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Foreword 

This consultants' workshop, hosted by ICRISAT, had the following objectives. 

1. To review the important environmental, physical, chemical, and biological characteristics of 

SAT Alfisols and related soils, and identify major constraints to their effective agricultural 

utilization.
 

To assess the current state of the art on effective management of SAT Alfisols under rainfed

2. 

to the following:conditions, with particular reference 

a. Soil and water conservation and management. 

b. Optimum requirements for effective crop establishment and growth. 

c. Water-supply development and efficient use for supplemental irrigation. 

d. Fertility and nutritional requirements. 

e. Alternative cropping systems. 

A summary report of the workshop was published in 1984 (for details, see the notegiven inside 

the front cover) in order to acquaint scientists with the principal findings of the workshop without 

significant delay. 
objective of

In this publication we present the full proceedings of the workshop, with the 

informinv the scientific community in detail about alternatives and research needs for the manage

ment ot Alfisols in the seni-arid tropics, as presented and discussed during the workshop. 

I am pleased to state that the workshop's findings have greatly influenced ICRISAI 's direction 

of research on Alfisols. I am therefore sure that researchers elsewhere will similarly be able to make 

good use of the material presented in this volume, for the benefit of those dryland farmers who 

depend upon rainfed agriculture oil Alfisols for their livelihood. 

J.S. Kanwar 
Deputy 	Director General 

ICRISAT 
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Classification Requirements of Red Soils of India
 
for Transfer of Technology
 

S.R. Naga Bhushana, H.S. Shankaranarayana, and C.R. Shivaprasad' 

A bstract 

Distribution, classification, and the majorcharacteristics ofred soils of India are described, and 

the various constraints to crop produttion reviewed. 77e problem of identifying argillans to 

designate argillic horizon in the field is brought out. Characteristic activities offauna in soil 

formation, and lack ofevidence ofclay il/u viation in reu soils, classi/7ed as Alfisols on the basis of 

micromorphologicalstudies, are highlighted. A detailed soil map of Chagalhatti village near 

Bangalore is fteatured to show that soils diff'er in theirphysical characteristics within a village; 

their quality varies with depth, occurrence, and amount of gravel in the orofile; texture of the 

subsoil and nature ol soil-fiorming materials; and surface texture variations, slopt, and erosion. 

with two levels of management under rain'fed and irrigated conditions, areFinger milet vie/cl.. 
The importance of information on proper/v classified soils and their distribution in thegiven. 


transfer of technology and/or rtsearch based on models ofsoil moisture and other behavioral
 

characteristics of soils, and oi the conservation of inputs and their proper use, is brought out.
 

Introduction 

In general, the deterrents to increased productivity 

of Alfisols have their roots in the physical and chem-

ical nature of these soils, as indicated in the preamble 

to the theme of this workshop. According to 

Kampen (1979), intense rainfall, unpredictable 
droughts, short rainy season, variable rainfall 

between seasons, high evapotranspiration, low infil-

tration capacity of soil, great water-erosion hazard, 

small farms, fragmented holdings, limited capital, 

use of mainly animal or human labor, severe unem-

ployment in the dry season, limited biological 

resources, lack of credit facilities, and labor shor

tages at peak times characterize the farming systems 

in the SAT. Virmani (1979) has pointed out the 

importance of analyzing the meteorological condi

tions of a region for characterizing its agricultural 

potential. Evaluation of the soil's water-holding 

capacity and other physical characteristics, water-

balance calculations using rainfall and potential 

evaporation data in conjunction with soil water stor

age, are points for consideration. Shankarana

rayana and Hirekerur (1978) computed weekly 

rainfall data along with moisture-holding capacity 

of some soils in the northern Indian plains where soil 

profile characteristics differ according to textural 

composition. 
In this paper we have attempted to review the 

information available on the distribution, classifica

tion, major characteristics, and production con

straints of red soils, and highlighted the soil 

classification requirements of red soils of India for 

technology transfer. 

Distribution of Red Soils 

Red soils are associated with tropical and subtropi

cal climates, which are characterized by high 

temperatures and humidity (Digar and Barde 1982). 

They occur in the states of Tamil Nadu, Karnataka, 

lureau of Soil Survey and Land Use Planning (ICAR), Regional Cntre, }lebal, Bangalore, India.I. National 

i9117.Alfisols in the semi-arid tropics. Proceedings of the
ICRISA (Interna'ionalCrops Research Institute for the Semi-Arid Tropics). 

the Art and Management Alternatives for Optimizing the Productivity of SAT Alfisols and Related
Consultants Workshop on the State ol 


Soils. 1-3 I)ecemhcr 1983, ICRISAT Center, India. Patanchcru, A.P. 502324, hdia: ICRISAT.
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Kerala, Maharashtra, and Andhra Pradesh and in mm. Data on precipitation, temperature, and waterthe union territories of Goa and Pondicherry. They balance for different locations, as well as the assoare also found in Orissa, Madhya Pradesh, . t ciated benchmark soil series, are given in Figure 2.Bengal, Bihar, and Assam. Figure I showsthed, .- Climatic variations in the red soils region arebution of red and laterite soils in India. mainly due to rainfall. (Temperatures in this regionSankaranarayana and Sarma (1982), discussing relatively uniform.) Theare rainfall-distributionnine red soils including seven Alfisols, state that pattern shows wide variation. Figure 2 shows thethese Alfisols occur at 50-1000 m above MSL, where period of precipitation exceeding potential evapothe mean annual rainfall varies from 570 to 1550 transpiration in different benchmark soil series 
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Figure 1. Benchmark soils: red andi laterite soil regions In India. 
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Figure 2. Precipitation, temperature, and potential evapotranspiration for various locations, with associated 

benchmark soil series. Dotted lines = temperature; broken lines = potential evapotranspiration; continuous 

lines = precipitation. 

areas. Pofali and Shankaranarayana (1982) have from which these soils are derived are sandstones, 

charted the rainfall-distribution pattern and poten- calcareous schists, basalts, shales, and laterites. 

tial evapotranspiration at selected stations for three Research by Govinda Rajan and Murthy (1971) on 

main seasons covering the period Feb-May, Jun- red soils of Mysore Plateau, by Govinda Rajan and 

Sep, and Oct-Jan. In most cases, potential evapo- Datta Biswas (1968) in Orissa, and by Digar et al. 

transpiration exceeds rainfall except during June to (1973) in Orissa, and Andhra Pradesh, has shown 

September. Nevertheless, rainfall is highly erratic in the characteristics of red soils as a result of illuvia

different locatons. Rainfall varies not only from tion and transformation, leading to release and dis

year to year but from week to week, and the coeffi- persion of iron and progressive oxidation and 

cient of variation is high. hydration. The red soils are acid to neutral in reac
tion, and moderate in their cation exchange capac
ity. Their exchange complex is dominated by a 

Major Characteristics of Red Soils mixture of kaolinite and illite. The morphology, 

genesis, and classification of red soils of India have 

Red soils are mostly derived from granites, gneisses, been reviewed by Digar and Barde (1982). 
and schists of the Archean period (Shankarana- According to Shankaranarayana and Sarma 

rayana and Sarma 1982). Other rock formations (1982) red soils have well-marked horizons of clay 
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enrichment that are easily discernible in the field. 
Amorphous material is found in significant propor-
tions in the profiles. Variations in texture, depth,
color, and clay mineralogy result from relief and 
drainage differences. They occur on gently sloping 
to undulating surfaces a:jd are excessively to moder-
ately well drained. These soils have weak granularor
subangular blocky surface A horizons, subangular 
blocky to prismatic B horizons, and subangular
blocky C horizons. The A horizons vary front loamy 
sand to gravelly clay and clay, but B horizons are 
generally enriched with clay to give fine loamy or 
clayey soils. The soils are strongly acid to moder-

Table 1. Major characteristics of red soils of 'ndia. 

