andpreliminaryestimatesof the abilityof representatiic 
lou-resourcetarnersin Ala/i to pay hir increasedsotil-moistureconservationare presented. By 
increasineraintill in/iltrationrates from 40 to 60",. larmerscan double or even quadruple their 

-diposable income, depending on rain/all. Income can he increased by another 50<'A if infiltra
tion rates are raised to SOt'. 

RWsumn 

Effets iconorniques des techniques d'aminagement des sols et de l'eau-rissultats pr61iminaires 
de I'analyse d'une ktude de cas au Mali : Les technologies doilvent treadapt&s aux conditions 
spbcittucsdu terrain en milieu pa'vsan, aux objectifA des agriculteurs et aux ressources disponi
bles pour que les pavsans de la zone soudano-sabliennesoient capables d adopter les mesures 
de conservation recoiumantdes pour les sols et pour I'eau. Le probkme est dbcrit par /Ppproche 
d'un inodde bash sur ine exploitation agricolerelle repr~sentative au Mali et par la prbsenta
tion d'valuationsprliminaires portant sur Ia capaCit6 qu 'mraient de. agriculteurs"maliens 
disposant de ressources prcaires tie cou vrir les rais inhcrentsti hi conservation de Ieau dansle 
sol. En augmentaut le tau\ d intiltrationdle pluic de 40 ,i 60f(. les pavsans peuvent doubler et 
neme quadrupler leurreuenu disponible scion iimportancedes prbcipitations. (e revenu peut 
tre encore augnnt de 50('( dans le cas ort les taux d'intiltrationseraient ports ) 80(. 

Introduction found on the farm. Improved technologies must 
also be consistent with the farmer's objectives and 

Improved soil fertility and moisture-management available resources. In this paper, the ability of a 
practices arc probably the two most important typical dryland farmer in western Mali to pay for 
factors in increasing agricultural productivity in increased soil moisture through improved rainfall 
the Sudano-Sahelian zone of Africa. However, for infiltration is examined in the context of his whole 
farmers to adopt recommended soil- and water- farm operation. 
management practices, technologies must be The paper begins with an overview statement 
adapted to the specific physical site conditions summarizing the physical characteristics of rainfed 

1 t connlbists, I coonmlic R 'eearch Scr, ice. I'SDA. Washingron ).C., t'SA. 

ICR ISA I (Intcrrnational Crops Icocarch timtute lor the Semi-Arid "1ropcs) I09 Soil. ('rop. and Water Management Systems for 
Rainfcd Agricultume i the Sudan-Sahehan Zone. proceediungs tl an Inteitnatinal Workhp. 7 I1Jan 1997. ICRISAI Sahelian 
(:enter, Niame. Niger I'atnchei . A 1'. 502 324, India: I'RISA 1 
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agriculture in Mali. Next, a brief description of 
some appropriate emerging technology is pro-
vided. Finally, initial findings of a general case 
study dealing with the economics of soil-moisture 
conservation are presented. 

General Background: Dryland Farming 
in Mali 

As in other countries of the Sudano-Sahelian zone. 
rainfall isthe primary determinant of crop produc-
tion in Mali. About 60(,7 of the country receives 
less than 200 mm per year (Fig. I). Rainfall in the 

.lali 

.Mauritaniaj 

Senga Kita 

lkBlurkina 

remaining portion is highly variable, both in terms 
of length of the rainy season (Fig. 2)and amount of 
rainfall. Given that 90i, of Mali's arable land is 
currently farmed Linder strictly rainfed conditions, 
there isconsiderable uncertainty regarding agricul
tural production, as well as regarding investments 
in agricultural improvements, throughout the 
country. 

Exacerbating the difficulties ol'dryland farming
in Mali is the generally poor quality of soil re
sources. Crusting and scaling of soil is a wide
spread problem. Moisture infiltration is generally 
poor due to the combination of high rainfall inten
sity and poor absorptive capacity of the soils. 

Algeria 

Mali 

I tollb ~ticltoti 

-~ojlp-00 11 l111I(' Niger 

l'as I 

Figure I. Rainfall isohyls in Mali (Source: II.')C( 1976; TAMS 1983). 
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Zone Months of dependable rain 
1 0-1 
2 1-2 
3 2-34 34ITraoudenni 

4 3-4 a0 
5 , or more 

200 N 

Zone 1 0 Aguelhok 

* Araot~ine 

Kidal 

100 \V \ (oundanl • Rha rous 

*Menaka 
•Nioro Zone2 

4 th Zone 3 Zon 

- Kita Segotl 
Baao Koulborto 

Btotgoijlll 

".. i S ""5tll1 s 

dependu ble rainy seuson in Nlali (Source: Ilargreaves and Sa miniFigure 2. Zones showing the length of tile 

1986). 

Moreover, the natural fertility of soils is low; 
organic matter is lacking, and soils are generally 
deficient in nitrogen, phosphorus, and sulfur. Clay 
soils tend to be neutral to alkaline, slowly permea-
ble, susceptible to flooding and difficult to manage 
with traditional tillage practices. Sandy soils tend 
to be acidic. Gravelly and stoney soils are generally 
infertile due to intense leaching. Aluminium and 
manganese toxicity may also exist in Mali soils 
(Jaynes ct al. 1988, TAMS 1983). 

Mali's land resources have been classified into 
seven major categories: sand dunes 65%, plains 

10.4%, laterite 10.2%, waterlogged plains and 
depressions 1.6%, flooded land 2.1%, rocky lands 
3.6%, and special land types 2.8% of the total land 
surface (Table I). 

