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Managing Natural Resources for Sustained 
Sorghum and Millet Production 

A. S. R. Juo and R. C. Schwartz' 

Summary 

In agricultural terms. natural resource con­
servation implies management 01 SOil, water 
and vegetation resources for sustained land 
productivity. Land productivity is generally de. 
termined by inherent soil fertility, external in. 
put. and effectiveness 01 soil and water 
conservation practices used. Sorghum and 
millet are well·ad~ed to regions of limited 
rainfall. Sorghum is cultivated mainly on high 
base status and organic matter·rich Mollisols 
In the southem Great Plains of the United 
States, on high base status Alfisols in China 
and India. and 00 low base status Alfisols and 
Entisols in West and East Africa. Millet is 
primarily grown on sandler soils in the lower 
rainfall region 01 the Sahel. Phosphorus defi­
ciency is a widespread soil fertil.y problem in 
sub-Saharan Africa. Current strategies and 
approaches to soil and water management for 
sustained sorghum production in North Amer­
ica give emphasis to reducing cost 01 external 
inputs, conserving groundwater storage and 
prevent groundwater pollution. For many de· 
veloping countries, rejuvenation of degraded 
land and Intensification of indigenous larming 
systems are more pressing issues. Future ag­
ricultural development needs to place more 
emphasis on managing all landscape units 
within a watershed. 

Introduction 

The inpact 01 agriculture I.4)On natural re­
sources is a maIOr concern throughout the 
wond. A cr1Ilca1 problem confronting both de· 
veloplng and developed nations is the long­
term physical and chemical daterloratlon 0' the 
soil as a result 0' non-sustainable agricultural 
practices. Such degradation of the natural re· 
source base magnifies shortfalls In agricultural 
prcductlon In _large part of the semiarid trop­
Ics -Mlere population exceeds estlmaled car· 
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rying capacity 01 the land under existing levels 
01 technology and management (FAOIUN­
FPAIIIASA, 1982). Since sorghum and millet 
are important lood and leed crops in the 
semiarid regions of the WOrld, the develop­
ment of viable and sustainable agriculture sys­
tems suitable for their produdion is crucial. 
Sorghum and millet are known for their ability 
to use soil, water and nutrients more efficiently 
than other cereals under drought conditions. If 
managed proper1y, these crops can contribute 
significantly to meet basic lood needs and at 
the same time enhance the natural resource 
base in the semiarid regions of the world. 

In order to adequately assess the role of 
sorghum and millet in natural resource conser­
vation, it is necessary to characterize the ell. 
matic, edaphic and sodo-economic conditions 
representative of a panictllar agroecologlcal 
region. In this paper, we attempr to address 
ifTl)Ortant edaphie faders affecting sorghum 
and millet production with special references 
to regions -Mler. population has exceeded the 
land carrying capacities under traditional low 
input laming systems. 

Soli R .. ourcel 

Sorghum and millet are extensively cuRl· 
vated throughout the drier regions of the WOf1d 
as human food and animal feed. There are 
seven IJ11)Onanl sorghum prcduclng coun­
tries, namely, India, China. United States, 
Mexico, Algentlna, Nigeria and Sudan. To­
gether, they prcduce over eo percent of the 
world'i sorghum crop (Myers and Asher, 
1982). Millet Is generally culllvated In poorer 
soiis and In l18as with less ralnfal because the 
crop us.. water more effJcienUy than sor· 
ghum. The principal loiis used for the produc­
tion of sorghum are Vertisols, AIflsols and 
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"Ie 01 wOfid so!lit'um Pntdomimrt soils used 
Cou~ PnxiIc:tion 
Irda 17 
Qi,.. 16 

Unl1I!d State& 27 
Mllxico 6 
Algenllna 11 

~ 6 

Sudan .-
Bur1d,.. Fa., 
NigIt 
Ethiopia 

Ausnlia 

Total 91 
SoU"C8: Myers and Aliher, 1982. 

MoUsols, howewr much civerslty exists which 
encompasses a wide range of soil types (T a­
ble 1). 