N.;.-c of 
Source of 
forming 

Setting 
and 

the soil material slope 

1 2 3 
Jamkhandi Alluvium of Gently 

sandstone and 
quartzite 

slopping 
valley 

Tyamagondalu Developed on Gently 
weathered sloping 
gneiss upland 

Vijayapura Developed on Gently 
weathered sloping 
granite upland 
gneiss 

Channasandra Developed or, tJndula-
weathered ting to 
granite gently 
gneiss sloping 

upland 

ately alkaline in reaction. (Cation exchange capacity
of these soils varies from low to high and their 
organic matter content varies from very low to low.)
The chemical characteristics of these soils appear to 
reflect mainly the effect of soil-forming materials; 
the other factors that influence these characteristics 
are rainfall and drainage. 

Available water-holding capacity of red soils pro
files varies from 5 to 18 cm. 

Table I gives the major characteristics of the red 
soil series of the benchmark soils of India from the 
red- and laterite-soil region. 

Micromorphologival studies (Kooistra 1982) 

Soil characteristics 

Control section
 
Surface below 15 cm from
 

Drainage 
 soil the surface 

4 5
 
Modera- L.oamy sand 
 Clayey, subangular
 

tel)' well to sandy 
 blocky to prismatic,
drained moderately alkaline, 

CEC 17-39 mcq t100 g-1 
soil 

Well Loamy sand Sandy clay to clay,

drained to sandy subangular blocky,
 

loam, neutral to moderately 
neutral, acid, CEC 8-9 meq
CEC 2 100 g-1soil 
meq I00 g
soil 

Well Loamy sand Sandy clay loam to 
drained to sandy sandy clay, subangular 

loam, blocky, slightly to 
slightly strongly acid, CEC 
acid, CFC is 3-4 meq 100 g-isoil 
2-3 meq lCJ 
g-1 soil 

Well 	 Gravelly Clayey skeletal, 
drained 	 loam)' sand subaugular block),
 

to gravelly neutral to slightly
 
sandy loam, acid, CF.C 8-12 meq 100
 
weak fine g-' soil 
granular, 
CEC 4-5 meq 
100 g-isoil, 
neutral 

Continued 
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Table 1. Continued 

Soil characteristics 

Source of Setting Control section 
Name of forming and Surface below 15 cm from 
the soil material slope Drainage soil the surface 

1 2 3 4 5 6 

Bhubaneswar Developed on Nearly Well Loamy sand Sandy clay loam to 
weathered level to drained to sandy clay loam, subangular, 
ferruginou, gently loam sub- blocky, very strongly 
sandstone sloping angular acid, CEC 6-9 meq 100 

upland block) g-' soil. Base satura
strongly tion less than 40% 
acid 

Mrigindihi Developed on Undula- Somewhat Loamy sand Sandy clay loam to clay 
old alluvium ting excessi- to sandy loam, subangular 

interflue rely loam weak blocky, strongly to 
plain drained suban,,ular very strongly acid, 

blocky. C.C 5-9 meq 100 g-' soil, 
strongly base saturation 
acid 5d-75('j 

Pusaro Weathered Gently Well Sandy to Loam to clay loam, 
granite sloping drained clay loam, subangular blocky 
gneiss plateau massive to prismatic, slightly 

to suban- to strongly acid, 
gular, CEC 8-12 meq 100 g
blocky, soil 
strongly 
acid 

Palathurai Developed on Gently Well Loamy sand Gravelly sand clay 
weathered sloping drained to sandy loam to clay loam, 
calcis to undul- loam, weak subangular blocky 
gneiss ating fine gra- moderately to strongly 

upland nular, mo-
derately 

alkaline, CEC 13-25 
meq 100 g1 soil 

alkaline 

Patancheru Developed Level to Well Loamy sand Sandy clay loam to clay, 
on weathered gently drained to sandy' subangular blocky, 

granite sloping loam, fine neutral to slightly 
upland granular alkaline, CEC 8-22 

to suban- meq 100 g' soil 
gular 
blocky, 
slightly 
acid 

Remarks: There are associated and competing red soils (and Alfisols?l ol the Ienchmark Soills Main sariations are with respect to depth, 
texture and amount of gravel Main variations in site characteristics are due to surface texture, slope, and associated erosion 
and/or runoff. 

Source: Ienchmark Soils of India, 1982. 
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show that red soils often contain strongly altered 

rock fragments and weathered parent material. Fau-

nal activity has resulted in variations in the soils' B 

horizons and the creation of channels leading to 

formation of several kinds of voids systems. Faunal 

channels are often coated with a layer of fine-grained 

soil material. These coatings are due to plasteriiig 

with fine-grained soil material (generally e-creta) by 

animals working in the soils. The coatings are often 

mistaken for argillans. Faunal activity also causes 

homogenizatioa of soil material in the pedons. A 

majority of the pcdons studied showed soil material 

to be apedal in the surface; in a few cases features of 

real argillans and ferri-argillans were seen. In some 

pedons (Mrigindihi), argillic 13horizon was devel-

oped but was subsequently destroyed on account of 

animal activity. In pedons such as Jankhandi and 

Palathurai, features of argillans were not seen to 

indicate illuviation of clay. Illuvation features were 

not found because of homogenization as was the 

case with the Bhubaneswar pedon. 

Classification 

Classification of red soils based on field and labora-
tory characterization isgiven in Table 2. Micromor-
phological studies of the soil (Kooistra 1982) 
revealed no evidence of argillans, and lack of clay 
illuviation features beca use of faunal activity, in 
some of these soils. Features that are a result of 
swelling and shrinking can be mistaken for cutans. 

Table 2. Classificution of red soils of Iidia. 
Name of the soil 

Jainkhandi Vine, mixed, 

This is probably the most common mistake made 
when an argillic horizon isdesignated in red soils. As 
stated by Shankaranarayana and Hirekerur (1982), 
the problem of identifying argillans in the field 
remains. The problems such as clay activity and 
surface crusting are common in many red soils. The 
soils are generally low in organic matter. The struc
ture of the A horizon is influenced by the cultivation 
practice adopted. A large number of voids partly
filled with mineral grains and soil fragments are 
formed because of cultivation; when these grains 
and fragments settle down, the), pose a physical
problem for plants and inhibit their water intake. 

Kooistra (1982) concludes that Jamkhandi pedon 
cannot be an Alfisol because of the absence of clay 
illuviation. Similarly, the Palath'-ai pedon did not 
show any current or previous illuviation features. In 
the case of the Mrigindihi series, micromorphologi
cal studies revealed that current illuviation features 
were insufficient to classify it as an Alfisol. In the 
Vijayapura pedon, the illuviation features were 
redu7ed because of homogenization ofgroundmass, 
and the present clay illuviation istoo marginal for itto be classified as an Alfisol. 

