
Soil and Crop Growth
Variability in the Sahel:

Highlights of Research (1990-95)
at ICRISAT Sahelian Center

J Brouwer and J Bouma

Information Bulletm no 49

J•
ICRISAT

International Crops Research Institute for the Semi-And Tropics
Patancheru 502 324, Andhra Pradesh, India

Landbouwun,verSlte,t~ Wagenlngen

Agncultural University of Wagenmgen
POBox 37, 6700 A A, Wagenmgen, The Netherlands

1997



About the Authors

J Brouwer Department of Sou SCIence and Geology (presently, Department of

Agronomy), AgrIcultural Umversity of Wagenmgen, PO Box 341, 6700 AH,
Wagenmgen, The Netherlands

J Bouma Department of SOlI SCIence and Geology, AgrIcultural UmversIty of
Wagenmgen, PO Box 37, 6700 AA, Wagenmgen, The Netherlands

Sponsor

The research reported m thIs bulletIn receIved major fmanCIal support from the
DIrectorate General ofIntematIonal CooperatIon (DGIS),
Mmistry of ForeIgn AffaIrS, The Hague, The Netherlands

Collaborating Institutions

IH InstItute of Hydrology, Wallmgford (UK)

ILRI InternatIonal LIvestock Research InstItute, AddIS Ababa (EthIopIa),
and NaIrobI (Kenya)

INRAN InstItut natIonal de recherches agronoffilques du NIger, NIamey (NIger)

IUCN World ConservatIon Umon, Gland (SwItzerland), and CambrIdge (UK)

ORSTOM InstItut francalse de recherche sCIentIfIque pour Ie developpement en
cooperatIon, ParIs (France)

PDAAT ProJet de developpement agroforestIer et amenagement de terrOIrS villageOls,
Niamey (NIger)

TropSoI1s SoIl Management CollaboratIve Research Support Program, Hawan (USA)

UNDP Umted NatIons Development Programme, New York (USA)

UmversIty of HohenheIrn Stuttgart (Germany)

UmversIty of Readmg Readmg (UK)



CItatIon Brouwer, J, and Bouma, J 1997 SoIl and crop growth vanablhty m the Sahel
mghhghts of research (1990-95) at ICRISAT Sahehan Center Informabon Bullebnno 49 (In En,
Fr ) Patancheru 502 324, Andhra Pradesh, IndIa Internabonal Crops Research Insbtute for the
SemI-And TropICs and POBox 37, 6700 AA, Wagenmgen, The Netherlands AgrIcultural
UniVersIty of Wagenmgen 48 pp ISBN 92-9066-365-0 Order code !BE 049

Abstract

SoIl and crop growth vanabIlIty m the Sahel are essenbal to the survIVal of Sahehan
ecosystems and agroecosystems The role of water, plants, animals, farmers, pastorahsts, and
agronomIc researchers m causmg, mamtammg, and changmg such vanabIllty, over dIstances
of a few meters up to hundreds of kIlometers, was mvesbgated m a 5-year project Examples are
gIven of how the resultmg Improved understandmg of tms vanablhty can help mcrease
agrICultural producbon m the Sahel- contnbute to sustamable land use, and mcrease the
effecbveness of local agncultural research

Resume

La vanablhte du sol et de la crOIssance des cultures au Sahel est essenbelle a la survle des
ecosystemes et des agro-ecosystemes sahehens Une etude sur cmq ans a examme Ie role de
l'eau, des plants, des anImaux, des paysans, des pastorahstes, amSI que des chercheurs
agronomes dans la creahon, Ie mamhen et Ie changement d'une telle vanablhte sur les
dIstances allant de quelques metres Jusqu'a des centames de kIlometres Les exemples
Illustrent comment les connalssances amSI acqUlses sur cette vanablhte pourralent permettre
d'accroitre la production agncole dans Ie SaheL contnbuer a!'expimtahon durable des terres et
augmenter I'efficaClte de la recherche agncole reglOnale

The deslgnahons employed and the presentahon of the matenal m thIS pubhcatIon do not
Imply the expreSSIOn of any opmIOn whatsoever on the part of ICRISAT or the Agncultural
UniVersIty of Wagenmgen concernmg the legal status of any country, temtory, CIty, or area, or
of ItS authontIes, or concernmg the dehmitatIon of ItS fronhers or boundanes Where trade
names are used tills does not conshtute endorsement of or diSCrImmahon agaInst any product
by eIther mshtuhon

Cover Changes WIth the seasons of a landscape near the NIger RIver, Just south of
NIamey, NIger, Apnl-December 1991
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Summary

In the Sahel, crop growth m farmers' fIelds vanes wIdely, not only between fIelds
but also between dIfferent parts of a smgle fIeld These dIfferences are generally
related to dIfferences m soIl propertIes over short dIstances (2-50 m) Although such
soIl and crop growth vanabIhty complIcates management by farmers as well as
research by agronomIsts, agrIcultural SCIentIsts have mstoncally Ignored It Tms
bulletm reports on the results of a 5-year project (1990-95) at the ICRISAT Sahehan
Center (ISC) m NIger, mvestIgatIng vanous aspects of soIl and crop growth
vanabilIty In the Sahel

The project was fInanced by the DIrectorate General of InternatIonal CooperatIOn
(DGIS), MInIStry of External AffaIrs of The Netherlands SCIentifIc support was
proVIded by the Department of SoIl SCIence and Geology of the Agncultural
UnIVersIty of Wagenmgen, The Netherlands The mam conclUSIOns from the project
are as follows

1 SoIl and crop growth vanabIlIty In the Sahel occurs on many levels of both tIme
(days to decades) and dIstance (meters to thousands of kIlometers)

2 On the regIOnal and subregIOnal scale, wetland areas deserve partIcular
attention, because they

- are areas of hIgh productIon potentIal,

allow more effIcIent explOItatIon by lIvestock of the assocIated dryland areas
small wetlands by prOVIdIng waterIng pomts for nearby dryland grazIng
areas and large wetlands by provIdmg dry-season grazmg to complement the
wet-season grazmg much further north,

can prOVIde a safety net m terms of food production dunng tImes of drought,

are suffenng degradatIon and hence need coordInated management to
preserve theIr potentIal for vanous purposes, IncludIng food productIOn and
conservatIon of bIOdIVersIty

3 On a local scale, farmers are fully aware of short-dIstance dIfferences m soIl
propertIes and crop growth, caused by, for mstance, termIte mounds or vanous
trees They aim part of theIr management strategy at reducmg or explOItmg such
dIfferences

4 SoIl and crop growth vanabIhty may have an Important role to play m reducmg
rIsk and mcreasmg yIeld stabIhty, because water and nutnents alternate m
hmitIng crop productIon m the Sahel The factor most lImItIng crop productIOn m
a partIcular fIeld can vary not only from year to year and even day to day, but
also from one small part of a fIeld to the next Thus, there IS less chance of total
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crop fallure m the whole fIeld m a partIcular year On certam soll types, crops
may also benefIt from dIfferences m the amount of water stored m the SOlI at the
end of one croppmg season and carned over to the begmrung of the next

5 In a I-hectare area m a farmer's fIeld, dIvIded mto 400 plots of 5 x 5 m, mIllet
gram productIon m one season ranged from 0 to 2885 kg ha 1 Root shoot ratIos
of the mlllet decreased wIth mcreasmg above-ground blOmass, and total root
growth was correlated wIth soll propertIes at about 10m depth Total root mass
mcreased wIth mcreasmg dry matter up to 4000 kg ha 1, then decreased agam
No smgle factor explamed thIs vanablhty m mlliet gram productIon, but
correlatIons were found WIth total rutrogen and orgaruc carbon and wIth SOlI
erOSIon the greater the erOSlOn, the less the gram yIeld Wlld phenotype mlllet
(a genetIc throwback) was promment m areas where the farmer's vanety dId not
grow well, for mstance, around aCId and eroded patches of soll MIllet breeders
may want to try mcorporatmg mto theIr cultIvars thIS relatIve tolerance of poor
condItIons exhIbIted by the WIld phenotype

6 Soll and crop growth vanablhty IS mfluenced by vanablhty m mfIltratlOn of
ramfall Even on the very sandy SOlIs of southwestern NIger, mfIltratIon at
dIfferent pomts m a farmer's fIeld ranged from 30 to 340% of ramfall ThIS
vanablhty IS related to dIfferences m topography and crustmg of the SOlI

7 ApphcatlOn of 10 t ha 1 of cattle manure and unne markedly mcreased the soIl
nutnent store at 1 5-2 0 m depth wlthm 12 months orgamc C mcreased by 1070
kg ha 1, N by 91 kg ha 1, and P by 19 kg ha 1 Simllar amounts had probably
already been leached to beyond the 2-m depth The degree of leachmg was
related to plot wetness and topographIc posItIon leachmg was most pronounced
m depresslOns and on concave slopes, least on convex slopes