Large areas of Vertisols used for sorghum 
production are found In Unned Slates (mainly 
Texas), India, Sudan and Ethiopia (FAO, 
1965; Sivakurnar and Virmani, 1982; Myers 
and Ash.,., 1982). In semiarid regions, these 
cracking day soils typically oocupy lower topo­
graphic positions of Inland valleys 0( depres­
sions. These soils are composed of high 
activity clays. predominantly montmorillonite, 
and 1herefore have high cation exchange ca­
pacities (CEC). Other notable features of Ver­
tisols Indude a high water-holding capacity. 
low hydraulic conductivity. and special man­
agement problems related to tillage and drain­
age (Wilding and Puentes, 1988). 

Alfisols are a major soil group used for 
sorghum production in Incia. China and East 
and West Africa. Alfisols (mainly Kandiustalfs) 
found in subhumid and semiarid tropics are 
charaC1etized by I1lOderate clay contents in the 
subsoil honzons, low nu1rient res.M. low or· 
ganlc maner content, and low to I1lOderate 
water retention c:apadties (Abrol. 1988; 5i­
vakumar and Virmanl, 1982). Unlike the rela­
tively fertile, high base saturation. and typically 
akaline 0( calcareous Ustans of United States 

ArM (U.s. Sci Taxonomy) 
31 Vertisols.. Alisois 
16 (Allsois.. Molisols) 

11 MoI&soIs 
3 Ver1isoIs, Alisois.. Moliaols 
5 MoIllOIs 

12 Allsots 
5 Allsots, Vertisols 
2 Entisola., Alisois 
2 Alisois 
2 Entisols, AllsoIs, Vertisots 

Ver1i&ol& 
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and China, Ustalfs in West Africa are acidic. 
poorty buffered soils with low inherent fertility 
and have a low cation exchange capacity. 
Kaolinne Is the dominate mineral in the day 
fraction. Moreover. phosphorus deficiency is a 
prevailing fertilly problem In the sandy Alfisols 
and Entisols throughout the Sahelian region 
(Sivakumar and Virmani. 1982; Wiking and 
Hossner. 1987; Bationo, It al., 1986). 

Pean millet often replaces sOf1ilhum on 
sandier soils in Africa and India. h is cultivated 
predominantly on Entisols (Psamments) and 
Alfisols (Kandlustans) and Aridisols In the sub­
Sahelian region of Afrtca and low rainfall areas 
In India (Norman It aI., 1984). Sandy Entisols 
(Psamments) ate common on the northern 
fringes of the Sahel in Africa where the grow­
ing period is short. The available moisture 
holding capacity of Psarnments is vary low, 
which places a severe Imitation on millet pro­
duction especially during the drought years. 

MoUisols are well-structured. daf1(-colored 
soils rich in organic matter and calcium. In lhe 
Great Plains of United States. monoeuhure 
sorghum Is cultivated on Mollisols (Ustolls). A 
high level of grain production Is maintained 
through the use of high-yieldIng ctNal1 cultl· 
vatS, nitrogen fertilization and supplemental 
Imgation. The crop Is grown for export and 
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consumed locally as cattle feed (Maunder, 
1972). 

Water Re.ourca 

In terms of agriculture. a great pan 01 
earth's land surface suffers from waler defl. 
cIency. This Is particularly true In sub-Saharan 
Atrlca where OJrrent population has already 
exceeded the region's land carrying capacrty 
under tracrtlonal systems of food production 
(Harrison, 1983). Water resources In dner reo 
gions are generally limited. Data given in Table 
2 Indicate water availability in Africa for agrl. 
culture. The deficit is the difference between 
potentlaJ and actual evaporation. The avail. 
ablJity, which can be positive or negative, as. 
sumes that the total runoff can be used to 
offset the delldl All pans or Africa show nega. 
tlve availability, especially In the arid internal 
runoff areas (IAHS, 1984; Wright, 1986). 
These data Indicate the limited renewable 
water resource In the continent. Conse. 
quently, agri<:ultural development should 
make the best use 01 ralnled agriculture. 