The problems of identifying illuviation features in 
the field were confirmed by morphological studies. 
Further, the authors did not observe that the argillic 
horizon adversely affected soil-water-plant relation
ships because of increased clay illuvation. No differ
ences in the general nature or composition of the 
clay was noticed. Further, even in clayey B horizons, 
most of the clay was confined to the groundmass. 

Classification 

Isohvperijherinic of' epic Paleustalfs 

ryarnagondalu [ine, mixed, lsoh perthermic family t- Oxic Paleustalfs 
Vijayapura Fine, mnixed, Isohypertheirmic faruily of" Oxic Ilaplustalfs 
Channasandra Clavey-skelet al, mixed, Is hYpeitherntic fiamily of Oxic Rhodusilfs 
Bhubaneswar Fine-loatiiy, mixed, holo perthermic faiily of Iypic flaplustalls 
Mrigindihi Fine-loaiy, mixed, llvpeilmehmic lamilY of Ultic Palesialfs 
Pusaro Fine-loamny, miixed. flypeithermic family l t lltiC P'deustalfs 
Palathurai [ime-loamy, mnixed, Isolhyperthermnic Iamil.v of Typic Ilaplustalfs 
ilatancherti Clayey-skcletal, mixed, Isolhyperthermic family of Udic Rhodus:alfs 
Remark%. M o f hleclwssfijt'aion ofAas done on the hami% teconnissiImCe soIilsr e s IHence other .ariaions are not identified or 

mipped or]iflajority of ile aitse,f 
Source . Bencimark Soils (i India, 1982. 



Soil Classification Requirement for 

Technology Tran'ifer 


The theme of technology transfer, as laid down in 
th, Benchmark Soils Project report, University of 
Hawaii (1982), sates that innovation-sharing 
among research centers comprises horizontal 
transfer whereas innovation diffusion is vertical 
when it invo!ves the transfer of tecinology from 
research centers to farmers' fields. The Benchmark 
Soils Project is designed *o do research on the hori-
zontal component---the first step in the two-step 
process of technology transfer and innovation 
diffusion. 

Information on the characteristics and classifica-
tion of red soils and their distribution may non,i-
nally serve the purpose of ho.rizontal technology 
transfer. Gill (1979), while advocating shortcuts 
such as better models ofagroclinmates, better models 
of soil-moisture behavior, and better understanding 
of crops and cropping systems that utilize available 
moisture, mentions the need for properly classified 
soils. In this context, a look into information 
requirements on soil classific~ation for horizontal 
and vertical transfer of technology is nec:ssary. Vir-
mani (1979) states that in shallow Alfisols there is 
little soil moisture sterage ior use over extended 
pLriods, whereas in deep Alfiscls moisture storage is 
sufficient to last for a substaritially longer period, 
Such variations in soil characteristics are likely in 
areas falling within different agroclimatic models. 
Shankaranarayana and Venkata Rao (1982) have 
shown that the most appropriate diagnostic criter-
ion for defining soil capability is availability ofmois-
ture in the soil profile at different times in our 
environment. Shankaranarayana and Venkata Rao 
(1983) have identified soil quality--determined by 
available moisture, drainage, toxicity due to acidity, 
salinity or sodicity, potential to hold nutrients, and 
erodibility cnaracteristics of soils-as factors in 
taaximizng returns from seed, fertilizer, and omiler 
inputs, 

The soil map (Fig. 3)showsa detailed distribution 
of red soils near Bangalore. Reconnaissance map-
ping of the area on a 1:63 360 base distinguished soil 
variations due to depth, occurrcace of gravel, and 
soil-forming material. There are eight units asso-
ciated with different soils. The soils include Entisols, 
Inceptisols, and Alfisols. 

In the detailed soil mapping done on scale 1:7920, 
there are about 50 units that distinguish soil varia-
tions due to depth, occurrence of gravel in the soil 

profile, texture of the subsoil, and nature of soil

forming materials. These are further classified on the 
basis of surface-texture variations, slope, and ero
sion. All the characteristics considered for classify
ing the soils are important for assessing their quality 
in terms of their capacity to hold moisture and their 
recharging ability. The distribution also reveals 
erodibility and runoff' behavior. 

A major constraint to ho-izontal or vertical 
transfer of technology is lack of information. In 
India, technology transfer means transfer of 
research results from the re. earch farm or experi
mental station to other areas through extension (lab
to-land). For example, finger millet yields with 
traditional farm practices range from 600 to 800 kg 
ha-1 and, with improved techniques, from 1500 to 
2500 kg ha-1. In dryland research experiments in 
1982 at the University of Agricultural Sciences 
UAS), Bangalore, yields in control plots varied 

betwsecn 1500 kg ha-' and 3400 kg ha- when farm
yard tn-nure and fertilizers were used. The experi
ments were conducted on Vijayapura series, which 
has a gravelly layer below 100 cm depth. The control 
plot yield was nearly twice that derived from plots 
where traditioal methods were employed. Simn
ilarly, in , xperiments during 1982-83 at the univer
sity farm, yields of 3300 kg ha-' were obtained in it'6 

control plot, with irrigation; yields were 4760 k.. hai ' 
at 90 kg ha-' N as against 3000 kg ha- ' obtained .v 
farmers using improved practices. It may be inferred 
that yields on soil units such as 2bB, 2bC, 2eB, 6aB, 
6dB, 9bB, and 9hBl cannot be of the level obtained 
on experimental plots or even that derived from 
improved practices. Finger millet isgrown in most of 
the area shown in Figure 3. The tetal yield that can 
be achieved by a state cannot be predicted without 
basic soil data on availability of moisture, runoff, 
and erodibility characteristics. With the scarcity of 
land that can be developed in the country, qualita
tive land evaluation (Singer et al. 1979) should 
become the rule not only for economic use of inputs 
but also for conserving soil and land resources. To 
elaborate, merely kn' ,ng how much area is under 
finger millet will not serve the purpose of technology 
transfer and computation of yields, what isneeded is 
information on quality and location-specific distri
bution of soiis on which the crop is grown, and the 
land available. 

It need hardly be emphasized that, for horizontal 
transfer of technology, knowledge of properly classi
fied soils and their distribution is important. Such 
information is essential for research based on mod
els of soil moistureand other behavioral characeris

9 
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Map 
symbol 

Description 

I Clayey skeletal, 2.5YR hue, hard laterite within 40 cm (Lithic Ustorthents) 

2 Clayey skeletal, iron gravel horiz( ,between 50-100 cm from the surface (Oxic Haplustalfs) 

2bB Same as 2 with sandy loam surface on 1-2% slope, rapid runoff 

2bC Same as 2 with sandy loam surface on 2-5% slope, moderate erosion and rapid runoff 

2eB Same as 2 with sandy clay surface on 1-2% slope, rapid runoff 

2eC Same as 2 with gravelly clay surface on 3-5% slope, severe erosion and very rapid runoff 