8 Durmg 1992, a good ramfall year, the effect on mIllet yIeld of applymg small
amounts (15-2 t ha 1) of cattle manure and urme also depended on the
topographIc pOSItIon of the plot the yIeld mcrease was least m depressIons and
on concave slopes, greatest on convex slopes However, topographIc pOSItIon dId
not mfluence the effect of much larger amounts-up to 10 t ha 1 of cattle manure
and unne and 3-4 t ha 1 of sheep manure and unne The mteractIve effect of
manure rate and topographIc pOSItIon on mIllet yIeld m a much dner year
remams to be determmed

9 SOlI parameters vary cychcally durmg the year, m both the dry and the wet
season, IrrespectIve of manure treatment Processes mfluencmg soIl propertIes,
such as leachmg and termIte actIVIty, contmue even durmg the dry season
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Therefore, companson of soIl propertIes determmed at dIfferent tImes of the
year, such as at sowmg and at harvest, may gIVe a false ImpressIOn of treatment
effects on soIl propertIes

10 TermIte specIes that buIld large mounds, such as Macrotermes sp, can have a
posItIve effect on sOlI fertIlIty, and thus on crop growth

11 SeedlIngs of Faldherbla (AcaCla) alblda, planted out mto areas of past
Macrotermes actIVIty, also react posItIvely to the hIgher fertIlIty In farmers'
fIelds, plantmgs may therefore be more successful If concentrated on or lImIted
to the surroundmgs of old Macrotermes mounds

12 Away from the mIllet fIelds, the vegetated stnps m tIgerbush areas surVIVe on
water supplIed by the bare areas upslope of each stnp RevegetatIon of
degraded tIgerbush areas IS therefore unlIkely to succeed If seedlIngs are
planted m microdepresslOns created m a gnd pattern RevegetatIon and
explOItatIon of tIgerbush areas are best based on the same ecologICal pnncipies
as the natural tIgerbush

13 Recharge to the groundwater IS normally about 200-300 mm yr 1 under mIllet
fIelds and 10-20 mm yr 1 under tIgerbush and fallow areas Increases m the
surface area used for croppmg are therefore lIkely to raise the groundwater
table

14 Surface redIstnbutIon of ramfall (runoff-runon and subsequent mfIltratIon) m a
mIllet fIeld mcreases recharge by about 15-20 mm yr 1 WhIle thIS IS an
mSIgmfIcant amount m normal years m the NIamey area (550 mm annual
ramfall), It may be qUIte sIgmficant dunng drought years or m dner areas

15 Because soIl and crop growth vanabilIty play such an Important role m
agrIculture m the Sahel, they should not be elImmated from agronomIC tnal
areas by artifICIal means, such as blanket applIcation of fertilIzer thIS report
dIscusses several ways of handlmg such vanabilIty m the analySIS of
expenmental data
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FIgure 1 To Sahelran farmers such as thIs Fulanl woman gettrng stable crop yIelds IS a
challenge The sari and crop growth varrabllrty rn theIr fIelds may help marntarn yIeld
stabrllty
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Introduction

Good spots m a fIeld, poor spots m a fIeld are they Just a fact of hfe for farmers m
the Sahel (FIg I), an Irntatmg phenomenon whIch can for the most part be Ignored
by agncultural researchers? Or does short-dIstance vanabilIty m soIl and crop
growth, when consIdered m detaIl, also have somethmg posItive to offer? Such
detmled mvestIgatIons of vanabilIty have not been common Because of that, SOlI
and crop growth microvanabilIty IS only slowly bemg recognIzed as constItutmg, m
one form or another, an essential part of subSIstence agrIculture thIS bulletm
reports the results of a 5-year project (1990-95) at the ICRISAT SahelIan Center (ISC)
m NIger, mvestIgatmg varIOUS aspects of SOlI and crop growth varIabIlIty m the
Sahel The project was fmanced by the DIrectorate General of International
Cooperation (DGIS), MInIstry of External AffaIrS of The Netherlands SCIentifIC
support was prOVIded by the Department of SOlI SCIence and Geology of the
Agncultural UnIVerSIty of Wagenmgen

The mm of the project was to show m a general manner-to extenSIOn speCIalIsts,
to staff of development proJects, to those who fund agronomIC research, and to
agrIcultural researchers-how spatial and temporal vanabilIty permeates all of
SahelIan agrIculture and how the project helped to throw new lIght on some of that
varIabIlIty

More detaIls on soll and crop growth VarIabIlIty, mcludmg extenSIve references
to what other researchers have WrItten on the subject, can be found m the Journal
articles and conference contrIbutions that have also resulted from the project, these
are lIsted m the References section We gratefully acknowledge the mput from
farmers, students, and colleagues m collaboratmg mstItutIOns

Although the prmClples of SOlI and crop growth varIabIlIty dIscussed m thIS
report apply to most of the Sahel, our research was largely carrIed out at or near
ISC, approxImately 40 km south of NIamey m southwestern NIger (FIg 2) The
clImate around NIamey IS typIcal of the southern Sahel The ramy season IS clearly
defmed and lasts from May to September Average annual ramfall IS approxImately
550 mm and mostly falls durmg a few mtense ramstorms Dmly maXImum
temperatures dUrIng the croppmg season (ramy season) average between 30 and
40°C, dally mInImUm temperatures, between 20 and 30°C The ISC campus IS
sItuated on a gently undulating wmd-deposited sand pIam The SOlIs m and around
the campus are reddIsh quartz sands, generally qUIte deep (>3 m), WIth a slIght
mcrease m clay percentage-from <5% to <10%-with depth Because of thIS hIgh
quartz content, even the topsOIl IS generally aCIdIC and very low m fertilIty pH-KCl
around 4 a, orgamc carbon content a15%, effective cahan exchange capaCIty
(ECEC) 1 a meq 100 g 1 The SOlIs are also drought-prone, WIth an effective
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Figure 2 The north-south ram fall gradIent In western Afnca annual ramfall mcreases progressively from the edge of the
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waterholdmg capaCIty of about 8% The water table IS usually found at >25 m depth
(Wallace et al 1994)

The farmers m the area mostly grow pearl mIllet, often mtercropped wIth
cowpea The mIllet IS sown ImmedIately after the fIrst sUItable ram, m pockets
about 15 m apart, and thmned to three plants per pocket durmg the fust weedmg,
about 3 weeks after sowmg Harvest takes place m September, and yIelds average
300-400 kg ha I, dependmg on the amount of manure apphed to the fIelds (Brouwer
and Powell 1995) Manure IS supplIed by cattle and sheep that mostly graze the fallow
and bush areas by day and are corralled m the fIelds by rught dunng the dry season

Vanabillty In time and space

SOlI and crop growth vanabilIty m the Sahel occurs on many scales m both time and
space

Vanabillty In time

The most notOrIOUS examples of vanabilIty m time are the reglOnwide droughts,
coupled WIth what appears to be a general decrease m ramfall over the past 25-30
years (SlVakumar et al 1993) Local farmers are well aware of these changes The
chIef of one of the VIllages near ISC told us that farmers determme when to sow
theIr mIllet by dlggmg a hole m the SOlI by hand m the past, they sowed when the
soIl had been wetted elbow-deep (40-50 em), now they sow when the soIl has been
wetted only wnst-deep (20 em), as they feel they cannot afford to walt any longer

Farmers also feel that the mCIdence of drought penods dunng a ramy season has
mcreased These mtraseason droughts, whIle less spectacular than reglOnwide
droughts, can be nearly as devastatmg locally A few weeks' drought soon after
sowmg may kIll all the mIllet or sorghum seedlIngs m a fIeld An mtraseason
drought at flowenng time can kIll all the florets and necessItate the development of
new tillers Farmers partly counteract these pOSSIbIlIties by sowmg dIfferent fIelds at
dIfferent hmes and by growmg vanetIes of dIfferent durations, eIther m separate
fIelds or m the same fIeld, where up to three vanetIes may be sown (FIg 2)

Sandstorms or a sudden occurrence of msect pests can also cause vanabilIty on an
even shorter time scale
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FIgure 3 Near Btrnt N Konnt, NIger, farmers spread nsk by sowmg a mtllet/sorghum
mtercrop

Vanability In space

SpatIal vanabIhty hkewlse occurs over a range of scales On the regIOnal scale there
IS the north-south ramfall gradIent, WIth annual ramfall mcreasmg progressIvely
from the edge of the Sahara southwards (FIg 2) PastoralIsts graze theIr herds on
the grasslands m the north dunng the wet season, often usmg for dry-season
grazmg the major floodplams of the regIOn (Senegal, NIger, HadeJIa, Logone, and
Chan nvers) WIthout the avaIlabIlIty of these floodplams for grazmg, the
productIon potentIal of the northern grasslands cannot be fully utIlIzed Such
tradItIonal uses of the floodplams should be taken mto account when these
wetlands are developed for other purposes, such as Irngated agnculture (Breman
1992, Brouwer and Ouattara 1995)