Table 2- Wa'" ~ aVlllabDlty r. Africa 
(Wrfgh!. 1986),. 

Runolf OrtflCit AvUaCility 
mm mm .Y8j-"" 

Adanllc Ocean sI~ 

Exterr.llUn:llf 24' IiI60 . 73; 
InIIImaI runolf 

" 
2'60 -1~~ 

Irdan Ocean sial!! 
Exterr.llUn:llf 84 '070 - 986 
It'IIIn"IIM runoft 46 '200 ·"54 
Conllnent , .. , 1300 -1158 

Wa!lr I'ISOurces lrdude surface wiler and 
groundwaler. WIth the IxcepUon gf I law large 
perennIal rtvers ( .. g. Nilt and Niger). most 
rivers and streams In major sorghum and mll« 
procludng areas are Stasonl!. del1wd by local 
runotf.intgaltd egr1cullurtln tht ftrtDt valle)'$ 
along large perennial rtwrs nave betn an 
Integral p8It gf sawral II'IdInt cMIlzatJons 
such as ChN and Eg~ But In modem times, 
etforts 10 develop largt IrrtgatIon schemes In 
Alrtca and elsewhere naw bMn very costly 
and In most 1nstll'lCa, unluc:c ... fuL 
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Because of large evaporation losses, de. 
veloplng surface water storage in lower rainfall 
ar~as Is also economically disadvanlageous. 
SOil management practices and etopplng sys­
tems thaI can make more efficient use or rain. 
fall and available soil moisture are probably the 
most desirable. A good example is the pres­
ence of substantial amount of available soil 
moisture in the subsurface layers of a Vertisol 
at the end 01 a shorl-cycle cereal crop (Fig. 1). 
To utilize the reSidual soil moisture, a longer 
duration deep-rooting legume, such as pigeon 
pea, may be planted as a inlercrop or a relay 
(Jop with the main season cereal (sorghum Of 

maLZe). Such a system, though labor.inten­
siva, would Increase tolal grain and biomass 
yields and help maintain soil fertility. 

Agl.n 1. Watlt contentt beMath a rnIIu crop 
grown on a Vrisolat the Itart end ItC'Id 
of tIM rainy MUon OCRISAT. 1&78 • 
cited by Onken and WIndt, 11i1W). 

o Z4 12 40 

o '-S::~~-.1...-
JO 

60 
! 1 90 
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The use of groundwater for domestic and 
smaJ1..s.caJe IrrigaUon schemM otters ., II­
tractive alternative In the arid and semartd 
lands, Shallow groundwalers are ~ 
SOUR:4l1 lor small holders t:ItcIust of the low 
cost ot develOpmtnt. Howe.,..r, Illllf11;lortlnt 
to poinl out that us~ storage gf shallow 
groundWa!er In the semlat1d regions Is smaD 
and recharge Is a atlcal factor to be consid­
ered when tapping shallow grounc:t.valer for 
dofTl8$Uc and lnigatlon u .... 
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There have been two approaches to devel­
oping surface and ground water resources for 
aglicunure: (I) The development of large­
scale, fun water Irrigation systems with supply 
from major perennial rivers or large fossil aqui­
fers. ~Q The development of smal~scale, sup"­
plementary Irrigation systems using dispersed 
water sources integrated with traditional farm­
ing systems. The current thoughts of re­
searchers and planners in the developing 
countries favor the second approach. How­
ever, Its practical and economic feasibility for 
widespread development has yet to be estatr 
Iished (Wright. 1986). For example, the most 
inl'Ortant components ~ water resources for 
smaJl..seaJe development are extended rtver 
flow and shallOW grounctNater. Nevertheless. 
both of these SOUI'C8S are susceptble to dete­
rioration which may be caused by degradation 
~ land and vegetation within a catchment 
area. Rapid runoH and reduced infiltration of a 
degraded landscape would seriously affect re­
charge. Thus, an Integrated \and and water 
use based on topography. Soil. hydrology and 
vegetation of an entire watershed area offers 
the best hope for agriculture and natural re­
source management In the semiarid regions. 