3 Clayey, iron gravel hotizon betwten 100-115 :m from the surface (Oxic Haplustalfs): Vijayapura series 

3aB Same as 3 with loamy sand suiface on 1-2% slope, rapid runoff 

3bC Same as ' with sandy loam surface on 2-5% slope, rapid runoff 

3bB Same as 3 with sandy clay loam surface on 1-2% slope, rapid runoff 

3eB Same as 3 with saady clay surface on 1-2% slope, rapid runoff 

3bB Same as 3 with sandy loam surface on 1-2% slope, moderate erosion and rapid runoff 

3dC Same as 3 with sandy clay loam surface on 2-57 slope, moderate ero~ion and rapid runoff 

3eB, Same as 3 with sandy clay surface on 1-2% slope, severe erosion and rapid runoff
 

4 Clayey iron gravel horizon below 150 cm from the surface (Oxic paleustalfs): Hokote series
 

4bB Same as 4 with sandy loam surface on 1-2% slope, rapid runoff
 

5 Clayey, 7.5YR hue, iron gravel horizon between 100-150 cm from the surfae (Udic Haplustalfs)
 

5dB Same as 5 with sandy clay loam surface on 1-20c%
slope, medium runoff 

5bB Same as ..h sandy loam surface 1-2% slope, moderate erosion, and medium runoff 

5dB, Same .s 5 with sandy clay loam surface on 1-2q slope, moderate erosion and medium runoff 

5cB Same on I-2(';as 5 with sandy clay surface slope, severe erosion and rapid runoff 

6 Clayey skeletal, lithic contact within 50 cm from the surface (Lithic Ustorthents) 

611 Same as 6 with loamy sand surface, rocky on 1-2%slope, rapid runoff 

6bB Same as 6 with sandy loam surface, rocky on 1-2%slope, rapid runoff 

6dB Same 1-2%"vas 6 ssith gravelly clay loam surface, rocky on slope rapid runoff 

7 Clayey skeletal, quarti gravels throughout the depth of 120 cm front the surface (Typic Ustropepts) 

7bB Same as 7 with sandy loam surface on 1-2% slope, rapid runoff 

7bB, Same as 7 with sandy loam surface on 1-2%'.slope, moderate erosion and rapid runoff 

7dB Same as 7 swith clay loam surface on I-2"; slope, moderate erosion, rapid runoff 

7cC Same as 7 wsith gravelly clay surface on 3-5% slope, severe erosion and rapid runoff 

8 Clayy, quart gravel hri/o between 50-110 cm from the surface, thick aigillic horizon (Oxic Haplustalfs) 

8aB Same as 8 ssith loamy sand surface on 1-2t:% slope, rapid runoff 

8d B Same its8 with sandy clay loam surface on 1-2% slope, rapid runoff 

8bB Same as 8 with stndy loam surface on 1-2% slope, moderate erosion and rapid runoff 

9 Clayey skeletal. quart! grasel horizon hetsseen 50-100 cm froni the surface, 2.5YR hue (Oxic llaplustalfs) 

9bB Same as 9 with sandy loam surface on 2-5% slope, rapid runolf 

9bBi Same as ahose, moderate .rosion 

10 Clayey. very thick argillic horizon (Oxic llaplustalfs) 

lObB Same as 10wi'h sandy loam surface on 1-2% slope, rapid runoff 

Mb, Same as above.moderate erosion 

I0di1 Same as 10with sandy clay loam surface with 1-2% slope, rapid runoff 

II Claycy. IOYR hue (Typic 1stropepts) 

I lab Sante as I I with sand to loamy sand surface on 1-2% slope, medium runoff 

II b Same itsII with sandy loam surface on 1-2% slope, medium runoff 

IIdil Same as I I with sandy clay loam surface on 1-21'.slope, medium runoff 

II bB Same itsI I hi. moderate erosion 

12 Clayey. gray-colored mottles below 50 cmii(Aqtic Ustropepts) 

12h6 Same as 12 with sandy loam surface on 1-2% slope, slow runoff 

' t .: Same as 12 with sandy clay loam surface on 1-2% slope, slos runoff 

12t Same its12with sandy clay surface on 1-2%slope, slow runoff 

12fB Same as 12 ssith clayCy surface on 1-2%slope, slow runoff 



tics of soils, and for technology diffusion through 
vertical transfer and conservation of inputs or their 
proper use. Without authentic data on soil classifica-
tion and soil distribution, neither transfer )f tech-
nology nor computation of input requirements and 
yield is possible. According to Bridges (1970), by the 
turn of this century we shall have to depend on soil 
characteristics for increasing food production. 
Detailed soil maps are therefore essential. Although 
time-consuming in its acquisition, knowledge on the 
distribution of soils and their physical and chemical 
properties permits accurate planning of fertilizer 
use, soil- and water- conservation measures, and 
irrigation. Unfortunately, we are still lacking such 
information. Considerable time has already been 
lost and it is imperative that efforts are initiated to 
compile detailed soil survey data if transfer of tech-
nology is to be meaningful in a country such as 
India, where pressure on land is extreme and where 
there are no arable lands that remain to be brought 
under cultivation. 
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Agroclimatic Aspects in Planning for Improved
 
Productivity of Alfisols
 

M.V.K. Sivakumarl, Piara Singh', and J.H. WilliamP 

A bstract 

Crop y'ields on A Ifisols, the most abundant soils in the semi-arid tropics, have remained low and 
unstable due to aberrant weather and soil-related constraints. With suitable examplesfrom India 
and West Africa, variations in the amount and distribution ofrainfall as wellas its intensity were 
described. However, crop planning on Alfisols should take into account the length ofthe growing 
period, involving an assessment ofrainfall as well aspotential evapotranspiration. The role ofsoil 
constraints, such as depth, soil water storage capacity,particle size distribution, andsoil moisture 
release characteristics in making water available for crop growth on Alfisols, was illustrated. At 
soil depths below 30 cm in Alfisols the recharge and depletion ofsoil water occurredon an annual 
basis whereas, in the upper 30 cm, the process occurred repeatedl' with a periodici'y determined 
by the depth, amount, and frequency of rainfall. In the upper 30 ct soil layers with decreasing 
capillary potential there was a large decrease in the water content, while in the lower layers this 
decrease was considerably less. The effect ofshort-term intraseasonal droughts on crop moisture 
statu's was shown to differ depending on soil depth. The tiningand inensity ofwater stress is an 
important factor in assessing the crop response to drought on A Ifisols. Studies conducted at 
ICRISA T Centersho wed that crop water-use efficiency on Alfisols could be inproved through 
appropriate management practices, including the selection of suitable genotypes, crops, and 
cropping systems. 

Introduction soil- and water-management systems. Since success

ful crop production depends heavily on environmen-
Alfisols are the third most important soil order in the talfactors, the combined influence of climate and 
world, covering 13.1% of the world area (Buringh soil on plant growth must be considered before land 
1982). Compared with Vertisols (which have been use is planned. In order to take advantage of the 
the major focus of att:ntion at ICRISAT's Farming advances made in science and technology, Kanwar 
Systems Research Pror-:;), Alfisols cover a much (1982) advocated that soil scientists should work 
larger area of potentially arable and grazeable land. with agroclimatologists to predict more accurately 
These soils are most abundant in the semi-arid trop- the interactions between the weather, the soil, and 
ics (SAT) (Kampen and Burford 1980). the plant. 
Duc to aberrant weather and soil-related con- About 62% of the Alfisols in the SAT are located 

straints to production, crop yields on Alfisols have in West Africa and India. The agroclinatic aspects 
remained low and unstable. Experimental evidence that need to be considered in planning for improved 
from research, however, shows that these soils are productivity of Alfisols are illustrated in this paper, 
capable of producing more food with appropriate with suitable examples from India and West Africa. 