On a smaller scale, lIvestock manure and unne transfer nutnents from the bush
and fallow grazmg areas to mIllet and sorghum fIelds Farmers depend on thIS
transfer of fertIlIty for contmuous croppmg of the fIelds near theIr huts Because of
populatIOn mcreases, the area of mIllet fIelds IS mcreasmg, and the area of fallow
and bush land IS decreasmg ThIS not only reduces the avaIlabIlIty of grazmg land
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and of manure, but also affects the aVaIlabIhty of wood for fuel and construction
and of plant products used m tradItional medicme and for other purposes Here,
too, the spatial vanabIhty essential for tradItional land use IS becommg unbalanced
due to the growmg population pressure and pOSSIbly to longer-term clImatIc
changes, such as recent droughts The decreasmg ramfall predIcted for the western
Sahel because of the greenhouse effect (Brouwer and Mulhe 1996) wIll further affect
the ecologIcal balance

The hvestock mvolved m the transfer of nutnents to mIllet and sorghum fIelds
need daily watermg, and local wetlands, often qUIte small, are used for such
watenng The wetlands also prOVIde opportunitIes for fIshmg and huntmg, for
collectIon of WIld plant products, and for dry-season agnculture (FIg 4) Dry
season agnculture around these small wetlands, whether Irngated or usmg resIdual
water followmg floods, generally prOVIdes hIgher-qualIty foods (vegetables, pulses)
as well as cash crops and IS partIcularly Important as a fallback followmg poor ramy
seasons The smaller wetlands also often have a hIgher level of fIsh productIon and
support hIgher densItIes of bIrd hfe than larger wetlands The hIgher productIon IS

Figure 4 A wetland In the Saheltan zone northeast of Zlnder As areas of high potential
productiVity wetlands should be managed With care to keep them from being
degraded
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probably related to a hIgher nutnent loadmg of smaller wetlands (Brouwer and
MullIe 1994a, Mullie and Brouwer 1994)

Unfortunately, there IS no coordmated management of these small, hIghly
accessIble wetlands, m spIte of theIr hIgh productIon potentIal and relatIvely low
productIon nsk As a consequence, many of them are suffenng vanous forms of
degradatIon, such as erOSIOn, sedImentatIon, salImzatIOn, and destructIon of the
natural vegetatIOn (Brouwer and MullIe 1994b) Research mto the sustamable use of
small wetlands for agnculture and other purposes may well prove to have a
profound Impact and be hIghly cost-effectIve, gIVen also the probable Increase In
use of wetlands due to populatIon growth and clImatIc changes (Brouwer and
MullIe 1994a, 1996, Brouwer and Ouattara 1995, Brouwer et al In press)

On an even smaller spanal scale, consIderable vanabilIty eXIsts between fIelds
DIfferences between frelds relate partly to dIfferences along toposequences, partly
to the gradIent of decreasmg fertIhty (and decreaSing mtensity of management)
from human habItatIon outward (FIg 5) Both phenomena are well documented
Farmers react to both by SOWing dIfferent crops or vanetIes m dIfferent fIelds

FIgure 5 Millet growth around thIS village near NIamey reflects the underlymg soli
fertlffty gradIent, whICh IS hIghest close to human habItatIon
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Fmally, there IS the wlthm-fIeld mlcrovanabllIty, WhICh has been defmed as "sOll
vanabllIty over relatIvely short dIstances (approxImately 2-50 m), wIth dIfferences
m soIl propertIes whIch do affect hydrologIcal behavIor and plant growth, but
whIch are too small m value or extent to warrant separate classIfIcatIon and/or
separate mappmg" (Brouwer et al 1993b) Most of the effort In our project was
focused on thIs WIthIn-fIeld vanabllIty, whIch, after all, IS prevalent throughout the
Sahel but has receIved relatIvely lIttle attentIon

How farmers perceive and use small-scale vanabillty

Farmers are well aware of short-dIstance dIfferences In soll propertIes Part of thel!
management strategy IS almed at explOltmg or reducIng such dIfferences For
Instance, some farmers near Gaya, m the Sudaruan zone of southwestern NIger, sow
sorghum around large old termIte mounds In theIr mIllet fIelds Sorghum reqUlres
better water and nutnent avaIlabIlIty than mlllet, and farmers know that these can
be found around the larger termIte mounds Near NIamey, NIger, and near
CInzana, Mall, farmers put branches, weeds, or crop reSIdues on the scars of
abandoned large termIte mounds they say thIS aSSIsts the rapId breakdown of the
hard scar (by attractIng other termIte speCles that open up the SOlI) and that these
spots soon produce very good mIllet or sorghum

In the VIllage of Bellare, close to ISC, we dIscussed crop growth vanabllIty WIth
the VIllage chIef Some of hIS remarks were famIlIar, others gave new food for
thought

- "Good" spots catch sand, "bad" (eroded) spots lose sand and get worse Thus
dIfferences In crop growth become more pronounced

- The sOli IS always "hot" (chaud) under FaJdherbia (AcaCia) albida trees, due to
the manure deposIted there Hence the crop there expenences problems when It
does not have enough water, Just as It does In the open fIeld, where manure can
burn the crop when there IS httle ram

- Drought does not have the same effect on all fIelds, It IS worse on "tIred" fIelds

- MIllet IS not equally senSItIve to drought at all stages, It IS partIcularly senSItIve
at flowerIng

- Farmers prefer 3 average years to 2 excellent years plus 1 poor one

- A farmer's fIelds are not always close together thIS IS not a conSCIOUS chOIce to
aVOld nsk-lt Just happens
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- To enable some plants In each pocket to surVIve drought, some farmers do not
tlun seedlIngs, however, wIthout tlunnmg, yIelds wIll be relatIvely poor In good
ramfall years

- Good raInfall does not guarantee a hIgh gram yIeld, nor does poor ramfall
necessanly mean a low gram yIeld Even when crop growth IS good, "worms"
(vers) or grasshoppers can reduce the yIeld

Another farmer m nearby DIakmdi helped us evaluate the effects of trees and
shrubs on mIllet growth vanabilIty Such effects seem related to the tree or shrub
specIes, Its attractIveness to hvestock, Its age, and Its management Our mam
observatIons follow

- Under older trees of F alblda, mIllet grows much thIcker and darker than In the
open fIeld The farmer explamed that thIs well-known"albida effect" IS due
largely to the manure and urIne left by lIvestock that come to rest m the shade
or to feed on fallen or lopped-off frUlt and branches Because these trees lose
theIr leaves at the begInnmg of the raIny season, they do not compete wIth the
growmg mIllet for lIght The albida effect IS not eVIdent under young trees,
whIch are too small to produce much fodder

- Under trees of PJ1lOsfJgma retlculata, mIllet growth IS poor, because of
competItIon for hght and water, however, mIllet growth ImmedIately outsIde
the canopy IS very good, because of the manure and unne deposIted by ammals
feedIng on the Pl.!JostIgma pods

- The effect of BalanItes aegyptIaca trees on mIllet growth IS sImIlar to that of
P retIculata, though much less marked

- MIllet growth under and around trees of Parman macrophylla IS poor NeIther
leaves nor fruIt of thIS tree are eaten by lIvestock, and It competes WIth mIllet for
lIght, water, and nutrIents SImIlarly, mIllet growth IS poor under trees of
baobab (Adansoma dlgltata) and kante (VItellana paradoxa)

- On the slIghtly raIsed areas around small bushes of Gwera senegalensls, mIllet
grows better than m the open fIeld The farmers, who know that the sOlI IS
probably more fertIle In these spots, sow theIr mIllet more densely ImmedIately
around the bushes They then cut back the bushes to near ground level, and
often burn them, before the start of the ramy season or at fIrst weedIng, to
reduce competItIon wIth the mIllet for hght, water, and nutrIents
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- DIfferences m growth under and around other tree specIes (Annona
senegalensls, Combretum spp) relate more to preexistmg fertihty differences,
such as old termIte mounds, than to dIrect or mdued effects of the trees

Farmers near Dosso, 150 km southeast of NIamey, use mIcrovanablhty SImIlarly
Bushes of Pergulana (probably P tomentosa) are dehberately left, even planted on
purpose, m fIelds WIth mIllet, cowpea, and sesame Crops are saId to grow better
near the shrubs, perhaps because they trap sand and reduce erOSlOn The shrub has
medlcmal value and IS also used as a dye

Another clear example of sIte-specIfIc management, wmch we noted near Dosso,
IS the sowmg of pumpkms at the end of the ramy season m the loose sand
depOSIted by floods the sand acts as a mulch and reduces the evaporatlon from the
underlymg heaVIer soIl