'1able 2 indicates the distribution of land use in 
Mali, and shows that 85% of the cultivated land is 
planted with food grains. The primary cash crops, 
groundnuts and cotton, account for approximately 
15% of the cultiyated land. Irrigation, primarily 
rice, accounts for approximately 10% of the arable 
land. 

From 1966 to 1983, the total food production 
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Table I. L.and classification in Mali, 19831. 
Soil Ipe 

Sand dunes 
Plain, 

Clay 

Silt-loani 

ILoam 

taterite 
Plains depressitns 
Waterlogged Inm thanore 


halt the ,ear
 
I lhaded I,,nds, 


RockN lands 
Special aind t~xpe , 

Incluiiion ateas -areas too 
smilall to be accouited 
for epparatel., at the 
1:500 100 scale 


total 


I StLtiICe I A NS 198.3. 

2501

2411

2311

220

2111

200

190

181

170

160

150 

140 

13) I 
1966 1968 

Figure 3. Per capita food 
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Area (kin2 ) 'ercentage 

795 089 65.2 

12656 1.1 
92 1411 7.5 
21 4110 .8 

123854 10.2 
t9 657 1.6 

26 203 2.1 

43912 .3.6 
34 259 2.8 

50220 4.1 

122(000 100.0 

declined at a rate of 0.5% per year (Shapouri et al. 
1986). With a projected annual population growthrate of 3%, resulting in a doubling of the popula

tion in 25 years, the ability of Malian agriculture to 
feed its population in future is in question (Fig. 3).

Declining land fertility and productivity at both 
the intensive and extensive margins leading to 
resource degradatior, (loallement 1986), coupled 

Table 2. Areas planted to various crops. Mali 1984.1 

Crop Area (ha)
Pearl millet sorghmn, other coarse grains I 6551)01)
Rice 170t)00 
Cot oin 1281)1)1)
Mii/C 50000 
(iloulldllut 501)1) 

1tal area cropped 2053000 
I. Soure. I'AO 1983 and I 1 1984. 

I 

1970 1972 
I I 

1974 1976 1978 1980 1982 
production in Mali, 1966-1983. (Source: Shopouri et al. 1986). 



with the limited potential for major productivity 
increase or area expansion of irrigation (Eicher 
1986), suggest that measures must be adopted at 
the farm level to enable low resource dryland 
farmers to improve management of available land 
and water resources (Stewart et al. 1986). 

Technological Options 

for Soil/Water Management 


A number of recent studies have demonstrated the 
potential of practices such as aninal traction for 
tillage operations. fertilization, tied ridging, and 
mulching to improve crop yields in dryland envi-
ronnients (IDelgado and Mcnltire 1982, CREI) 
1976, Nicou and Clarreau 1985, Sanders et al. 
1985). 

The studies point otitthat the new technologies 
nmay have certain negative effects that may restrict 
their adoption, e.g., aninal-traction plowing may 
accelerate erosio and may conflict with labo, 
requirements for planting; fertilization may not be 
effective Vithout adequate watcr; tied -idgcs may 
increase labor requiretnents and are highly depen-
dent on soil type for success. 

It is also shown that interactive effects of these 
technologies may be substantially greater thiln 
their individual effects, c.. tilecombination of 
tied ridges and fertilization (Roth and Sand, rs 
1986, Sanders et al. 1985. Lallenent 1986). How-
ever, tile for "packages" offarmer's learning curve 
new technologies may be a significant factor in 
explaining slow widespread adoption. 

Althotlgh a number of research projects dealing 
with improved farming practices have been con-
ducted in Mali, little attention has been given to 
generating the econormic inforination necessary for 
technology-feasibility studies. As a result, little is 
known aboat tilecosts and returns associated with 
new soil-water-managincnt practices and equip-
nment, specific crop-response relationships, and 
farn resource use adjlist men ts that accon panV 
technology adoption. 

In the Mali context, therefore, the important 
research objectives are (I) to identifyexisting prac-
tices and, or new technologies that will fit the soil, 
rainfall, and other resource conditions of tile dry-
land Mali farmer, and (2) to estimate technology 
cost ranges that the farner may be able to absorb. 

The Mali Case Study 

For improved soil- and water-nanagenent prac
tices to be widely adopted, they must be conpati
ble with the particular farm-level setting in which 
they are to operate (Malon and Spencer 1984). 
From ,technical perspective, management practi
ces must be suitable to the particular soils, rainfall 
patterns, and biological conditions in which the 

farmer miust work. Morcover, these practices must 
be effective in helping the farmer to increase his 
income and must satisfy other objectivcs given the 
av;tilable capital and labor resources. 

Whole-farm modeling is widely recommended 
as a methodology for snall-larmI technology assess
ments ((hodake and Hardaker 1981, Nagy et al. 
1986). As one aspect of the UJnited States Depart
ment of Agriculture (tI I1 )A ) nited States Agency 
for International )evelopment (USAID) lech
nology for Soil Moisture Minagement (SM NIM) 
project, a system of representative tarm nodels are 
to be developed that give special consideration to 
soils, rainfall, and soil-moisture balance relation
ships that are so c it cal to improved dryland agri
cultural prod uctivity. 