TKhnologlcal Option. 

The unique ability of sorghum and millets to 
endure long periods ~ soil moisture stress and 
other adverse dlmatlc and edaphic conditions 
fosters their wide acceptance and use in 
semiarid environments. However, sustainabil­
Ity of sorghum and millet production In the 
dtyIand regions at the wond is threatened by 
increased degradation of natural resource 
base. In the Great Plains region of United 
States, irrigation and nitrogen fertilization have 
caused significant depletion and contamina­
tion of groundwater resources. Thus, in­
creased anention has now been given to 
re-Introducing ralnfed coltivation using soli and 
water conserving pradices such crop rotation, 
furrow diking and conservation tillage prac­
tiCes to enhance soil moisture storage (Hons. 
1988). 

In the less developed countries. sorghum 
and millet are Invlriably Intercropped with 
grain legul'l'les and other cerealS on small 
farms (1 to 3 hal with IInIt Of no extemallnputs. 
Crop yields .,.e low due to low soil nutrient and 
water availability. Farmers generally ptant the 

crop at low density to minlmi.ze corrpetltlon for 
nutrients and water. Such low Input cropping 
systems are generally sustainable as long as 
the short cropping c:;ycle (1-2 years) iI followed 
by a long fallow phase (15 years Of more). 
Nevertheless. Increasing land pressure durtng 
the past decades has caused farmers to short­
en the length of fallow. Consequently, land 
productivity declned rapidly due to soU erosion 
and loss natural vegetation. 

There is ~ evidence that In many areas 
~ the semlalid regions of the wand. efforts to 
fulfill the basic human requirements for food 
and fbar Is resuning In a steady loss ~ long­
term soli produdlvtty. An ~opriate question 
therefore is "how can the coltivation ~ sor­
ghum and millet be neorporated Into land 
management systems which can sustain crop 
yield and enhance land productivity?· The re­
mainder of thiS paper will be focused on this 
concern. 

Cropping Syst8lT1S 

Although sorghum and millet are best 
acI~ed to drought conditions, grain yield de­
pends ~n the amount ~ water available 
durtng the reproductive phase. In ralnfed agrt­
colture. adjustment in the time of planting, 
breeding short-eycle conlvars. and reducing 
evaporation losses are probably more practi· 
cal measures to sustain optimum yield. 

Both sorghum and millet are quite adapt­
able to various multiple cropping schemes 
which are employed prlmartly In the tropics 
(Ntare et al.. 1989; Venkateswartu, et aI., 
1981; Sheny.1988). Due to preferential flow 
which occurs in VertisoiS, antecedent moisture 
content is otten the major fador controlling 
infiltration rates. Hence, intercropping sys· 
tems which increase the utilization of soU mois­
ture during peak penods ~ rain on these soils 
can contribute to reduced runon and erosion 
rates (Mullins et al.. 1987). n also reduces the 
riSk ~ complete crop failure due to drought and 
pest damages. In ragions where residue and 
vegetative cover is partlcularty sparse during 
highly erosive periods. sorghum Of millet wind­
barriers can be utilized to reduce wind erosion. 
In the southem Great Plains of North America. 
Such a prad~ can be used In conJunction 
with tillage prac:tk:es to oontrol wind erosion 
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during the fallow period (Bilbro and Fryrear 
1988), ' 