Of course, farmers not only use spanal vanablhty to theu advantage, they also
try to reduce It In vanous parts of the Sahel, they apply crop reSIdues, hvestock
manure, weeds, mIllet chaff, chaff compost, domestic waste, and town refuse to
eroded areas, eIther on the surface or m shallow holes (FIg 6) The orgamc matter

4 '
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Figure 6 An eroded area near Dual/am, 100 km north of Niamey, bemg reclaimed by
application of sheep manure
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catches sand, adds nutnents, and encourages soIl bIOlogICal actIvIty that breaks up
crusts and mcreases the mfIltratIon of raInfall

SImIlar techmques are also used m "good" parts of a fIeld near Cmzana, Mall, the
mIllet bemg sown where small holes had been fIlled WIth collected weeds the year
before Another practIce IS for small VIllages to be moved every few years to a poor
growth area m one of the fIelds The household waste left behmd helps regenerate
soIl fertIlIty and reclaIm unproductIve areas (FIg 7)
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Figure 7 Excellent millet growth at a site where the Village huts once stood The
household refuse left behmd Improves fertility m poor growth areas

How researchers view small-scale variability

TradItIonally, agronomIsts have VIewed mIcrovanabIlIty as a nUIsance It dIstorts
treatment averages and complIcates the mterpretatIOn of expenmental results
Large coeffICIents of vanabIlIty and large reSIduals mean that often no statIstIcally
sIgmfIcant dIfferences are found between treatments Hence, mIcrovanabIlIty
wIthm expenmental areas has often been Ignored

AlternatIvely, the vanabIlIty over the entIre expenmental area IS reduced by
artIfICIal means, such as blanket applIcatIons of fertIlIzer (FIg 8) As a result, many
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Figure 8 Millet growth In expenmental fields, left natural soil vanabllity, at nght
vanabllity has been reduced by blanket application of phosphorus

expenmental statIOns m the Sahel have a fertIlity status markedly dIfferent from
that of the surroundmg farmers' fIelds, for example, 90% of the fIelds surveyed at
one statIon have an aVailable P level 3-30 tImes that found m most farmers' fIelds
and well above the response threshold for mIllet

However, agronomIsts have begun to recogmze that many types of vanabIlity
are essentIal components of subsIstence agnculture Use of dIfferent crops and
vanetIes and of dIfferent management methods IS conSIdered an mtegral part of the
farmers' nsk-reductIon strategIes m an enVIronment they cannot control-a means
of reachmg a certam mImmum yIeld each year rather than a hIgh average over
several years

Brouwer et al (1993b) showed that soIl and crop growth mIcrovanabIlity, too,
may contnbute to nsk reductIon and yIeld stabIlity m the Sahel They showed that
dIfferent parts of a fIeld may gIVe the best yIeld m dIfferent years, and related thIS
to uneven and unequal avaIlabIlity of water and nutnents m a fIeld Some parts of a
fIeld may be relatIvely fertIle but also relatIvely dry, other parts may be less fertIle
but wetter Dependmg on the ramfall durmg a partIcular year, the chIef factor
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FIgure 9 Year-to-year vanabJllty In gram yields (kg ha 1) m the same fIeld, areas that gave
poor yields m most years (1985-88) gave relatIvely goodyIelds m a drought year (1984)
(Source L Fussell, unpublished data)

hmItmg production may be eIther nutrIents or water, and eIther the most fertile or
the wettest parts of a fIeld may produce best

FIgure 9 Illustrates thIS for a fIeld at ISC the areas of relatively poor yIeld dunng
most years (1985-88) were areas of relatively good yIeld dunng a drought year
(1984) On certam soIl types, crops may also benefIt from dIfferences m the amount
of water stored m the soIl at the end of one croppmg season and earned over to the
begmmng of the next
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Tlus concluslOn of Brouwer and colleagues IS to some extent contrary to the
conventIonal opmlOn that the major factor lImItmg agncultural productlOn IS lack of
water m the northern part of the Sahel and lack of avaIlable nutrIents further south
In fact, water and nutrIents alternate m lImItmg crop productIon Withm a fIeld,
they can alternate not only from year to year (good ramy season vs poor ramy
season), but also from week to week and even from day to day (before and after a
ramstorm followmg a dry penod) (Brouwer 1996) In fact, water may be lImItIng In
some parts of a fIeld (where the crop IS already wIltmg), whIle nutnents may be
lImItmg m other parts (where there IS stIll some water stored m the sOlI)

thIS spatial vanabilIty also has a temporal aspect Because hIgher soil fertility
generally means more rapId development, a crop wIll develop unevenly where
there IS SIgnIfIcant microvanabilIty thIS means that the whole crop wIll not be
equally sensItIve to the same envIronmental factors at the same time drought
around flowermg tIme IS less likely to wilt all the florets on all the mflorescences,
and the occurrence of a particular pest or dIsease may not WIpe out the whole
harvest (Brouwer et al 1993b) RISk reductlOn through dIverSIty IS an ecologIcal
pnnCIple that IS also relevant m agncultural enVIronments

Crop growth variability In a farmer's field

Because what happens m farmers' fIelds should determme to a large extent the
research done on-station, an on-farm study was InItiated, managed by the
UnIVerSIty of Hohenhelm and WIth major mput from ICRISAT A 100 x 100 m area
m a farmer's mIllet fIeld was dIvIded mto 400 plots of 5 x 5 m For each plot, data
were collected on sowmg date, pocket denSIty, development, and yIeld of the local
mIllet vanety and the WIld phenotype, or I shIbra", denSIty and yIeld of
mtercropped cowpea, manure depOSItion, and SOlI crusting For each 10 x 10 m area,
bulked soIl samples from three depths were analyzed for parameters such as pH,
organIc C, N, P, exchangeable bases, and aCIdIty A contour map and a map
showmg features such as shrubs, trees, termIte mounds, and footpaths were also
made 5011 samples were taken at several pomts to a depth of 2-3 m for root denSIty
measurements

As expected, the soil at the SIte showed large relative, If small absolute,
dIfferences In varIOUS parameters For mstance, for the 100 samples from the 0-0 2 m
depth, pH-KCl ranged from 385 to 474 (average 4 On organIc C from a09 to
a20% (average a14%), and ECEC from a65 to 165 meq 100 g 1 (average 095 meq
100 g 1) (Wallace et al 1994)

SOWIng denSIty also vaned enormously the average denSIty for mIllet was
4600±1260 pockets ha I, for cowpea, 886±463 pockets ha 1 ThIS was partly due
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dIrectly to sod dIfferences, partly to the farmer's takmg these sod dIfferences mto
account when sowmg and therefore managmg dIfferent parts of the fIeld
dIfferently

The dIfferences m sod and sowmg densIty were reflected m the bIOmass
productIOn total above-ground dry bIOmass of mdlet at harvest averaged
3350±1964 kg ha 1 (range 27-13 954 kg ha 1, on a 5 x 5 m plot baSIS) Of thIS, on
average, 7% consIsted of the wIld shibra mIllet rather than the local vanety
CultIvated mIllet gram productIon averaged 650±391 kg ha 1 (range 0-2885 kg ha 1)
(Wallace et al 1994) There was a good log-log correlatIon between mdlet tiller
weIght and leaf area mdex (Levy et al 1996) There was also a good decreasmg
relatIonshIp between root shoot ratio and above-ground blOmass Root shoot ratios
ranged from 0 7 to 15, the hIgh ratIo of 15 m one plot comCIdmg WIth a hIgh
alummum concentratIon and the presence of a very hard sod crust

Total root length, on the other hand, was found fIrst to mcrease WIth mcreasmg
above-ground dry matter production, then to decrease ThIs we mterpret to mean
that up to an above-ground bIOmass of about 4000 kg ha 1, sod condItIons lImIted
root as well as shoot growth Above thIS threshold, sod condItIons m most plots
mvestIgated apparently Improved enough to support more shoot mass WIth less
root length (Table 1) In addItion, WIth mcreasmg above-ground dry matter, root
length denSIty mcreases occurred at ever greater depth (Table 1) ThIS supports the
VIew that the total depth of SOlI WIth characterIstics SUItable for mdlet roots-that
IS, the depth of sod depOSIted by the wmd rel-hvely recently-plays a role m
determmmg root as well as shoot growth Indeed, total above-ground dry matter IS
better correlated WIth root length densIty at 090-105 m depth than at any other
depth (r2=0 61) At thIS depth, root length denSIty appears to be negatively
correlated WIth AI+++ concentration (mhlbitIng root growth?) and water-soluble P (a
hIgh concentration of water-soluble P enables the plant to take up more P WIth less
root length) and pOSItively correlated WIth mtrate-N