Jnder tilefirst phase of this activity, a farm 
programming model was designed, based on a typ
ical farming operation in the Kita region of western 
Mali. This model has a number of features that 
should make it a useful prototype for various ana
lyses in Mali as well as in other drvland production 
areas in the Saiel. The features of this model 
include crop technology options such as alterna
tive planting schedules, fertilizer levels, intercrop
ping, crop-residue management, and soil-moistire 
management practices. The water-balance comi
ponent of the model incorporates data on rainfall. 
infiltration efficiency, soil mois ture, and cvapo
transpiration(El):-quirenlents during crop growth 
stages, ain] generates yield reductions associated 
wit i moisture stress. Under subsequent phases of 
tile
project, risk is to be incorporated its an explicit 
coinponent in the model, aild the model data base 
is to be expanded and improved. EvCntailly, the 
representative farin models are to be aggregated 
for use in regional atnalyses. 

In tills titilize our current represenanalysis, we 
tative Mali farn m1odel to generate first approxi
lations olftile potential farm income changes with 

various levels of soil-moisture conservation. 
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Table 3. Representative farm (traditional)'. 

Location: Kita region. Western Mali. 
Agroclimatic ione Sudano (;oirnean 
Rainfall one 800 I000 mm 

Ailisol 32' otcullkabhe lnd s 

sle irM2 

Faiik 6ic 12iierihers 

Family labor pool 5 adult V11l) 

Crops 
 Sorghum, pearl miller. grouidlr, 

miaii,. rice. %egetables
Iechnology I rdiional, %%irh no modern inpurs
Prices Olficial miarket 
HIome consumptioi Mirnitur miutritiomal rcqtIiemrerts 

lor Iamilv. 

I.Sor ce I-cuIIrIIg 1981 

The Representative Mali Farm 

Drawing upon farm-level surveys conducted in 9 
villages and 55 farms in the Kita region during 1978 
and 1979, the basic characteristics of traditional 
farms inthe area were identified (Table 3). 

Rainfall Pattern 

Data obtained fron tile Kita weather station w;:,, 
used as the basis for rainfall levels, probabiliti ,
number of events per montih, and other climatic 
information (FAO 1983, Hargreaves and Samini 
1986). The rainfall patterns at 50 arid 75% (approx-
imately one standard deviation below the mean) 
are shown in Table 4. 

Infiltration, Evapotranspiration, 
and Crop Response 

Base infiltration estimates were generated from 
rainfall-runoff relationships reflecting soil charac
teristics, ground cover, and rainfall intensities 

(USI)Ai SCS 1986). Crop EIduring each phase of 
crop growth was estimated using ET for a green 
cover crop and adjustment coefficients applicable 
to the representative farm crops (Doorenbos and 
Pruett 1975, Dooreribos and Kassarn 1979). Crop
yield response to moisture stress during growth 
stages was estimated using generaliz,:d crop-yield 
rehtionships developed by FAO through research 
literature review. empirical studies, and various 

water crop-vield riodels (I)oorenbos aid Kassani 

1979). 
The relationship between FT and soil moisture 

which leads to soil-moisture deficits by crop growth 
stages, and hence crop yield reductions, is illus
trated inTable 5 for one crop (sorghurn pearl 
millet), one alternative planting period (I 5 May-
I Jun), and one rainfall pattern (tire0.50 probabil
ity rainfall). The complete analysis involves one 
relationship for each conbinatior of five crops,
four planting periods, three infiltration efficien
cies. and two rainfall scenarios. 

The Analysis 

The analysis involves, first, estimating crop yields
that might be expected with three alternative levels 
of infiltration efficiency arnd two levels of rainfall 
for each ofseveral alter nativc planting dates. Infil
tration levels chosen reflect low. medium,and high 

Table 4. Rainfall (innrm)at Kira Stalior, during tire croppiing season, Mali. 

l'rohahility lecels C'
 

4-veek perod Weeks 90 75 50 
 25 II Meica 
23 Apr 2(0 My 17 20 4 9 21 39 02 2721 Ma, 17 Jun 21 24 48 75 104 135 162 I10.4
18Jon 15 Jul 25 28 98 1.15 175 216 253 1751 JIi12 Aug 29 32 181 224 271 3211 364 271
13 Aug 9 Sep 3. 36 198 237 287 344 401 294

101Sep 7 Oct 37 4(0 
 74 103 145 195 2511 154
8 Oct 4 No% 41 44 I1) 20 40 68 1(13 49 

Iotal 831 941 1074 1219 1360 1080 

I Source (RISA 1 1984 
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Table 5. Evapotranspiration requirements (ETm) and soil moisture by time periods in sorghum/pearl millet growth 
cycle, Kita area, Mali (40% rainfall infiltration rate). 

Soil moisture 
Dates Growth stages Erm (mm) (mm) 

I Jan-15 May 0 0 
15 May I Jun 0 15.0 
I Jun-15 Jun 0 20.0 

15 Jun-I Jul Establishment 31.5 26.0 
1 Jul-15 Jul Vegetative 78.8 28.7 

15 Jul-I Aug Vegetative 78.8 43.1 
1 Aug-15 Aug Flowering 105.0 39.7 

15 Aug-I Sep Flowering 105.0 41.2 
1 Sep-15 Sep Yield formation 78.8 43.7 

15 	 Sep-I Oct Yield formation 78.8 19.0 
1 Oct-15 Oct Yield formation 78.8 17.5 

15 Oct-I Nov Ripening 
1 Nov-15 Nov 

15 No, -I Dec 
SDec.15 Dec 

Total 

levels ofefficiency (i.e., approximately 40, 60, and 
80%). Then, using the whole-farm modeling tech
nique, the optimal production plan associated with 
each infiltration rate and rainfall scenario was 
identified. 