I. Iarming S senm% Research Program (noswResource Management Program). ICRISA I. Patancheru. A I'. 502.324. India. 
r2. (iroundnul Crop Improsernent Prograin (no legumes Program. ICRISA 1,Palaucheru. A.P.512 324, India 

ICRISAT (International Crops Research Intit,,!e for theSemi-Arid tropics). 1987. Alfisols in the semi-arid tropics. Proceedings of the 
Consultants' Workshop on the State of the Art and Management Allernatises lor Optimimng the Productivity of SAT Alfisols and Related 
Soils. 1-3 December 1983, ICRISAl" Center, India. I'atancheru. A.!1. 502 324, India: ICRISA F 
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Rainfall 1000 mm a-' in the Alfisol area of eastern Madhya 
Pradesh and western Orissa.

Rainfall amounts To provide adescription of the rainfall character-

In SAT countries, Alfisols are distributed over a 
wide range of rainfall regimes. The annual rainfall, 
for instance, varies from less than 500 mm in Bots-
wana to more than 1400 mm in Nigeria. In West 
Africa, which accounts for 36% of the global area 
under Alfisols, the mean annual rainfall varies from 
400 to 1250 mm. The rainfall isohyets run parallel to 
the equator, and the farther south the location of 
bands or zones, the more is the rainfall (Cocheme 
and Franquin 1967). Kowal and Knabe (1972) have 
shown tha: annual rainfall for the northern ,tates of 
Nigeria decreases by 119 mm for every degree of 
latitude. 

In peninsular India, which accounts for a major 
portion of the area under Alfisols in India. the 
annual rainfall varies from 500 mm in a narrow zone 
that covers southwestern Andhra Pradesh and east-
ern Karnataka, to over 1000 mm in southwestern 
Tamil Nadu and Kerala. The rainfall is also over 

istics, we have chosen 24 stations in 5 different rain
fall zones in India and Africa (Table I) for which 
long-term rainfall data are available or, tape from 
the Agroclimatology unit of ICRISAT. Annual 
rainfall statistics for these stations are given in Table 
2. The coefficient of variation of annual rainfall 
varies from 9 to 45w';, with the largest variation at 
Mahalapye, which has the lowest rainfall. 

Rainfall distribution and probabilities 

In most Alfisol regions of West Africa and India, 
rainfall is restricted to ashort growing season (in the 
northern hemisphere summer). In West Africa, the 
rainfall increases gradually from the beginning of 
the rainy season (in late spring or early summer), to 
reach a maximum in the rainy season. Seasonal 
distribution of rainfall for different stations in the 
Alfisol areas of India and Africa is shown in Table 3. 
Over 80C% of the annual rainfall occurs in the rainy 

Table 1. List of stations in different rainfall zones used In the description of climatic aspects. 
Rainfall Latitude L.ongitude Elevation 
zone (mm a-') Station Country 0' 0' (m) 

<500 Mahalapye Ilotswana 23 04 26 48 
500-600 Anantapur India 14 41 77 37 350 

Birni N'Konni Niger 13 48 05 15 272 
Coimbatore India II 00 76 58 709 
Mourdiah Mali 14 28 07 28 314 
Yeliman Mali 15 07 10 34 97 

600-800 Diema Mali 14 33 09 II 252 
Cuddapah India 14 29 78 50 130 
Fatick Senegal 14 20 16 24 6 
Hyderabad India 17 27 78 28 545 
Kayes Mali 14 26 11 26 46 
Kurnool India 15 50 7804 281 
Kaya Burkina Faso 13 06 01 05 313 

800-1000 Bangalore India 12 58 77 35 921 
Foundiaugnc Senegal 14 07 16 28 6 
Gaya Niger 11 59 03 30 160 
Kolokani Mali 13 35 08 02 399 
Lilongwe Malawi 13 57 33 48 1029 
Madurai India 09 55 78 07 133 
Salem India II 39 78 10 278
 

>1000 Bougouni Mali II 25 07 30 
 350 
Gaoua Burkina Faso 10 20 03 11 333 
Bamako Mali 12 38 08 02 332 
Raipur India 22 14 81 39 296 
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Table 2. Annual rainfall (mm) for different stations in Table 3. Seasonal distribution of rainfall (mm) for differ-
Alflsol areas of India and Africa. ent stations in Alfisol areas of India end Africa. 

Mean Max- Min- Prerainy Rainy Postrainy Dry Annual 
annual CV imum imum Range Station season season season season rainfall 

Station rainfall ('-) rainfall rainfall (rn) Mahatapye 38 395 68 3 494 

Mahalapyc 494 45 1765 191 1574 A t 34 502 33 22 593 

Anantapur 591 26 866 259 607 Birni N'Konni 30 507 I0 i8 565 
Birni N'Konni 565 26 990 289 701 Coimbatore 18 197 64 323 602 
Coimbatore 602 31 1047 238 809 Mourdiah 32 461 27 25 545 
Mourdiah 545 21 814 337 477 Yelimnan 15 516 24 17 572 
Yeliman 572 24 976 316 660 Diema 19 584 31 1 652 

l)iema 652 20 962 424 538 Cuddapah 57 634 3 23 752 
Cuddapah 751 28 1226 299 927 Fatick 32 709 25 9 775 
Fatick 775 27 1220 295 925 Ilyderabad 51 631 65 37 784 
Hyderahad 784 27 1431 457 974 Kayes 16 667 26 14 723 
Kayes 723 22 1136 361 775 Kurnool 47 517 34 32 630 
Ku:nool 630 27 1065 281 784 Kaya 31 626 15 32 704 
Kaya 704 2(0 3) 384 824 Bangalore 22 755 27 27 833 

Ilangalore 831 18 12;2 588 694 Foundiaugne 46 752 24 13 835 
Foundiaugne 835 26 1427 416 1011 Gaya 32 768 15 21 836 
Gaya 836 17 1108 451 657 Kolokani 24 745 18 26 813 
Kolokan" 813 24 1226 352 874 lilongse 32 785 45 18 880 
lincongetw 880 26 120 198 ((16: Madurai 213 590 46 34 883 
Madurai 883 25 1443 411 13032 Salem 24 865 34 32 955 
Salem 955 24 1496 534 962 Bougouni 0 1047 17 26 1090 

Ilougounl 3090 12 1309 844 465 Gaoua 60 1152 20 27 1259 
Gaoua 1259 29 2?59 441) 1919 lamako 32 933 32 25 1022 
Blamako 1022 9 1297 942 355 Raipur III 1174 33 19 1337 
Raipur 1337 20 2!75 714 1461 

season. It is recogni/ ed, howeer, that the atmount of south in peninsular India-has a bimodal rainfall 

rainy-season rainlall cannot by itself provide a good distribution, with the two rainfall peaks separated 

index of productiit., because the potential evapo- by an 8-week dry period. 

transpiration, or ,,ater loss, and the soil's "ater- [he rainfall probabilities for Yeliman (Mali), 

holding capacity, dictate the anount of rainfall Gaya (Niger), and (iaoua (Burkina Faso) in Africa 

available for crop growth. ar, .,hown in Figure 2. These weekly rainfall proba-

More important than the quantit\ of rainfall in a bilities, as well its the amounts, are more sharply 

given season, is the tleUCSti on of persistenc\ in recci%- delined than those relevant to Allisol locations in 
ing a specificd anount ol rainfall oser a short inter- India. li the higher-rainfall locations of Gaya and 

val (tor instance. I %wcek).In the case of Alfisols. (iaoua, the cropping opportunities appear more 

which are known to dr\ rapidly and deselop a stir- promising. For I.ilongwe (Malawi) and Mahalapye 

face crust. information on rainfall probabilities is (I(,:swana), the peak probabilities (Fig. 3) occur in 

important lor agricultural planning. Ihe probability )ecember and .January. At Mahalapye, the rainy 

of receiving 10 mn ot rainfall, and the %%eeklyrain- season Is short and the probabilities are low. 

fall amount, Ior three locations in the peninsular 

Indian Alfisol /ones are sho%,\ in I-igure 1. 