So far, correlatlOn analySIS of mdlet gram productIon and soIl factors has faded to
IdentIfy any smgle causal factor for mIllet yield VarIabIlIty (Stem et al m press) The
hIghest correlatlOns were found for total N at 0-02 m depth (r=O 41) and at 02-04
m depth (r=O 31) and orgamc C at the same depths (r=O 37 for both) Negative
correlatIons (r=-O 25, approXImately) were found WIth ECEC values at all depths
These negative correlatIons are probably related to mcreases m clay content WIth
depth and erOSlOn of the surface sod Where the sod IS more eroded, It IS less
fertile, but also has a hIgher clay content, and thus a hIgher ECEC, close to the
surface The negatIve correlatIon WIth CEC IS m fact a negatIve correlatIon WIth
mIcrotopography where the CEC IS hIgher at the surface, there has been more
erOSIOn and thus a lowenng of the sod surface ErOSIOn on these sods generally also
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Table 1 Average charactenstlcs of vanous millet shoot growth classes, Bellare, August-September 1992

Dry matter class 16/9 0- 1000- 2000- 3000- 4000- 5000- 6000- 7000- 8000- 9000-
(harvest) (kg ha 1) 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 >10000

Number of plots (n=400) 35 56 91 104 43 34 16 11 3 3 4
Frequency 009 014 023 026 011 009 004 003 001 001 001

Dry matter (kg ha 1)
Total above-ground 571 1525 2493 3504 4426 5424 6497 7492 8430 9343 11316
Straw 397 1038 1669 2347 2985 3715 4416 5329 6093 6498 8136
Gram 94 296 514 725 897 1071 1312 1363 1477 1836 2089
Harvest mdex 015 021 021 021 021 021 021 019 020 020 018
Roots (kg ha 1) 360 560 770 940 930 880 820 790 760 740 725
Root shoot raho 063 037 031 027 021 016 013 011 009 008 006

Root length densIty (em em 3) at SOlI depth (em)
0-15 030 080 115 120 100 080 070 055 050 040 040

15-30 020 045 075 090 075 055 035 035 035 035 035
30-45 010 025 040 050 045 035 030 025 020 020 020
60-75 005 012 018 025 030 032 028 022 018 014 012

90-105 001 003 005 007 009 011 013 015 017 019 021
120-135 001 002 004 006 007 009 007 005 003 001 001
150-165 001 002 003 003 004 005 006 004 002 001 001
180-195 001 002 002 002 002 002 003 002 001 001 001

Total root length
0-203 em (km m 2) 125 307 471 557 520 458 387 335 296 266 266



FIgure 10 Not all ram mflltrates the sot! where It falls
even on very sandy SOIls, puddles and dry spots are VISIble
dUring ramfall

means a harderung of the soIl surface All hard areas, eIther partly eroded termIte
mounds or eroded depreSSIOns, show relatively poor mIllet growth and gram
production (Brouwer et al 1994, Stem et al In press)

Usmg a new mathematical method to quantify the SImIlarIty between the spatial
patterns of mIllet production and varIout> soIl parameters, we found an even better
correlatIon between ECEC at 0 7-09 m depth and mIllet gram productIOn, showmg
clearly the effect of ECEC on mIllet root growth at that depth (Stem et al m press)

Where cultIvated mIllet growth was poor, shibra growth was proportionally
greater, m the poorest mIllet growth class, the shibra produced up to 35% of the
straw and 21% of the gram Although thIS wIld phenotype IS generally conSIdered a
weed, It IS often used to make couscous, when It IS harvested before It IS qUite rIpe,
to keep the seeds from fallmg to the ground

Short-distance vanablhty In rainfall infiltration

BeSIdes the soIl phySIcal and chemIcal propertIes, varIabIlIty m the aVaIlabIlIty of
water also affects crop growth ThIS IS often Ignored m agronomIC experIments m
the Sahel, for example, m the calculation of water balances of dIfferent varIetIes of a
partIcular crop, or of a smgle varIety under dIfferent types of management Where
changes m SOlI water storage are measured m such experIments, they are usually
measured WIth a smgle neutron probe access tube m each plot In addItIon, these

calculatIOns assume that
all the ram mfIltrates
where It falls

But thIS assumptIon
may not be correct
Even on very sandy
SOlIs, both puddles and
relatIvely dry spots are
VISIble dunng ramfall
(FIg 10) ThIS mdicates
local redIstnbutIOn of
ramfall through short
dIstance overland flow
withm the fIeld, even If
there IS no runoff from
the fIeld One way of
quantIfymg local
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mfIltratIon of ramfallis to measure soIl water storage ImmedIately before and after
a ramstorm and compare the change m SOlI water storage wIth the amount of ram
caught m a ramgauge, assuffilng that the wettmg front m the soIl has not penetrated
beyond the maXImum depth of measurement The ratio of change m storage to
actual ramfallis called the ramfall concentration factor (RCF) An RCF of <1 0
Imphes net runoff at the pomt of measurement, an RCF of >1 0 Imphes net runon
(Gaze et al 1996)

In collaboration WIth the Institute of Hydrology and the Umverslty of Readmg m
the UK, we studIed mftltratIon of ramfall m a tradItionally managed mIllet fIeld
near ISC durmg 1992-94 The soIl was >90% sand The RCF values vaned WIdely
(0 3-3 4) between the neutron probe access tubes, WIth about 20% of the values
bemg outSIde the range a6-1 2 (Gaze et al 1996) There was a fau amount of
conSIstency between storms, WIth spots at the extremes of mflltratIon showmg
conSIstently htgh or low RCF values However, changes m crop cover and degree of
crusting, as well as dIfferences m ramfall amount and mtenslty, WIll all affect the
RCF values calculated for a particular access tube (Gaze et al 1996)

Clearly, not all ram mfIltrates where It falls, even on very sandy salls It IS
Important to recognIze thIS from the pomt of VIew of water balance calculations
where m the range of a3-3 4 does the RCF of a particular access tube fall? It IS also
Important from the pomt of VIew of soll and crop growth vanablhty what effects
WIll such dIfferences m mflltratlOn have on water storage and nutrIent leachmg and
how WIll they affect yIelds and yteld stablhty?

Applymg manure for optimum crop production

In the farmer's fIeld we studIed, plots on the eastern SIde of the expenmental area
showed excellent mIllet growth Adjacent to these plots, Just outSIde the
expenmental area, IS a well The ammals that are taken to be watered at the well
dunng the dry season leave large amounts of manure and urme, whIch promote
mIllet growth (FIgS 11, 12) However, It IS thIS same area around the well that gets
manured every year How effective IS thIs use of a scarce fertIhzer resource? Some
answers to thIS questlon have come from a manunng tnal set up by the
International LIvestock Centre for AfrIca (ILCA) at ISC, whIch we momtored m
part

ThIs expenment tracked the movement of N, P, and orgamc C through the SOlI
followmg apphcahon of manure Small plots were giVen sheep and cattle manure m
two ways (1) the ammals were coralled on the plots for 1 or 3 mghts, (2) an
eqUIvalent amount of manure (WIthout much of the urme) was earned to the plots
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Figure 11 Crop growth vanability In a farmer s field at Bel/are near ISC Millet
growth around the well (nght foreground) where livestock are watered IS
markedly better than In other parts of the field
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Figure 12 Ammal manure IS the chief source ofsot! nutnents In the Sahel
Sheep and cattle graze fallow areas by day and depOSit their manure and
unne In millet fields where they are corralled by mght
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from stalls where sImIlar ammals were kept overmght NutrIent movement was
tracked usmg soIl samples taken from several plots to a depth of 19m, fIve tImes
over 1 year, FIgure 13 shows the course of orgamc C movement

A maJor conclUSIOn from thIS manunng expenment was that, at least on the sandy
SOlI at ISC, there can be consIderable leachmg of nutrIents CalculatIOns showed that
withm 1 year after the applIcatIon of 10 t ha 1 of cattle manure (a rate that does
occur m farmers' fIelds), SOlI nutrIent store at 15-20 m depth had mcreased by 91
kg ha 1 of N, 19 kg ha 1 of P, and 1070 kg ha 1 of orgamc C SImIlar amounts had
probably been leached to beyond the 20m depth (Brouwer and Powell 1995, 1996)

These fmdmgs clearly show that such large amounts of manure need not be
applIed every year, although that does happen, for mstance, around wells, as at the
on-farm SIte To reduce leachmg losses, It would be more effICIent to apply smaller
amounts of manure more frequently, rather than large amounts less frequently
(Brouwer and Powell 1995, 1996) The appropnate smaller amount depends on the
mdividual plot YIeld and nutrIent balance data for mdividual plots (Table 2) show
that, although the average yIeld depends on the number of mghts lIvestock were
corralled m a plot, the maXImum yIeld IS scarcely mfluenced by thIS factor Withm a
treatment, the ratIo between hIghest and lowest Yield IS much mgher for the one
mght than for the three-mght treatment From thIS, we conclude that one mght of
manunng each year (manure and urme about 2 8 t ha 1 from cattle or 3 0 t ha 1 from
sheep) IS enough to attam maXImum Yields on some plots but not on others
(Brouwer and Powell 1995, 1996) SImIlarly, three mghts of manunng each year
(10 t ha 1 of cattle or sheep manure) IS probably adequate on some plots but too
much on others (Bouma et al 1995, 1996)