Information generated from each solution in-
cludes: crop production and sales, home consump-
tion of food crops, resource use (land, labor, mate-
rial inputs, capital), and planting schedules selected 
in response to the rainfall soil-moisture and plant-
ET requirements. Disposable income after produc
tion expenses (excluding those for the soil-moisture 
conservation technology itself and any associited 
labor) was estimated. 

Disposable income, less returns to management 
and other household costs represent an estimate of 
the upper bound on annual costs the farmer could 
afford to pay to improve moisture infiltration. By 
comparing tile results with each rainfall/ moisture 
infiltration scenario, we can assess the differing 
farm-level effects of the three levels of soil-moisture 
conservation. In this analysis, however, the possi-
ble price-decreasing effects of yield-increasing soil-
moisture technology adopted by a large number of 
farmers was not considered. Utilizing the 50 and 
75% rainfall probability estimates provides a pic-
ture of the rainfall patterns and optimal farm 
responses 5 years out of 10 vs 7 years out of 10. 

52.5 3.3 
0 0 
0 0 
0 0 

688.0 297.2 

Conclusions 

The principal results of the analysis are shown in 
Table 6 and Figure 4. 

The analysis indicates that if farmers could 
increase their rainfall infiltration rate from, say, 40 
to 60%, disposable income would be excepted to 
rise by about 125 000 Mali Francs (M F), i.e., about 
U.S. $278 based on the 1979 currency exchange 

Table 6. Infiltration efficiency, soil moisture level, and 
farm disposable income, by 0.5 and 0.75 rainfall proba
bilities, Kita representative farm, Mali, 1979. 
Infiltration 
efficiency Soil moisture )isposable income' 
percentage (fim) 1000 MF 

1.52 0.752 0.52 0.752 
1.4) 380 297 70 27 
0.60 580 455 198 149 
0.80 784 612 296 246 
Iisposable income isdetined as net income level associed 

sstth the optimal farm management plan, prior todeductionof 
the cost of soil-noisiure conservation returns to management 

and niscellaneous houselold expenses. 
2. Rainfall probabilities. 
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Figure 4. Disposable income b infiltralion efficiencs, Kila representative farm. 

rate. Increasing efficiency from 60 to 80% would 
result in an additional income gain of slightly less 
than 100000 MF. 

If one assumes, for example, that 10% of total 
disposable income is necessary to cover the needed 
returns for management, then the amount of 
annual disposable income available for soil-mois-
ture conservation technology expenses (capital, 
interest on loans, operation, maintenance, and 
repairs) is nearly 90000-100000 MF, i.e., the aver
age gain in disposable income associated with 
improving infiltration from 0.4 to 0.6 and 0.6 to 
0.8. When developing and distributing soil-moisture 
management equipment, the research and devel-
opment community and the credit institutions 
must consider these figures as a first approxima-
tion of the on-farm cost range. 

Figure 4 suggests that during the poor rainfall 
years, improvements in soil-moisture efficiency 

can increase the amount of water available for 
plant uptake and in effect, move the farmer to 
equivalent soil moisture and income levels as those 
obtainable during the normal rainfall years. Tied 
ridges, bunding, small catchment basins, tillage 
practices that increase rainfall infiltration, and 
mulching are some of th':techniques that offer the 
potential to achieve improved moisture conserva
tion in this situation. 
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Recommandations 


Les recommandations suivantes ont etc faites par 
les divers groupes de travail. 

Groupe de travail sur les contraintes 
agroicologiques et systimes de production 

1. 	 Pour un dveloppement futur de l'agriculture 
dans la zone soudano-sah(lienne et pour une 
assistance aux institutions de recherche et de 
dveloppement, routes les publications dis-
ponibles sur les systbmes de production, le 
climat et les sols des diff&rentes rngions de la 
zone soudano-sahelienne doivent Ltre rassem-
bWes et fichces. 

2. 	 l.a zone soudano-sah(licnne ne petit Lire con-
sid6 ecomme une zone homogne. La prio-
rit& doit &tre donn~c it l'dlaboration de cartes 
des syst6ines culturaux tels qu. la culture pure 
du mil, du sorgho et leurs associations. 

3. 	 Des syntheses sur les rcnscignements disponi-hles concernant Icsol et Icclimat doivent faire 
uee cire 

ressortir l'utilit&des analyses de risque et lear 
prise en compte. 

4. 	 Des tudes systmatiques stir lc bilan hydrique, 
la croissance et les rendements permettront 
une utilisation optimale des ressources du sol 
et du climat. 

5. 	 I.es recherches de base doivent initialement 
trc entreprises stir les contraintes critiques du 

climiat qui retardent le divcloppemcnt des 
cultures. 

6. 	 Des tudes doivent &treentreprises stir l'hi& 
rog&ntit et la distribution spatiale des sols it 
trois niveaux diff&cnts : champ, pays et 
region. 

7. 	 Des efforts pour l'lIaboration de syntheses 
utiles des interactions entre les systbmes de 
production et les contraintes climatiques dans 
la zone soudano-sahdliennc poUrraient Ltre 
grandement appuyes par des :ites appropri&s 
de stations exp& imentales. 

8. 	 Des tests prcoces sur les composantes des 
syst mes de production dans les champs des 
cultivateurs peuvent favoriser la recherche et 
le transfert dc technologic. 

9. 	 I1est urgent d'utiliser des donn~es agroclima-

tologiques et p(dologiques dans l'interprka-

tion dcs donnees issues du champ du paysan. 


10. 	 Les cons quences 6cologiques ct conomiqucs 

ea. . 

de l'incorporation des cultures de rente et du 
cheptel dans les systimes actuels de produc
tion doivent Wtre tudikes. 