Although there is little difference In the amount of Rainfall intensities 
annual rainlall at llHyderabad and IHangalore, the 

rainy season ratnlall at Iangalore extends over a It is known that Alfisols, because of their poor struc

much longer period, albeit ;'It a lower probability tural stability at the surface, are susceptible to ero

than at Iyderabad. Coinhatore located arth1er sion. In spite of this recognition, rainfall intensities 
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Figure 1.Weekly probability of receiving 10 mm of rainfall (line) and rainfall amount (bars) for three locations
 
in Alfisol areas in peninsular India.
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Figure 2.Weekly probability of receiving 10 mm of rainfall (line) and rainfall amount (bars) for three locations 
in Alfisol areas of Africa. 
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Figure 3. Weekly probability of receiving 10 mm of rainfall (line) and amount of rainfall (bars) for Mahalapye 
(Botswana) and Lilongwe (Malawi). 

in Alfisol areas are seldom measured. At Bambey 
0
(Senegal), Cha,'reau and Nicou (1971) reported that 

75% of the total volume of rainfall had an intensity 

distribution of 8.6 mm h-1 , and 25% recorded iten-
sities less than 52 mm h-'. 

Hoogmoed (198 I) reported that, at Niono (Mali), 
75% of the rainfall received had intensities of 10 mm 

100 All storms 

............. Storms under 10 mm 
! ...... Storms 10 to 20 mm 

80- ....... Storms over 20 mm
 

S N 

760 


- " \ 150 


30
 

20' .
 

10 -"""
 

10 30 50 70 

h' or lower, while 25% had intensities of 58 mm h-I 
or more (Fig. 4). Peak intensities in 1977, 1978, and 

1979 were reported to be 190, 230, and 300 mm h-' 

respectively. 
At ICRISAT Center, the rainfall intensities are 

lower than those reported for Africa. Rainfall inten
sities at ICRISAT Center for 1975 are shown in 

40
 

.....
 

90 110 130 150 170 

Storm intensity (mm ')
 

Figure 4. Distribution of storm Intensities Indifferent storm izes at Niono, Mali (Hoogmoed 1981). 
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Figure 5. Peak intensities in 1974, 1975, 1976, and 
197 7 were reported to be 134, 15 5,92, and 57 mn h-I 
respectively (Hoogmoed 1981). 

Length of the Growing Period 

Plans for improved prod uctivity on Alfisols should 
take into account the period available for crop 
growth. Using different average rainfill poteutial
evapotranspiration (Il) ratios, ochenle and Fran
quin (1967) evolved a procedure to determine the 
beginning and end of the growing period as well as 
its length. We have used the average rainfall and FI"[ 
for different stations in the Allisol areas to deter
mine the average dates of the heginning, end, and the 

length of the growing period. It should be 
 under-
stood that this analysis provides onilyapproximate 
data, because in the SA I the variahilit\ in these 
dates could be large. As shokn in I[able 4, the begin-
nine and end of the growing period shtm a %kidc 
fluctLution across the different rainfall /ones,
rellecti.,g thereby the need to consider different 
managemient strategies. Kossal and Kassain (1973)
showed tlat ill Sidanian aiind Northern (uineantile 
zones of Nigeria, due to abnormality illthe anount 

100- All storms 

90 ------- Storms 10 to 20111111Storms over 20 111111 

80- i
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60
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40-- , 
.0 4Q ' N " 

-30- S , ... 

20 -- ". 

-
 -
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and distribution of rainfall, the start of the rainy 
season of 1973 was delayed, and the delay was most 
accentuated north of' 110 A latitude. The length of 
the growing period was reduced from 120 days at 
11.20N latitude, and to 70 days at 12.30N latitude.
The minimum reduction in groundnut yield was 
estimated to vary from 0%at 11.20 latitude to 56%at 
12.30 latitude. 

Temperature 

Air temperature 

The air temperatures in Alfisol areas in India and 
Africa are consistently high, and can be considered 
above 'ptimurn for most crops (Table 5), in low
rainfall zones, the temperatures can exceed 40'C. 
Information oi tie probabilities of occurrence of 
lethal and stress-inducing temperatures would be 
useful in planning alternative cropping strategies for 
Alfisols bot the long-term records on air tempera
tore recorded at shorter intervals are insufficient. 
Yable 6 sho\ks, as inexaniple, the probability of the 
temperatures rising to the point of becoming lethal 

T
 

100 120 140 160 180 

-
Storm i nitens i ty (T1111h )
Figure 5. )istribution of storm intensities in different storm sizes at l('RISAT' ('enter, 1975 (fIoogmoed
1981). 
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Table 4. Dates of beginning and end of the period and and stress-inducing in Kayes, Mali. High tempera

length of the growing period for different stations inAlflsol tures are known to effect germination and establish
areas of India and Africa. ment, leaf-area development, stem growth, tillering, 

root growth, panicle initiation, photosynthesis, and 
Growing period respiration (Peacock 1982). 

Date of Date of Length 
Station beginning ending (days) 

Mahalapye 13 Nov 17 Apr 155 

Anantapur 09 Mva 24 No, 199 
Birni N'Konni 01 Jn 07 Oct 128 Table 5. Average monthly air tenperature(C)frdiffer-
Coimbatore 24 Aug 23 Dec 121 ent stations in Alfisol areas of India and Africa. 
Mourdiah 07 Jun tO Oct 125 .un Jul Aug Sep Oct Nov 
Yeliman 07 Jun 13 Oct 128 

Station NoI1 Dec Jan Feb Mar Apr 
Diema 05 Jun 15 Oct 132 
Cuddapah 16 May 13 Dec 211 Anantapur 29.7 28.) 27.9 27.8 26,9 24.7 
Fatick 13 Jun 30 Oct 139 lirni N'Konni 31.2 28.2 26.8 27.7 29.5 27.3 
Hyderabad 26 May 15 Nov 173 Coimbatore 26.5 25.5 26.)) 26.3 26.2 25.2 
Kayes 01 Jun 22 Oct 143 Cuddapah 31.9 30.10 29.7 29.16 2 25.8 
Kurnool 23 May 12 Nov 173 lydcrabad 29.1 26.) 25.8 25.6 2.() 22.3 
Kaya 18 May 12 Oct 147 Kayes 31.6 28.3 27.2 27.5 28.7 28.2 