For the most effICIent use of the manure avaIlable, we need to know whIch plots
should receIve one mght's worth of manure and whIch three mghts' worth The
ILeA expenment gave a fIrst mdicanon For each plot, the relatIve wetness (amount
of mfIltratIon) was determmed from water content of some of the soIl samples
Withm each of the four treatments, the wettest plot (1 e, the one WIth the deepest
dramage and the most leachmg) showed the hIghest net losses of Nand P (Bouma
et al 1995, 1996)

Subsequently, plot wetness was related to microtopograpmcal pOSItIon Wetness
of mdividual plots correlated well WIth plot pOSItIon on the slope, as mferred from
the 005 m contours on a speCIally prepared topographIC map plots on concave
slopes or at the bottom of depreSSIOns were the wettest, followed by those on flat
crests, and next by those on straIght slopes, plots on convex slopes were the dnest
(Table 2)

As net nutrIent balances were negatIvely correlated WIth plot wetness (Bouma et
al 1995, 1996), whIch, m turn, was correlated WIth plot pOSItIon on the slope, It
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Table 2 Yields, Nand Pbalances (m kg ha 1 for the top 20m of sOil), May 1990-May 1991, usmg average background
values for May 1990 Data from ILCNlCRISAT/Agricultural University of Wagemngen experiment on manure application,
ICRISAT Sahehan Center, Niamey, Niger

YIeld (kg ha I) Ratio hIghest lowest yIeld
Net Net

Manure PosItion balance balance
SpecIes Nightsl (kg ha 1) Wetness2 on slope Gram Stover Dry matter Gram Stover Dry matter N P

Cattle 1 2970 3 Concave 356 1428 1783 177 -167
Cattle 1 4030 2-3 StraIght 1288 4429 5717 36 31 32 454 -157
Cattle 1 1530 2 Crest 814 3970 4785 260 -241

Cattle 3 8460 3 Crest 974 3914 4888 -11 -67
Cattle 3 9830 2 Convex 751 3814 4566 14 13 13 251 -43
Cattle 3 9430 2 Convex 709 3078 3787 329 244

Sheep 1 2810 2 Concave 1154 3763 4917 16 17 17 314 -108
Sheep 1 3160 1 Convex 717 2181 2898 464 -18

Sheep 3 11940 3 Concave 875 3955 4830 -200 -108
Sheep 3 9100 2 StraIght 626 3966 4593 14 11 11 236 -151
Sheep 3 9050 1 Convex 802 3480 4282 210 58

Control 0 0 2-3 Concave 243 855 1098 35 -25
Control 0 0 2-3 Crest 361 1575 1936 24 19 20 179 -163
Control 0 0 2 StraIght 153 821 974 -80 -151
Control 0 0 1-2 Straight 357 1373 1730 321 -211

1 Number of mghts lIvestock were corralled m plot
2 Wetness l=low 2=average 3=lugh (estlmated ramfall mfIltrahon)

Source Bouma et al 1995
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would appear that scarce nutnent resources are best apphed where leachmg would
be lowest, that IS, to plots on convex slopes, flat crests, and possIbly straight slopes,
m that order, but not m depressIons

Such targeted apphcatIOn would reduce the losses of N, P, and C through
leachmg on these very sandy soIls However, crop productIon IS also hmlted by lack
of water, and m dry years or years wIth a pronounced mtraseason drought, low
spots may be the only areas m the fIeld where enough water IS avaIlable when the
crop most needs It (see Brouwer et al 1993a, 1993b, Gaze et al 1996) ThIs aspect
needs to be taken mto account m applymg manure and reqUIres further
mvestIgatIOn

Another aspect to consIder m targetmg manure apphcatIOn IS the combmed effect
of topographIc posItIon of the plot and the type and rate of manure apphed The
ILCA manurmg expenment mdlcated how thIS combmed effect mfluences mIllet
yIelds

Cattle manure

- On flat crests or convex slopes, 1 5 t ha 1 yr 1 of manure wIth unne, deposIted by
cattle corralled on-SIte for one mght, seems adequate for obtammg good yIelds
(800 kg ha I, or two to four tImes the yIelds of the control plots) Thus, 9-10 t ha I

yr l of manure appears exceSSIve

- Where 5-10 t ha I of cattle manure was apphed even on a relatIvely dry, convex
slope or a crest, large amounts of nutnents were leached to a 2-m depth
Therefore, 1-2 t ha 1 of cattle manure applIed every year may be more effICIent
than 5 t ha I every 2 or 3 years

- On a straIght slope, 4 t ha I yr 1 of cattle manure and unne IS more than enough
for attammg good mIllet yIelds

- On a concave slope, 3 0 t ha 1 yr 1 of cattle manure and unne was not enough to
obtam a good mIllet yIeld Whether larger amounts should be applIed m such
SItuatIons IS dIscussed below

Sheep manure

The effect of sheep manure and unne appears to be mdependent of the topographIc
pOSItIon of the plot On both concave and convex slopes, 28 t ha I yr 1 of manure
and urme, depOSIted by sheep corralled on-SIte for one mght, gave an excellent
mIllet YIeld (800 kg ha 1) Tills may be because sheep unne mcreases soIl pH
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markedly, so that, even m leached areas, the low soIl pH no longer lImIts mIllet
growth Cattle urme does not have the same effect

Sheep manure IS also broken down and leached more slowly than cattle manure
(see Brouwer and Powell 1995) For the most effective use of nutnents, therefore,
cattle manure and urme could perhaps best be applIed m the hIgher, less leached
areas, and sheep manure and unne m the lower, more aCId areas ThIS posSIbIlIty
needs to be confIrmed through further mvestIgatlOn

We emphasIze that the data on whIch we based our concluslOns regardmg mIllet
yIeld and manure applIcation rates were obtamed dunng a year wIth good ramfall
dIstnbution, except dunng a 3-week dry penod m August The results may be
dIfferent m years wIth dIfferent ramfall dIstnbution

Tllis expenment raIsed one other question If at the outset some of the
expenmental plots were Inherently wetter, some Inherently dner, how were they
dlstnbuted over the vanous treatments, and how mIght thIS have affected
expenmental results? Background soIl values need to be measured for mdIvldual
plots, rather than averaged fOL expenmental blocks or whole expenments, thIS WIll
be dIscussed later

Natural vanabillty of SOIl parameters durmg the year

SoIl nutrIents show a natural vanabllIty over the year In the manure applIcation
expenment, control plots also showed changes m concentrations of N, P, and C
wIth time The mcreases m nutnent concentration near the surface at the begmnmg
of the growmg season (May-July) and lower down somewhat later, are caused
partly by natural background levels of leachmg partly by the development of the
mIllet root system At the end of the ramy season, when the mIllet IS harvested, the
SOlI IS often shll near fIeld capaCIty Leachmg and breakdown of orgamc matter can
contmue well mto the dry season, as long as there IS suffICIent m01sture m the
ground TermItes may also contmue to mcorporate orgamc matter, causmg the
mcreases m orgamc C at 0-0 2 m depth m the dry season WhIle changes dunng the
croppmg season can be expected, our expenments showed that such changes
contmue to take place m the dry season as well

Because of such natural cyclIcal changes m soIl parameters (mcludmg pH),
comparmg samples taken at dIfferent times of the year (for example, at the start of
the croppmg season and at harvest time) may giVe a false ImpresslOn of treatment
effects Therefore, soIl samples to be compared should be taken at the same hme of
year, at the very least, dIfferences m samplmg time and theIr pOSSIble effects should
be noted when reporting treatment results
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Termites can raise sOil fertility

DIfferences In sOlI ferhhty and crop growth stem chIefly from dIfferences In water
balance and In management, but other causes also contnbute to them One cause IS
the actIVIty of termItes Although termItes are usually conSIdered pests because
some speCIes attack wooden structures or even crops, such as groundnut before
harvest, other speCIes can serve useful ecologIcal functlOns In the Sahel, termItes
that bulid large mounds, such as Macrotermes sp, can Increase soli fertIhty The
matenal of whIch they make their mounds, and WIth whIch the underground
tunnels are coated or backfliled, IS often ncher In clay and nutnents than the
surroundIng soli When the mounds are abandoned and break down, they create
areas that are both chemIcally and phYSIcally more fertile than the unaffected SOlI
Tills IS eVIdent from the glossy, dark green color and luxunant growth of the mlilet,
cowpea, groundnut, or sorghum grOWIng on such mlcrosltes In farmers' fIelds
(FIg 14) In our farmer's fIeld at Bellare, Rotmans (1994) estimated that 20% of hIS
expenmental area of 20 x 200 m showed better growth that could be related to
former termIte mounds