Cereal-legume rotation and intercropping 
was a common aopping system pr8ctic$d in 
North America some years ago. But the prac­
tice was replaced by cereal monocutture since 
the Introduction of large mechanical harvest­
ers (Harvey. at aI., 1961; Francis. 1986). Inter­
cropping is however, still a common practice 
on small.holding farms in the semiand tropICS. 
Sorghum or mllet is otten intercroppOO 'Mth 
cowpea, beans. pigeon pea, and groundnuts. 
However, the choice of cropping system is 
determined by a combination of physical and 
SOCiQ-4C.Onomlc lactors, such as soli charac­
teristics, length of growing season, rT'I8/1(et, 
and local consumption preferences. For ex­
ample, cowpea " often interaopped WIth md­
let on the sandy SOils In Niger and northern 
Nigeria. The short rainy season and high in­
sect pressure otten result in low grain YIeld. 
However, cowpea lodder is a highly valued 
commodity which Is sold at the local marUt as 
Iivestod<: feed during the dry season. Thus, 
lanners prefer to grow viney cultivars which 
can produce large quantities of biomass. Un­
der such cirt:um818tlCes. the goal of if1l)tOving 
a milleUcowpea Interaopping system should 
be placed on increasing cowpea total biocTIass 
yield for fodder and green manure. On fertile 
soils with an adequate moisture su~ly. high­
yielding, erect-type cowpea a.altivars may be 
grown. OIXimum rates of pesticides or other 
biological pest control methods al'l also 
needed to ensure acx::eptable grain yield. 

. In India and Central Amer1ca, whel'l soils 
and rainfall are more favorable, sorghUTI is 
intercropped with pigeon pea (redgram) , 
mungbean (g ... engram), COrM"lOl'l beans and 
groundnuts. The efficient use of nutrient. water 
and light re.soU/'CieS may bI illustrated tJy the 
sorghunVplgeon pea Inteta'cppUlg on • Vertl­
sol In the Q'yland I"IIgIon of India (N..-ajan 
and Wiley, 1980). ~ the resped/w sole 
crop popyLallon, 180,000 plants per hi for 
sorghum and SO, 000 plants per ha of ~eon 
pea. the nercrcp sorghum produced as ITLICh 
grain yield u the sole aop ('.5 1I1'1a) .-d the 
total produdMty or yield advantage ri the 
system was 63 percent (lER • 1.63) "IlCJher 
than that of sole cropping (Table 3). Al"lOugh 
pigeon pea grONlh was greatty reduced .. first, 
it cornptnsated In growth atter the tla.MSt r:A 

TabM 3. Vlekhnd l.-.d Iquiv.-.nt ratio (LER) In 
sorghUm/pigeon ptta Intertroppng 
(NoItI!'1II!n W'ld Wiley, 1 MO). 

Grain yield, kg,t\a LER 
Crop SorgtlJm ~n pea 

Sole crop 4467 1017 1.00 
IntarcropPing ol312 671 1.63 

sorghum and produced 53 per cent of the SOle 
crop dry matter (rig. 2). Thus, the selection of 
a long duration legume intercropped with a 
short-cycle cereal such as sorghum on Verti­
sols and other line-textured soils can make 
efficient use of residual soil moisture, produce 
high total yield, and i"lX'ove soil productivity. 

Soil Conservation Practicss 

Sorghum and millet are typically cultivaled 
in regions which suffer from rainfall delicien. 
cies which are often intensified by periodic 
droughts. A consequence of drought stress Is 
a low level of residue production by crops 
which can result in severe wind and water 
erosion . Thus, in order to minimize soil ero­
sion, effedive soil and land management prac­
tices are required which maximize infiltration, 
ensure the safe cisposal of excess rainfall and 
make efficient use of soil water. Crop manage­
ment practices ( e.g., residue management, 
rrultlple cropping) alone can make a signifi­
cant contribution towards allevtatlng soil er0-
sion, however In semlarld regions where 
vegetative and I'8$ldue cover is difficult to 
maintain, mechanical soil and water conserva­
tion pradlces are often required • 