II. 	 Des &tudes sur la r&olte de l'eau de pluie et 
son utilisation pour l'irrigation complmcn
taire peuvent aider it assurer la stabilit des 
systlmes de production. I)'autres recherches 
sont ncessaircs pour rbpertorier l'int~r~t r&
cent des cultures de contre-saison dans la zone 
soudano-sah(iienne. 

12. 	 Des &ludessur Ic r6lc de la v~g(tation natu
rclle et ses effets stir la croissance des cultures 
dans les systnimes de production existants n&
cessitent plus datteition. 

13. 	 L.a modelisation est tin outil efficace pour
 
I'examen des options pour tne optimisation
 
des syst mes de production lorsqu'elle est
 
appliquc aux contraintcs climatiques. L'in
ventaire des modeles disponibles doit aider it
 
identifier les besoins futurs en donnties et en
 
recherche.
 

(.roupc ded travail sur I amnenagernent des sols
 
et des cultures pour l'utilisation efficace de I'eau
 

I 	 l.a priorit& devrait tre donnme ,i l'tude des
 
relations sol-eau-plante et plus particulircment
 
au travail du sol, I'amelioration de l'infiltration,
 
et tie la r~colte de l'eau, Ic contr6le des mau
vaises herbes et les syst ines d'cxploitation des
 
cultures, y compris les cultures assocics.
 

2. 	I)e telles tudes devraient trc r&itlis~cs scion 
title approchc collaborative de type r seau de 
recherche dans laquelle in ninimtirm commun 
de paranitres identiques scrait valu& de telle 
sorte que l'on puisse rccourir iIla modelisation. 

3. 	Le groupe a examine les divers probl~mes qtie 
rencontre l'agriculture pluviale et recommande 
d'Ltudier plus particuliirement : 
* 	 L.e travail du sol avec la prise en compte des 

effets ii long terme sur les proprikt(s ada
phiques, la matire organiquc et la structure

0 	 I.e billonnage cloisonn en relation avec les 
conditions idapliiques ct climatiques qui 
prvalent lit o6t cc syst6irc est appliqu. On 
fera particulibrement attention i l'utilisation 
de la traction an imale et d'instruments 
adcquats; 

0 	 I.'effet de la densit& des plantes, de l'espace
ment des rangs et des associations et de leur 
interaction stir les relations sol-eau-plante; 

0 	 Ix contr6le it I'aide d'herbicides dans cer-
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taines situations et le d~sherbage mcanique 
avec traction animale. 

Groupe de travail sur I'aminagement 
de la ferti1it6 du sol 

La faible productivit&des sols de la zone soudano-
sahlienne est due i diff~rents facteurs dont les 
principaux sont : les alkas cliinatiques; l'rosion 

oiienne et hydrique, le lessivagc la disparition 
progressive de la jachvre: et le faible niveau de 
technologic des agriculteurs. 

1. 	La prodtuctivite des sOIs 
L'amelioration de cette faible productivit&con-
siste : 
* 	 ,1prendre en consid&lation les facteurs phy-

sico-chimiq ties tels que la conservation de 
l'eau du sol, I'exploitation et la restauration 
ties sols, l'amelioration tIe la fertilit , ainsi 
que les facteurs ,conomiques lies :i la fumtire 
organique ei min&ralc: 

0 dbfinir des stratgies adapt~es i totis les 
diff&rents niveaux d'intervention. 

2. 	Technologies transl&cs ct transfirables 
Fn maticre Lie technologies trmnsfr~cs el trans-
f&rables, dans le domaine de l'amiilioration de la 
fertilit3 des sols, ilapparait importai.t de consi-
d&rer les points principaux suivants :niques 

Funiures organiques. E-mploi des fumures orga-
niquCs dansIYeS lssOciiittoos CUlturales (Ce[tiIes-
1Sgnimineuses); Ihnt~gration agriculture-01evage 

(fumier, parcage, cultures fourragbres); les pra-
tiques des engrais verts et paillage. 

IFumures inirales. Emphni tie Ia fumlure mline3-
ralc en teniant coipte des doses, des types et 
forines d'engrais, des datcs t 'apport, des noda-
lit s d'application et de I'environnement ply-
sique et &conomiquede 'agriculteur; eiploi des 
amendements tinriix (correction du pH). 

Valorisation des ressources nationales. En vue 
de limiter les importations et par consequent 
favoriser I'economie tc dcvises, il est impiortarit 
de valoriser au maximum les ressourcee natu-
relies disponibles telles quc lc phosphiate naturel, 
le gypse, la dolotnie. 

Gestion du sol. l.'aniclioration de la fertilit 
des sols doit tenir conipte des pratiques cultu-
rales aniior~es et des techniques de gestion des 
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sols telles que la conservation de l'eau, le drain
age, ]a defense et la restauration des sols, et le 
travail du sol (dont le billonnage). 

3. 	 Les besoins en recherche fondamentale
 
Par ordre prioritaire on retiendra :
 
0 	 uine approche int~gr& multidisciplinaire 

pour les diff&rents aspects de la fertilit&des 
sols: 

0 Line identification des carences et toxicit& 
par lrnients et par zone en rue d'aboutir A 
une cartographic tie la f,-rtilit des sols; 

0 tine ttude de l'utilisation de la fixation &co
logique de I'azote; 

0 	 nne tude des effets des mycorhizes stir l'as
similation par les plates do phosphore; 
t in d\veloppement de varitLts tolrantes A 
lacidit&ct l'alcalinit ct au dficit hydrique. 