Bangalore 
Foundiaugne 
Gaya 

12 Apr 
13 Jun 
08 May 

08 Dec 
29 Oct 
12 Oct 

241) 
138 
157 

Kurnool 
Bangalore 
Lilongwe 

3(0.3 
24.3 
15.5 

28.1 27.8 
23.2 23.2 
15M1116.5 

27.6 
23.2 
19.4 

27.4 
23.2 
22.3 

25.1 
21.7 
23.4 

Kolokani 21 May 21 Oct 153 Madurai 31.5 30.7 30.2 29.9 28.5 26.8 
Lilongwe 02 Nov 28 Apr 177 Salem 29.6 28.5 28.3 28.2 27.3 25.8 
Madurai 03 Jul 08 Jhm 189 Bougouni 27.2 25,6 25.2 25.7 26.6 26.5 
Salem 09 Apr 20 Dec 255 Gaoua 26.8 25.5 25.5 25.7 27.2 27.8 

Bougouni 
Gaoua 

19 Apr 
25 Mar 

04 Nov 
II Nov 

199 
231 

Bamako 
Raipur 

28.5 
32.1 

26.6 
27.2 

26.)) 
27.1 

26.3 
27.5 

27.3 
26.3 

26.7 
22.5 

Famako 18 .May 08 No% 184 1. Month%in the Io%,er roA reltr t) 1tongc a. hitch t. south ol the 
Raipur 23 May )5No% 166 equator. 

Table 6. Statistical analysis of maximum air temperatures for Kayes, Mali. 

aix ( 'V 
Month tetnp. 1C) SI) ((7) .25 -30) .35 -.40 .45 

e t n . Pro ba b ilt , o fexcccd ing tr a x . te m p . ('C ) 

.fal 33.8 1.6 5 100 1i)00 26 0 0 
Feb 10.6 1.5 4 100I 103 85 3 0 
Mar 39.6 1.2 3 100 10 10 33 0100 
Apr 41.7 0.9 2 lI(H) 100 100 100 0 
NMay 42.0 1.0 2 1 (H) 10 I100 100I 3 

Jtn 38.1 1.3 3 11W 100 98 3 0 
Jul 33.5 1t0 3 100) 10l IW0 ) 0 
Aug 31.8 1.1 3 1() I1) 3 0 0 
Sep 32.9 0.8 3 100 IX) 0W 0 
Oct 35.9 1.3 4 1(X) I (H) 73 0 0 
Nov 36.7 1.0 3 100 10W 90 0 0 
Dec 33.7 1.1 3 100 100 13 0 0 

Annual 36.3 0.5 1 - - 
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Soil temperature 

Soil temperatures, particularly the extremes, advers-
ely influence germination of seed, functional activity 
of roots, the rate and duration of plant growth, and 
the occurrence and severity of plant diseases (Chang 
1968). The soil temperatures observed at any given 
location depend (Monteith 1979) on: 
a. The rate at which radiant energy is absorbed; 
b. the fraction of energy that isavailable for heating 

the soil and atmosphere (sensible heat), i.e., the 
fraction not used for evaporation (latent heat); 
and 

c. 	the partitioning of sensible heat between soil and 
the atmosphere. 

We measured the soil temperature, at 10 cm 
depth, of a medium-deep Alfisol planted to a 
postrainy-season sorghum crop at ICRISAT Cen-
ter. Three mositure regimes were imposed on the 
crop. 
I. 	No drought stress (by irrigating the crop every 10 

days). 
2. 	Drought stress imposed 35 to 65 days after emer-

gence (DAE) (by withholding irrigations during 
this period and irrigating thereafter every 10 
days). 

3. 	Drought stress imposed from 65 I)AE (by with-
holding irrigation) to maturity, 

Soil temperatures were also measured on a nonir-
rigated, bare soil. Maximum soil temperatures 
under different treatments are shown in Figure 6. 
Treatment I showed the lowest soil temperatures to 
range between 21" and 24° C, up to 95 DAE. Because 
all irrigations scre \withheld thereafter, the soil 
temperatures showed a sudden increase. Treatment 
2, which was under stress up to 65 DAE, showed soil 
temperatures :hat were, on an average, about 4'C 

higher than in treatment I. In treatment 3, the 
temperatures were high, occasionally approaching 
those for the bare fallow in treatment 4. 

Van Wambeke (1982) computed the mean annual, 
mean summer, and mean winter soil temperatures 
for selected stations in Africa from the mean air 
temperatures (see Table 7). According to the USDA 
Soil Conservation service (1975), Alfisol regions can 
be classified as Hyperthermic or Isohyperthermic. 

In crops, the shoot meristem has been indentified 
;s 	tile site of temperature perception (Kleinendorst 
and Brouwer 1970; Peacock 1975). At the start of the 
growing season, the meristem may be at or just 
below the surface, so that the rate of leaf expansion 
is determined by surface soil temperature (Monteith 
1979). As the shoot extends, the meristem moves 
away from the soil surface but, iftranspiration isfast 
enough, its temperature may still be modified by the 
temperature of the root system and, therefore, of the 
water the roots absorb. 

In relating the response of a crop plant to soil (or 
air) temperature, Monteith (1979) advocates that it 
is essential to record the duation of each develop
mental stage. Several management practices (e.g., 
mulching) aimed at favorably altering the soil
temperature regimes of Alfisols will be discussed 
during the course of this workshop, and the fore
mentioned suggestion of monitoring the duration of 
growth in addition to the rates isworth considering. 

Soil Water 

Soil water storage capacity 

The above discussion on rainfall, PE, and the length 
of the growing season provides rough solutions to 

Table 7. Computed soil temperatures and soil taxonomy definition of the temperature regime for different stations in 
Alfisol areas of Africa. 

RainfallRainfall 
zone 
(mil a - ) Station Annual 
. 500 Mahalapye 23.0 
500-600 Ifirni N'Konni 31.0 
6(X)-8(X) Kaye% 32.0 
800-1000 
.1I000 

Lilongwe 
liougouni 

22.4 
29.5 

.-I(XX) Gaoua 30.0 

Source: kan Vamhckc 1982. 

Mean soil temperature (C) 

S"uminer 

25.7 
30.6 
31.4 
23.6 
28.5 
28.3 

Iemperature 
Winter regime 

18.5 Ilyperthermic 
28.3 Isohyperthermic 
29.4 Isohyperthermic 
19.3 Isohyperdiermic 
28.3 Isohyperthermic 
30.2 Isohyperthermic 
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Figure 6. Seasonal variation in maximum soil temperature under different treatments In sorghum grown 
during the postrainy season at ICRISAT Center. 

broad, region-specific problems in agricultural plan- wilting point). The lower limit used in this procedure 
ning. But the soil characteristics of the region are by has come undercriticism of late, because the propor
themselves very important since the soil serves as a tion of the soil profile tapped by the crop isdifficult 
storage reservoir when rainfall exceeds PE. Availa- to ascertain (Hsiao et al. 1980). By growing 
bility of stored water is crucial for the successful sorghum, pigeonpea, and chickpea undergood man
harvest ofa crop in SAl Altisols, where waterdefic- agement during the postrainyseason on waterstored 
its during the growing season are frequent. in the soil, generalized estimates of crop-extractable 

Traditionally, the water-storage capacity ofa soil water in deep and medium-deep Alfisols at the 
profile is Jetermined by using the limits of water ICRISAT Center were determined. (See Fig. 5, El
extraction at field capacity and -15 bars (permanent Swaify et al. 1987, in this volume). 