Figure 14 Luxunant growth of groundnut around an old termite mound at ICRISAT
Sahehan Center 5011 around such mounds IS more fertile than the surroundmg sOil
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ThIS benefIcial effect of certam termIte speCIes on SOlI fertIhty and plant growth
has been documented m agronomIc expenments For example, m an expenment at
ISC, vanous SOlI amendments, such as fertilIzer and water-holdmg gel, were tested,
to Improve estabhshment of outplanted seedlIngs of F alblda Two years of testmg
showed no effect of any amendment However, withm the expenment, there were
clear areas of good growth and poor growth that showed no correlation WIth
treatment boundanes (GeIger et al 1992) Subsequent mvestIgatIon showed that the
hIgher SOlI fertIhty responSIble for the areas of good growth was well correlated
WIth the macroscopIC eVIdence of pnor termIte actiVIty (Brouwer et al 1992) Even
where the macroscopIcally VISIble tunnels had been destroyed by other smaller
termItes turnmg over the soIl, trees grew markedly better m these areas than m
others (MIedema et al 1994) TermIte actiVIty may therefore be an Important
component of longterm sustamable agnculture m the Sahel ThIS knowledge could
be put to practical use, for mstance, to mcrease the estabhshment of F alblda
seedlmgs by plantmg mostly m areas around termIte mounds We are mvestIgatIng
thIs option further

However, there IS now a trend towards replacmg tradItional spot tillage of mIllet
and sorghum fIelds WIth whole-fIeld tillage, usmg ammal traction Frequent tillage
often leads to changes m the compOSItIon of the termIte populatIon, ItS effect on the
actiVIty of benefICIal termItes such as Macrotermes sp therefore needs to be
exammed

We would hke to add here that the effects of old termIte mounds on crop growth
are mfluenced by ramfall dIstnbutIon The hIgher fertIhty may lead to exceSSIVe
early growth of the crop, whIch could be a dIsadvantage If water IS lackmg For
mstance, durmg a prolonged mtraseason drought one year, the SIte of an old
termIte mound m a groundnut expenment was marked by an area of large, wIltmg
groundnut plants m the mIdst of smaller, healthy-Iookmg plants

Faldherbla alblda and mlcrovanablhty

Another Important component of sustamable agnculture m the Sahel IS the tree,
F alblda The supenor growth of crops under the canopy of these trees IS well
known m the regIOn (FIg 15) Factors that may contnbute to the "aibida effect"
mclude a more favorable mICrochmate under the mature trees, depOSItion of
manure and unne there by lIvestock seekmg shade or food, mtrogen fIxation by the
trees, and recyclmg by theIr deep roots of nutnents from lower SOlI levels BeSIdes
Its tradItional uses, thIS tree also has excellent potential for agroforestry, and
plantmg out of ItS seedhngs m farmers' fIelds forms part of many recent
development projects
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Figure 15 Millet grows markedly better under a Faldherbla (Acacia) alblda tree than
elsewhere In the farmer s field

Here agaIn, we emphasIze that the beneficial effects of F alblda may depend on
raInfall dIstnbutIon One year, the hIgh fertilIty under the trees caused such rapId
early growth of the mIllet there that, durIng a subsequent 3-week drought In June,
these plants wilted and dIed, the smaller millet plants In the open field survIved
and yIelded normally (Brouwer et al 1993b)

Managing tlgerbush vegetation

So far, we have mostly dIscussed the vanabIlIty found In cultivated fields But what
happens away from the fIelds, In the fallow and bush areas, IS also Important,
espeCIally In relation to the transfer of nutnents from there to the fIelds VIa
lIvestock Farmmg famIlIes In the Sahel also use these nonculttvated areas for other
purposes such as collectIng wood for fuel and for constructIOn, as well as medIcmal
and other useful plants When these nonculttvated areas change or degrade, hfe wIll
also change or become more dIffIcult for farmer famIlIes

Part of our research effort was spent on areas of tIgerbush, a natural pattern of
vegetation found on latentIc plateaus WIth very shallow, stony solIs Tigerbush
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conSIsts of stnps of bush vegetation, alIgned along the contour, alternatmg wIth
bare areas (FIg 16)-an extreme example of spatial VarIabIlIty' Our research
confIrmed that the bare areas, whIch are heavIly crusted, are essential for delIvermg
water and nutnents to the vegetated stnps WIthout thIS redIstrIbution of
resources, the tIgerbush would not surVIve m dner years (Bromley et al 1997a)
The mICroclImate found m the mIddle of the vegetated StrIPS IS very dIfferent from
that found m the open areas Clearly, thIS type of vegetation IS m delIcate balance
wIth ItS enVIronment Tampenng WIth the ecologIcal system-through overgrazmg,
exceSSIve cuttmg of wood, or even clearmg for croppmg-wIlI qUIckly lead to
envIronmental damage that IS dIffIcult to redress Indeed, many plateaus around
NIamey have become bare over the last few decades

Although there have been attempts to replant these denuded areas, many
revegetation proJects take no account of the ecology of the ongmal tIgerbush
vegetation New trees are often planted m shallow basms spaced 3-4 m apart,
constructed along the contours m rows spaced 4-5 m apart ThIs regular spacmg IS
completely dIfferent from that of the natural tIgerbush Moreover, replantmg IS
often done WIth trees and shrubs that are not native to the area It would be worth

~

Figure 16 TJgerbush vegetation shows stnps of bush areas alternatmg With bare areas,
the dner the climate, the further apart are the vegetated stnps
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Figure 17 A well under constructIOn Groundwater
IS preCIous In the Sahel and land use profoundly
affects Its avaJlabJllty

expenmentmg wIth a more natural method of revegetation, usmg local specIes
planted m stnps, preferably m the same places where the vegetated stnps were last
located and where the soIl IS more fertile Efforts should also be made to attract
termItes to the stnps to be replanted, where they can help break up the hard crusts
(Torrekens et al m press) ThIS could be done by deposItmg dead branches or
straw on the ground for the termItes

landscapewlde processes groundwater recharge
and climate change

Groundwater recharge

Away from the nvers and other wetlands, most people depend on groundwater for
theIr domestic use, farmmg, and lIvestock for the major part of the year (FIg 17)
Recharge of groundwater IS therefore crucial (Bromley et al 1995) Groundwater
recharge under mIllet fIelds IS about 200-300 mm yr I (Gaze et al 1996), under

tIgerbush and fallow areas, It
IS 10-20 mm yr I (Bromley et al
1997b, L R Gaze 1995, personal
commumcatIon) Gaze and
colleagues (1996) calculated
that surface redIstnbutIon of
ramfall m a mIllet fIeld caused
a regular fieidwide mcrease m
groundwater recharge of
15-20 mm every year
Although relatively small
dunng wet years, such an
mcrease becomes sIgmfIcant
dunng dry years SImIlarly,
surface redIstnbutIon of
ramfall m fallow areas, where
there IS lIttle recharge durmg
most years probably has an
Important effect on
groundwater recharge ThIS
effect of surface redIstnbutIon
on groundwater recharge IS
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mdependent of whether there IS net runoff (as from many fallow areas) or not (as m
many mIllet fIelds) WhIle the mcreased clearmg of bush and fallow land for
cultIVation reduces nutnent avaIlabIlIty, It probably mcreases the avaIlabIlIty of
groundwater

Climate change

The mcrease m cultivated area and decrease m fallow and bush areas-through
changes m the exchange processes between the lower atmosphere and the earth's
surface-may also affect the clImate of the regIOn Because of thIS, we particIpated
m, and contnbuted to, the International Hydrology Atmosphere PIlot Expenment,
HAPEX-Sahel ThIS expenment, one of a senes m dIfferent parts of the world,
was set up to study the mteractIon between the earth's surface and the lower
atmosphere, m order to provIde mformatIon relevant to the upscalmg of
hydrologIcal, energy exchange and other models from the 1 x 1 to
200 x 200 km scale The latter scale IS eqUIvalent to the SIze of the gnd cells m
global CIrculation models, used to sImulate clImate changes BaSIC data for mput
mto such global cIrculation models were also collected

For detaIls, see Cuenca et al 1996, Goutorbe et al 1994, Prmce et al 1995, and
Wallace et al 1994

Usmg vanabillty to Improve crop production

The aspects of SOlI and crop growth vanabIlIty dIscussed so far can also be put to
practical use to Improve crop production In outlmmg how, we must dIstmgUIsh
three types of agnculture, based on the external mputs used