4. 	Ics besoins en recherche appliqu~e 
La recherche appliqume doit tre multidiscipli
naire ct conduite en priorit en champs d'agri
culteurs. Elle doit porter stir : 
0 la dfinition de formules tie fiumure adapt~es 

et &onomilues (les doses, les dates, et les 
modes d'application, les types d'engrais) par 
I'i3tablisseietnt de courbes de rtponse, ceci 
prenant en consideration les systLmes de 
culture; 
l'itude de I'utilisation des fumures orga

ct des ressources locales: 
I'itude de fumnures speiales telles que les 
stpergranulcs di'tirc sur le riz; 

0 'application mcIaitlue des engrais.
5. 	Collaboration entre institutions 

II est sotihaiiable que la collaboration entre 
institutions nationales el internationales soit 
renforc e par tine meilleure diffusion des rlbsultats de recherche. la prbparation et l'ex&ution 
de programmes Lollaboratifs de tnani~re Aidvi
tcr Lne duplication des efforts ct de renforcer les 

ichanges entre institutions. 
6. 	Besoins prioritaires 

I.cs besoins prioritaires ci-dessous doivent faire 

l'objet d'tine attncition particulire : 
• recherche ci formation :i tons les niveaux; 
0 diffusion des rtsultats en milieu paysan 

(vulgarisation); 
0 	 aitilioration des circuits de distribution 

(coniiercia-lisation, infrastricture. etc.); 
* 	 incitations i la prodtuction ct disponibilit

du credit agricole pour les agriculteurs et les 
fournisseurs tels que prix suffisants des pro
duits agricoles, :;ubventions pour les intrants. 



Groupe de travail sur I'an6nagement des risidus 
de cultures pour le bitail et la conservation 

du sol et de I'eau 

Les paysans, int&ress~s par tine rentabilit itcourt 
terme, negligent souvent les strategies fi long terme 
de conservation du sol. Lc manque de temps et llt 
main-d'oeuvre sont des contraintes majeures it 
l'utilisation de la jachre, alors qu leImanque de 
renseignement explique ,Iasous-exploitation de 
cultures d'utilit multiple, tel le niib,, precoce. Le 
groupe a discut(, entre autres. du parcage des ani-
maux, afin de faciliter le ranassage d1 fumier et Ic 
compostage des r~sidus de r~coltc, et de l'utilisa-
tion des engrais verts. 

I. 	Renforcer les contacts entre les chercheurs et les 
paysans " tr,, ers Ies projcts de vuiigarisation cit 
de dlvelopl ment am~liors. Cela permettra 
une meilleurL utilisation Lies mnthodologies 
ex istantes et andlior~es, aiinsi qu'one mcilleure 
connaissance Lies contraintes lies au milieu 
pavsan et t l'utilisation des rsidus de r&colte. 

2. I)es 6tudcs agronomiquCs ct &conotniquesdoi-
vent tre entreprises pour optimiser les svst:rmcs 
d'utilisation des riid us ie coltc, pour tne 
prod-action int~grie agriculure c age et lIa 
conservation des sols et de ]'eau. Ccs tudes 
doiven! tre r,.alistcs 'i un niveau regional
(r'seatLI). 

3. 	Mettre an point I.s systcines de gestion intigre 
agriculture lcvage p;iturage pour maximiser 
li qualit., lia quantit, ct la gestion des risidus 
provenant ies cultures ct dcs terrains de par-
COnlrs. 

4. 	Augmenter lIt production de biomasse, en iden
tifiant des espices ct des vari~t3s vgtales. 

5. 	l) erminer les modalites d'application (qtan
titt , lrtquencc) de lit matiirc organique pour le 
maintien de la fertilit (In sol, ralentir l'&osion 
et ami1iorcr la conservation du sol et de l'eau. 

Groupe de travail sur l'incidence socio4conomnique 
des technologies aniliores des syst~mes 

d'exp)oitation 

Le groupe a dcid de se situer it trois niveaux 
parcelle, exploitation, village. A cc jour, les pay
sans ont W r~ticents it adopter des technologies 
nouvelles pour des raisons diverses : risque finan

cier, savoir-faire technique, manque d'argent et 
diverses contingences socio-conomiques. 

I. 	I.es technologies nouvelles devraient tre recoin
mand&es en concordance avcc les prob~mcs 
identifies en coninn avec les paysans. Elles 
devraicnt &tre tcstes dans les champs paysans 
avant d'&tre diffus~es, ct lc fait de rendcement 
sup&rieur West pas lc seul criterc d&cisif. 

2. On devrait faire un inventaire de toutes les 
technologies recommandcs aux paysans, de 
m&rme que des obsucles i leur adoption. 

3. 	l.es technologies doivent &tre appropries au 
site ci t d'autres contingences externes de l'cx
ploitation. Cela est particulirment important 
quand on met an point des solutions alternatives. 

4. 	Une collaboration intcrdisciplinaire pour la 
solution tie prohnmes an niveau paysan est plus 
urgente que les ttndcs sectorielles en profon6etir. 

5. 	On doit tidicr l'impact des technologies nou
velles it tous les niveaux, car tine 6tude faite au 
nivcau national on r~gional petit masquer les 
problemes an niveau dc l'exploitation. 

6. 	 i support institutionnel devrait tre fourni ati 
travers d'incitants 11i protegent les paysans 
contre les risques sWn'0 1olniques qui leiur 

happent. 
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Recommendations 


Recommendations by the various working groups 
follow. 