Soli and water conservation techniques are 
wei known (FAO. 1977; BaIrow. 1987; EJ.. 
SWaIfy. 1988; NaIr, 1988), but thalrsuccesslul 
appIlc:atlon and transfer to the farmers fleIdI 
Is detemNd by many physical. biofogical and 
soc::Io«onomic fldo .... It should also be rec­
ognlZed that due to the COI'f1)Itx physical and 
sodo«onomk: faden and the Iong-ttnn 1ft.. 
vestments InvOlVed In canyIng out soil conser­
vation programs, success depends heavily 
~n government inwtvement and the active 
partic~Uon of COl'M'l.lnitles and land users 
(Hauck. 1985). Contour tUlage technkpJes aid 
in the storage of WIler and the reduction of sol 
erosion on genUe slapel In temper.e ell­
males, however In the b'Opica Under higher 
rainfallintensitlas and on steeper slopeS, ttlls 
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pradJca has otten led to runoff coocentrallon 
and severe gutty erosion (Hudson, 1981). In 
the West African Sahel suitable alternatives 
which have proven to be effedlve Include ml­
ao-catchment techniques and tied ~es (fur­
row diking). In the steep lands of Central 
AmeI1ca. rock barners and tree legume (e.g. 
Leucaena spp., GIlrick:1la spp.) hedgerows and 
grass (e.g. Panlcum) bamers are being tested 
In fanners fields. Although these practices 
have the potential to reduce soli erosion, such 
practices may also need to Incorporale tech­
nologies which allow safe disposal of runoff 
(e.g. graded lerraces and contour canals) and 
Ina-ease sunace cover. 

Plant Rssldue Management 

Numerous publi:atlons have reported that 
the use of crop residue mJlch Wnproves soli 
Otganlc matter and nutnent status, reduces 
erosion, regulales soli temperature and con­
serves soil moisture. On the other hand, It also 
may immobilize avaJ.lable nftrogen and harbor 
plant pests and diseases. In tropical and sub­
tropical regions, the pracllce ~ conservation 
Ullage and mJlch1ng with crop reskiles are 
generalty beneficial on sloping lands and on 
welkValned solis. On poony.oralned, clayey 
soUs, partioJlarty under cooler cUmaaes, aop 
I'Isldue mJlch may produce advers. er1ects. 
such as immoblll.zal.lon 0( InorgllIlc nitrogen 

and Increased risk of pest and disease Infes­
tation. Resuns on the use 01 crop residue 
mulch on well-dralned, low fertility soils In the 
subhumld and semiarid tropics has been 
beneficial (Juo and Kang, 1987). Generalty, 
slope, soli texture, soli structure and drainage 
condition are among the key factors detennin· 
Ing whether crop residues should be removed, 
plowed-under or left on soil surface as muk:h. 

Maintaining crop residues on the soil sur­
face Is also a practical means lor controlling 
wind and water erosion. Besides reducing 
sun ace sealing and maintaining higher Infllra­
tion rates, surface residues generally reduce 
cumulative seasonal evaporative losses of 
water from otherwise bare soU surfaces 
(Unger, 1988; Papendick and Parr, 1989). In 
general, however, residue maintenance 16 
most eHeaive In reducing evaporation over 
fine textured soils rather than soils with a 
sandy sun ace horlzon. 

In most parts of the semiarid tropics. how­
ever, the above-ground crop residues are har· 
vested for lodder and other household uses. 
In the kaolin and quartz dominated solis In 
sub-Saharan Africa. the low level of organic 
Inputs has resuned In serious soli ~"1*1lon 
on fll1'n land where ridging and 'mounding 
have become essential praaicel 0( SIfICI)ed 
preparation. Thus, future soil and crop man· 
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Rguna 3. GraIn yield of .orghum In succ.sslv. years of aopplng .nsr lnilial applicationa of Ill .... 
levll. (kg per ha) of (a) .uperphosphale and (b) rock pholphata 10 an Albol In l'IIOt1hem 
Auslralia (Arndt and McIntyre, lQ63 .. cited by Norman II. "'! lQ84 
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agement strategies In the region should give 
more emphasis to increase total farm biomass 
prooudJon so that the demands for fodder, 
mulch matenal and household uses can be 
met althe same time (Juo and Kang, 1987). 

Soil Fertility Maintenancs 

There are two important soil fertility prob­
lems In the sorghum and millet growing areas 
in semlarld Alrica: the widespread phosphorus 
deficiency on arable land and soil spatial vari· 
ability. 