- Zero external mput agnculture aIms largely at self-suffICIency and thus at
reduction of nsk ThIS allows httle margm for purchasmg mputs not produced
locally In much of the Sahel, thIS SItuation WIll prevaIl for the foreseeable future
Pertment research should therefore be aImed at reducmg nsk, offermg farmers
an array of pOSSIbIlItIes for wet and dry years, rather than the one solutIon that
does best overall but may do poorly durmg dry years Increasmg the chOIce of
SUItable crop speCIes and vanetIes can playa key role here Pertment research
should also aIm at fostenng more effICIent use of the lImIted resources aVaIlable
locally, rather than at usmg external mputs

- Low external mput agnculture produces some matenal for the market, usmg
small amounts of purchased mputs, eIther because nsk of crop faIlure IS
relatIvely low (as on farms along margms of water bodIes and where ramfallis
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more assured) or because farmers have suffIClent fmanClal reserves to absorb the
losses of occasIonal crop faIlure However, fIsk reductIon may stIll be a
secondary goal Research should be aImed at makIng the most of locally
produced and Imported mputs, wIth some thought of reducmg fIsk through
dIversIfIcatIon

- HIgh external mput agnculture aIms almost solely at productIon for the market
Such mgh-mput agnculture IS relatIvely uncommon m the Sahel Longterm
management of SOlI fertIhty IS a major concern here, to aVOId exhaustmg the soIl
As the productIOn enVIronment can be controlled to a greater degree than m
other types of agnculture, dIversIfIcatIon to reduce nsk IS not a dIrect objectIve

The spahal and temporal vanabIlIty we have d1scussed 1S an advantage m the
fust type of SubsIstence agnculture, contnbutmg to y1eld secunty At the other end
of the scale, cash croppmg alms at hIgh average yIelds rather than YIeld secunty,
because thIS reqUIres a controlled enVIronment m whIch the whole crop matures at
the same hme, soIl and crop growth vanablhty IS a dIsadvantage here

However, Improved knowledge of such vanablhty can help the farmer use all
local and external resources more eff1Clently, managmg dIfferent parts of a fIeld
dIfferently If necessary If, for example, mfIltratIon of water mto the soIl can range
from 30 to 340% of ramfall, knowmg preCIsely where water IS avaIlable can help the
farmer decIde whIch vanety of a particular crop to sow where Knowmg where
nutrIents wIll get leached out of the soIl wIll mdlcate how to match the kInd and
amount of manure to the terram

In both SubsIstence agnculture and cash croppmg, effICIent use of nutnents IS
essentIal m the fIrst, because fertilIzer resources are hmlted, m the second, because
of production economICS and the need to protect the enVIronment The benefIts for
agncultural production m the Sahel of "farmmg by SOlI," or "preCISIOn agrIculture"
should be explored and explOIted further

Handling vanability In agronomic research

For agronomIC researchers, vanablhty can cause problems m the mterpretmg of
expenmental data However, because It IS so WIdespread m farmers' fIelds,
elImmatmg such vanablhty m expenmental areas by such means as tIllage and
blanket apphcatIons of fertIhzer may dIstort the results of agronomIC research In
the fIeld, vanablhty may affect water- and nutnent-use effICIency, reduce
produchon nsks, and mcrease yIeld stablhty Therefore, It IS essential that
researchers take mto account-especlally for transfer of technology or assessment of
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nsk and yIeld stabl1Ity-the SOlI and crop growth vanabilIty so charactenstIc of the
Sahel

To handle the problems of spatial vanabIhty m expenments, researchers can

1 Sow a cover crop the J ear before the actual expenment starts the cover crop wIll
help Identify areas WIth dIfferent growth potential, whIch IS a function of SOlI
fertIlIty and the ramfall In that year If the cover crop IS harvested and ItS
bIOmass or gram productIOn determmed separately for each future plot area, the
productIOn m each plot can be used as a covanable In the statIstical analySIS of
the subsequent expenmental results Alternatively, the cover crop production
can be used to delmeate wlthm the expenmental area blocks of SImIlar
productIon potentIal These blocks may be of Irregular shape and can then be
used to dlstnbute treatments and rephcatIons over the expenmental area m such
a way that all treatments have the same number of rephcatIOns In poor, average,
and good growth potentIal areas Of course, dIfferences m weather can also
affect YIeld patterns, for example, If the ramfall dlstnbutIon m the cover crop
year dIffers markedly from subsequent years, there may be a negative rather
than a pOSItive correlation between cover crop yrelds and expenmental YIelds

If such a prehmmary cover crop cannot be sown, It may be pOSSIble to evaluate
the Inherent production potentIal of mdividual plots by (a) estImatmg or
measurIng early crop growth In each plot about 3 weeks after sowmg and usmg
thIS estImate as a covanable m analyZIng treatment effects (see Buerkert et al
1995) or (b) claSSIfyIng the expenmental plots accordIng to theIr
mlcrotopographtcal pOSItion and usmg that to estImate crop production potentIal
(cf the mterpretatIOn of results from the ILeA manurmg tnal dIscussed above)

2 Identify the factors most responSIble for the crop growth vanabIhty these
factors can then be quantI&ed per plot (not per block or expenment') and the
measured values used as covanables In the statistical analySIS Factors to be
measured WIll dIffer between SItes They may mclude soIl depth, SOlI phySIcal,
chemIcal, and bIOlogIcal parameters, surface topography, and preVIOUS land use
(former locatIOns of huts, trees, termIte mounds, refuse mounds, ammal corrals,
etc) They may also Include above-ground phySIcal, chemIcal, and bIOlogIcal
parameters durIng the growmg season, such as sand blastmg, runoff-runon,
removal or depOSItIon of sand by wmd or water, and InCIdence of pests and
dIseases The measurement of above-ground parameters WIll be espeCIally useful
for companng treatments or microsites m a fIeld m relatIon to yIeld stabIlIty

In measunng SOlI parameters before, durIng, and after an expenment, It should
be recogmzed that SOlI propertIes change cyclIcally WIth the seasons Therefore,
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It IS best to compare only soIl samples taken at the same tIme of year, to
elImmate effects of season on treatments When one compares, e g , orgaruc
matter content under treatments A and B at harvest tIme wIth background
values at sowmg tIme, It IS not possIble to say to what extent the dIfferences
over tIme for the two treatments are due to the treatments themselves, and to
what extent due to seasonal effects

Buerkert et al (1995) tned some of these methods m an expenment on mIllet
vanety x fertIlIzer mteractIon The surface soIl parameters they measured on a plot
by-plot basIs dId not explam much of the YIeld vanabilIty they observed However,
by usmg an estImate of early crop growth (4 weeks after sowmg) as a covanable,
they were able to reduce the resIdual vanatIon by 32% for straw yIeld and by 51%
for gram YIeld Buerkert and colleagues also used early crop growth estlmates to
classIfy plots mto low and hIgh fertIlIty groups (a procedure they called post
stratIfIcatIOn) ApplIcatlon of 2000 kg ha 1 of crop resIdues greatly Improved YIelds
on low-fertIlIty but not on hIgh-fertIlIty plots Broadcast applIcatIon of 13 kg ha 1 P,
however, was equally effectIve on both (Buerkert et al 1995)

In the context of VarIablhty and yIeld secunty, It IS also Important not to look for
the smgle solutIOn the "best" vanety, rotatIon, or management package for a
partIcular set of envIronmental CIrcumstances Rather, farmers should be gIven a
range of optIOns from WhICh they can choose what they need, to SUIt the dIfferent
condltIons and management of dIfferent fIelds, theIr expectatIons regardmg the
weather (a long season or a short one), and theIr wIshes regardmg rIsk reductIon
and effICIency of resource use (hIgher or lower levels of mputs)

Because of the potentIal benefICial effects of soIl and crop growth vanabilIty m
the Sahel, we feel that, untIl Its effect on yIeld stablhty and sustamable crop
productlon IS determmed more clearly, we should not try to ehmInate It, eIther
on-farm or on-statIon For the management of research statIons m the Sahel thIS
means aVOIdIng the blanket apphcatIons of fertIhzer that cause an unnatural
bUIldup of SOlI fertIlIty In expenmental fIelds There should also be an actIve effort
to reduce exceSSIve fertIlIty In expenmental fIelds on-statIOn, for mstance through
cut-and-carry of cover crops

Summmg up

The populatIon Increases and clImatIc change forecast for the Sahel make the WIde
use of external mputs In Sahehan agnculture unlIkely Large-scale use of fertIlIzer IS
a long way off EffICIent use of local resources IS therefore more Important than
ever A better knowledge of soIl and crop growth vanablhty m the Sahel can help
farmers Improve resource use and stabIlIze yIelds
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Although more mSIght has been gamed and some questIOns have been answered,
applymg these to farmers' needs reqUIres further mvestIgatIon ThIS IS bemg
addressed by two projects "Increasmg resource use effIcIency m spatIally varIable
fIelds of SubsIstence farmers m NIger," and "ExplOItmg multI-scale VarIabIhty of
land-use systems to Improve natural resource management In the Sudano-Sahehan
zone of West Afnca "
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