Working Group on Agroecological Constraints 
and Production Systems 

I. All available published information on pro-
duction systems, climate, and soils from indi-
vidual countries in the region should he con-
piled and computeri/ed. 

2. 	 Mapping of adaptation iones for diverse 
cropping systems, pure-and intercropped. 
should be prioriti/ed. 

3. 	 Agronomically significant syntheses of avail-
able soil and climate data should be prepared 
for use in risk-analysis and risk-management. 

4. 	 Systematic studies should be made on water 
balance, growth, all] yield to ensure optinal 
use of soil and climatic resources. 

5. 	 Basic research should begin with criticai cli-
nmatic constraints th1at delay the phasic devel-
opnlnt of crops. 

6. 	 Studies Ointhe heterogenCit Mind spatial dis-

tribution of soils should be nide at 
 the field. 
national, and regional lesels. 

7. 	 E-xperinlental stations should be appropriately 
sited and mininum data set-, collected to 
ensure greater colmlpatibility bctwccn crops 
and climate. 

8. 	 Field surveys and on-larm tests shotld be 
made to iproidc tile ncccssar% feedback to 
research for effccti\e technology transler. 

9. 	 Agrocliniatological aid pedological data need 
to be collected and used in interpreting and 
reporting on-farn data. 

10. 	A study should be lade onl tileecological and 
eCtlonmliC CtoiSietltlCncCs of incorporating cash 
crops and livestock in the present production 
systems. 

1I. 	Studies are needed oinrainwater collection 
and utili/ation for supplceniertal irrigation to 
help ensure the stability ol production systems 
and to facilitate the production of off-season 
irrigated crops. 

12. 	 More studies should be rnade oiltilerole of 
native vegetation and its elects oticrop growth 
in time existing production systems. 

13. 	 Inventories of available nodels and daita 
sIould be rnatclied in ain effort to identify 

needs for additional data collection, valida
tion and future research needs. 

Working Group on Soil and Crop Management 
for Efficient Use of Water 

I. 	Priority should be given to the study of soil/ 
water plant relationships with particular 
emphasis to tillage, improving infiltration. water 
harvesting, weed control, and management sys
terns including crop associations. 

2. Such studies should adopt a collaborative re
search network approach with a minimum set 
of tniforn parameters that can fit into a model. 

3. 	More generally., the group took stock of prob-
Iemts facing rainfed agriculture and recom
mended that detailed studies be nade on: 
0 soil tillage with adequatc consideration for 

long-term effects on soil properties, organic 
matter, and soil structure: 

• tle soil and climatic conditions that lend 
thenselves to the tied-ridging system with 
due attention 1toaninal tr;ction and adapted 
iinplments: 

0 tire effects ofplant density, row spacing, and 
intcrcropping. and their interaction within 
tie soil water plant system., ind 

• chemical weed control for certain soils and 
crops, and mechanical weed control using 
aninial traction. 

Working Group on Soil Fertility Management 

The main causes of low soil fertility in the Sudano-

Sahelian /one are: uncertain climate, wind and
 
water erosion, leaching. decreasing fallows, and
 
insuflicient technical kno\-how at the farm level.
 

I. Soil Productivity 

0 	 Proper attention must be given to physico
chemical factors such as soil-water conser
vation, the use and restoration of soils, 
improving soil fertility and economic factors 
linked to organic and mineral fertilitation. 

0 	 Strategies adapted to all input levels need to 
be designed. 

2. Iransferred and Transferable Technologies 
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* 	 Organic and mineral fertilizers should be 
used in intercropping, mixed farming, mul-
ching, and in correcting the pH of the soil 
with due respect for quantities, types, forms, 
application dates, and methods as well as the 
physical and economic environment, 

" 	 Maxirnum use should be made of local 
resources such as natural phosphate, gyp
sum. and dolomite to reduce spendings 
incurred in foreign currency. 

* 	 Soil fertility improvement measures must be 
related to farming practices and manage
ment techniques such as water conservation, 
drainage, proper use and restoration of tile 
soil, land preparation, e.g., ridging, 

3. Basic Research 

" 	 A multidisciplinary integrated approach 
should be used to study various aspects of 
soil fertility. 

" 	 Soil deficiencies and toxicitics must be iden-
tified, in preparation of soil fertility maps. 

" 	 Studies are needed on ecological nitrogen 
fixation, tile effects of mycorrhiza on tie 
plant's uptake of phosphorus, developmnent 
of varieties tolerant !o acidity. alkalinitv, 
and water stress. 

4. Applied Research 

Multidisciplinary applied research should 
focus on economic fertili/er uses recorded 
on a response curve, organic fertilizers avail-
able locally, special fertilizers such as super
granule urea for rice, and mechanized appli
cation of fertilizers. 

5. 	Cooperation 

* 	 National and international institutions 
should strengthen their cooperation through 
broader dissemination of the results of re
search, joint programs that avoid duplica-
tion and closer contacts, 

6. Priorities 

* There is an urgent need for (a) research and 

training at all levels, (b) dissemination of 
research data to the farmers through exten
sion services, (c) improving distribution cir
cuits (marketing, infrastructure, etc.), (d) 
providing incentives for production through 
appropriate pricing policies, subsidies for 
inputs, and farm credit facilities for both 
farmers and suppliers. 