Allhough phosphorus deficiency in the Sa­
helian $Oils ate widespread, fortunately, the 
coaJ'S4-textured, kaollnltlc soib have relatively 
low p·nxlng capacity. Thlreforl, deficiency In 
most cases, may be atT'Mlllorated with applica­
tions of 20 to 40 Kg of P per ha as superphos­
phates as demonstrated by a study where 
millet grain yield in a sandy soli In Niger was 
increased 3 to 5 lold (811101'10 tl aI., 1986). 
Thus, to sustain crop yields and maintain soil 
fertluty, phosphate fertUlzalJon becomes an 
essential Input in the reoion. However, 1m. 
ported triple superphosphate fertilizers are ex­
pensive and beyond the reach of farmers in 
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the region. Fertilizer subsidies are required 
Initially until soli avallable phosphate has 
reached adequate levels. Alternatively, locally 
produced rock. phosphates and partially acidu­
lated rock phosphates can be cheaper 
sources 01 P for local farmers. A long-tenn field 
expenment conduded on a line·textured AI· 
fisol in tropical northern Australia reported that 
rock phosphate Showed much greater sus· 
tained avallablilty than superphosphate to 
seven successive annual crops of sorghum 
(Fig. 3). 

It has been reported that malktd varlabilly 
in so~ chemical properties over short diI· 
lanees In sandy SaheUan soils can caUN sIg. 
nlficant yield redUCllon wIlhln I fanners field 
(Wendt. 1986; Ctlase tl aL, 1987; WIkIng and 
Hos.sner. 1987). Var\abjNty In KCI .. xtractable 
acidity in soU within short cislatas was rl· 
Iated to tne poor crop growth and yield reduc· 
tion (Fig •• ). The randomly distributed 
productlve and unproductive arias of the field 
are charaderized by gradually declining mJlet 
growth. The plants In thl most unprodudlve 
areas eventually die, leaving patches In the 
fields devoid of vegetation (Wendt. 1i86). 
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fig ..... 4. Percent.g. AI + H uturaUon with 
cs.pth along • nn..a from ., unpro­
ductive to. produc:tive region (Wendt 
1986~ 

Spatial variability In other soli physical and 
chemical properties such as micro-relief, 
crusting, soli textufe, organic manef, ex­
chlll'lgeable bases and available phosphorus 
contents may also contribute to millet grO'Nth 
variability In these Intensively used sandy 
solis. Causes of such widespread soil vanabil­
hy may be antibuted to both pedogenic and 
anthroplc factors and the potential crop yield 
loss In the Sahel region is yet to be quantified 
(Wilding and Hossner, 1987). Uming, phos­
phate applcatlon and addition of plant residue 
may help correct the problem over time. But 
economic and practical soli and crop manage­
ment systems are yet to be developed and 
tested in the larmer's fields. 

Integrated Watenhed Management 

In terms of natural resource conservation 
and enharlcement, pel'tlaps future agricultural 
pradlces should give more erTl)hasls to a 
holistic approach to managing all Landscape 
units within a watershed. Such an approach is 
of particular irTl>OrtBnCe to countries and re­
gion; with inherent poor land and water fe­
SOUrclS. Moreover. successful watershed 
manag.ment for agricultural and forestry pto­
dudlon Is a ITM.Inld~naty effort Baseline 
data on ornate, soH, hydrology. topography, 

natural vegetation. present and past land use 
systems and socla-.conomlc conditions are 
needed to establish scientific criteria lor de­
signing sustainable land management and 
produclion systems (FAO, 1977; Barrow, 
1887). 

Few anempts have been made In develop­
Ing countries to Integrate modern technologies 
with Indigenous knowledge on a watershed 
basis. The INRANlTAMUlUSAIDcoliaboralive 
projed on Integrated Management 0( ~ricul. 
tural Watershed (IMAW) in Niger may serve as 
an example lor such an effort (Manu, eC aI., 
, 990). In this study, land management units 
wnhln the watershed are delineated using geo.­
graphic Information systems (GIS). PromisJng 
land rejuvenation and ClOp production prac­
tices, including erosion contrOl, water halvest­
ing, agroforestry, phosphate application, 
altemative cropping systems. etc., are being 
tested and integrated into indigenous farming 
systems. 
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