Working Group on Crop Residue Management 

in Relation to Livestock and Soil and Water 
Conservation 

Farmers interested in short-term gain adopt man
agement strategies that neglect long-term conser
vation activ'1'ies. Time and labor are constraints to 
upgrading fallows through fodder plant produc
tion, while unawareness explains the absence of 
worthwhile multipurpose crops such as early cow
pea. The group discussed the economic difficulties 
in building fences to confine the animals, compost
ing, constraints to green manure, etc. 
1. 	Researchers and farmers should work more 

closely together to improve technologies related 
to the use of crop residues. 

2. 	Agroeconomic studies should be made on mixed 
farming, soil, water conservation, and optimal 
use of crop residue. A regional network could 
be established. 

3. 	Improved integrated crop 1livestock/ pasture 
management systems should be developed to 

imaximize on the quality. quantity, and man

agement of crop pasture residues and manures. 
and that increased4. Species advarieties thtprovideinrae 

5. Quantities, frequencies and modes of applica

tion of organic matter to maintain soil fertility, 
control erosion and improve soil/ water conser
vation must be determined. 

Working Group on the Socio-economic Impact
 
of Improved Technologies for Farming Systems
 

Three interrelated levels (plot, farm, village) were 
discussed. To date, farmers have been reticent 
about new technologies for reasons relating to 
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financial risk, technical know-how, shortage of 
cash, and various socioeconomic contingencies. 

I. 	 New technologies should be recommended in 
response to problems that have been well
defined together with the farmers. They should 
be tested in tile farmer's field before being dis
seminated; increasing yields alone is not a deci
sive criterion. 

2. 	An inventory should be made otall the technol
ogies recommended to the farmers, together 
with obstacles to their being adopted. 

3. 	 lechnologies must accon modate tile site speci
ficity and various outside contingencies of 
farms: this is especially important when design
ing alternative solutions. 

4. 	 Interdisciplinary cooperation for solving prob
lems at the larni level is more urgent than in
depth sectoral studies. 

5. 	 Studies should be made on the impact of new 
technologies at all lexels. A study designed at 
the national or regional Ictel may dissimulate a 
problem at the mlrm lesel. 

6. 	 Institutions should lproiidc support through 
incentive policies that protect Iarniers against 
socioeconomic risks beyond their control. 
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Discours de cl6ture 

J1lo Katch 

Secritaire Gin~ral du Ministere de I'Agriculture du Niger 

Messieurs les s~minaristes, -lonorables invites, Mesdames et Messieurs, 

Au moment o6fs'achve les travaux de l'Atelier international sur les sy:,,emes d'am~nagement des sols, de 
l'eau et des cultures pour I'agriculture pluviale dans la zon-- soudano-sah lienne", ilm'est agr~able de vous 
adresser mes vives f~licitations pour l'effort tant physique qu'intellectuel accompli par chacun de vous tout 
au long de ces cinq jours qu'ont dur&vos assises. 

Nous dplorons bien sincbrcment que les conditions mat~rielles dans lesquelles vous avez eu itravailler 
n'aient pas ttaussi id~ales que nous I'aurions souhait et que votre visite de terrain se soit d~roul~e sous 
une journ&e chaude bien que l'on solt en periode froide. 

Malgr&ces handicaps, vous avez pu, et c'est tout ,I votre honneur, &puiserles diff~rents points inscrits h 
votre ordre dujour. Sans vouloir porter atteinte Livotre niodestie de tcechniciens, chercheurset hommes de 
terrain, habitc' s donc "ivoluer sous des conditions s v res, nous voulons louer ici publiquement le haut 
niveau de competence dont vots avz fait preri:c. 

Criime je ledisais i I'ouvcrture de cet ateliji, vos travaux ont port sur des sujets de brcilante actualit& 
En effet apr~s vos plknires, vous avcz constitu& des groupes de travail pour rfl&hir sur cinq grands 
th':mc:. savoir : 
* 	 les contr,intes agro- cologiqucs et les systimes de production, 
* Iami.agencnt des sols ct des cultures :r(ir l'utilisation efficace de l'eau,
 
4' I'nerageient de lafertilitY
du sot, 
* 	 l'amcnagcrncnt des r sidUs de culture pour Ic h(tail et laconservation du sol et de l'eau,
* 	 l'impact soo-&conomique des technologies ameliorecs des systinmes d'exploitation. 

?Iw 'rme de vos tra\ itx, vous ave; su traiter des sujets asset divers qui ont tous trait au dveloppement 
du monde rural et vtw, ivc sugg&r des propositions et des recommandations pertinentes. Notre pays
prendra en compte c'utes ces recomnmandations et cherchera les voies et moyens pour mettre notre 
production agricolc L.l'abri des alkas climatiqucs ct autres. 

.lc ne mtalerai paF plus sur vos travaux car vous les avez discuts en long ct en large. 
.Je ne terrninerai pas sans r~it rer nos vifs remerciements aux Organisations internationales et particuli 

rernent aux bailleurs de lands notamnient I'USAII) qui a permis la tenue de cet atelier. L'ICRISAT, 
1I NRAN ct les autres organismes qui ont organist cctatelier, souhaiteraient que de telles rencontres soient 
rcguliercs car elles permecttent non seulment de faire lepoint sur des thizmes bien pr cis mais aussi c'est 
l'occasion d',changes fructueux entre d' minents scientifiques. 

A vous tous, Messieurs les l),51gubs, je dois dire combien nous avons i t&honors de votre presence 
parmi nous,et, en -. ,us souhaitant un bon retour dans vos foyers respectifs,je dclare clos I'atelier sur les 
Systbmes d'am3nagements des sols, de I'eau et des cultures pour l'agriculture pluviale dans la zone 
soudano-sah~licnne. 

Vive lacooperation internationale 

.evous remercie. 
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