23 



Soil texture and soil moisture changes 

4-.2 The particle size distribution of selected Alfisols at 
ICRISAT Center are reported in El-Swaify et al. 

U -1987 (in this volume). 
20- Soil-moisture changes at depths of 30, 60, and 90 

+j i' cm in an uncropped deep Alfisol (Fig. 7) clearly
3:rareflect the dynamic changes in profile-water 

U .16 
.j m. 16-recharge and depletion in the top 30 cm during the 

A: 30 rainy and postrainy seasons. At depths below 30 cm, 
E .12 B: 60 cm recharge and depletion occur annually, whereas in 
' C: 90 cm the upper 30 cm the periodicity of recharge and 

.08 depletion is determined by depth and by the size andJul Aug Sep Oct Nov Dec Jan frequency of rainfalL. The water regime of the upper30 cm of the profile is highly dynamic, evaporation
Figure 7. Seasonal changes in water content at three from the soil surface being the primary cause of 
soil depths in an uncropped deep Alfisol. depletion. 

0.32- a Alfisol: 15 and 30 cm 

0 Alfisol: 60 and 90 cm 

0.28-

I2 0

U 0.24 0
 

U,- \ 0 

CU 0 
4)C: 0.20

4) 

U 

E 

=0.08"o .12 -U. 

0

0.08

-50 -100 -150 -200 -250 -300 -350
 

Capillary potential (millibars)
 

Figure 8. Moisture characteristic curves determined from In-situ field measurements on an Alfisol at 
ICRISAT Center. 

24 



0 ,,.... -Capillary potential: water content 
relationships 	 

40 -' 95 mM 
One J the basic relationships used to describe and 
analyze the interactions of water with soils is the 80/ 
functional relationship between volumetric water 80 /

Banga lore 140 mm 
content and capillary potential. From the tensiomet-


ric data and volumetric water contents measured at 120"
 

different depths on an Alfisol at ICRISAT Center, it 0
 
was shown (Fig. 8) that with decreasing capillary
 
potential there was a large decrease in the water 40
 

content in the top 30-cm soil layer, while, in the
 
lower layers, this decrease was considerably less. =
 
This reflects the large difference in texture between . 2 80, 140 mm//
 

the soil layer at 0-30 cm and the deeper layers of 0 Hyderabad
 

Alfisols. 7 120 
0 

Water balance 	 9m 

Once the extractable water-holding capacity of an
 
Alfisol is determined, water-budgeting or water- 80 140 miX ,'
 

. 
balance techniques can be used to determine the 

pattern of changes in profile moisture during the Cofinbatore 

crop-growing season. The changes in profile mois- 120 

ture in deep and medium-deep Alfisols were esti
8 16 24 32 40 48mated for five locations ir Africa and India, using a 

simple water-balance model (Keig and McAlpine 	 Standard week 

Figure 9b. Simulated profile moisture changes 
under two assumed available soil water storage 
capacities (95 and 140 mm) for three locations in 
India.95 ni40 


/ 1974). The results, shown in Figures 9a and 9b, 
80/ indicate that, under identical rainfall conditions, the 

E 	 I\ 1 effect of short-term intraseasonal droughts on crop 

120- \ moisture status will differ with the depth of the 

- -. Alfisols. The effect of changes in seeding dates, and 

,- the influence of different phenological characteris
95 m,/tics on crop performance, could be assessed on a4 0 

/first-approximation basis using such analysis. 

801 	 W\
 
i \ /140 mm 	 Crop Response to Drought Stress on 

Aifisols120-Yel iAan 

S 12' 40T~8 iming and intensity of drought stress
3 	 16 24 32 40 48 

Standard week From the description of the climatic and soil charac-

Figure 9a. Simulated profile moisture changes under teristics of Alfisols, it is apparent that improved 

two assumed available soil water storage capacities productivity on these soils would largely depend on 

(95 and 140 mm) for two locations in Africa. the nature of the crops' response to drought. We 

25 



___ 

have conducted several studies on the effects of tim- 500 
ing and intensity of drought stress on groundnut ---Y= 58 .4+14.88X (r=0.89, P 0.01
grown during the postrainy season on Alfisols at  Y=158.1+ 8.94X (r=0.74, P -.0.01)ICRISAT Center. The timing of stress on the crop A With gypsum at 50 kg ha- 1 
was found to be much more important than the 400- * No gypsum "
 
intensity of stress. This is reflected in the yields -achieved, as shown in Figure 10. The final yields " 
 .
 
were greater from the crops that experienced E A A Adrought stress during the preflowering stage. M300- 0. A


It is wxorth noting the yield advantages obtained 
 A ,,
from early stress and considering whether or not this , AA
 
can be exploited. The merit of conditioning ground- '
 
nuts to early stress to enable them to withstand a 0 200- A ' ° °
 

second stress has been demonstrated by Rao and AS 
r 
Williams (1983), who found that the damage due to A 
stress may be halved. A,
 

100-.
 

Water nutrient interactions 

Aborted and stunted groundnut seeds result from 6 1 1 2
inadequate calcium uptake by the pod. Calcium 6 12 18 24 
deficiencies can develop in soils with low calcium- Watr,- appfied (cm) from 80 days
after sowing to maturity
 

Figure !W. Effect of gypsum on the relationshipA Mean of intensities for time between applied water and pod yield in groundnut 
400 0 Intensity (ICG 4601) at ICRISAT Center. 

360-T
 
0 	 1 exchange capacity, or when drought restricts cal-

32U-J ciuni movement in the soil solution. The effects of 
I gypsum application on yields of different groundnut

A genotypes under varied intensities of drought stress
280-1on 
 a medium-deep Alfisol were studied at ICRISAT 

i 	 Center. Although the Alfisols utilized would, nor
n0trol mally, not be considered deficient in calcium, gyp

0 
205 

A 	 sum application did increase the yields under
drought (Fig. I1). 

160 -'
1 1 	 0 Crop water-use efficiency on Alfisols 

120-11
• A S0i 	 Since water is the most limiting factor for crop pro

80 	 duction on Alfisols, its efficient use is important. 
Water-use efficiency can be increased by decreasing 

-] 	 evaporation f, - bare soils (E)between crop rows,40 'T_ 
 T- and by increasing transpiration (T) and the transpi-S1 SSS-5 S, S. S, SI S.,' 3 ration efficiency of crops. Various soil and crop
Pre- Reproductive Gra ifn management practices employed for improving pro
flowering estab ishment growth ductivity on Alfisols (EI-Swaify et al. 1987) can alter 

Figure 10. The effect of time and intensity of drought 	 either or both the components of ET.The variation 
on groundnut yield (Robut 33-1). S =mild stress; S2 in the E and T components of sorghum and millet 
= intermediate stress; S. = severe stress, crops was studied under both irrigated and nonirri
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Table 8. Water balances for rainfed and Irrigated sorghum on an Alfisol during the rainy and postrainy seasons of 1977-78 

at ICRISAT Center. 

Dates Days P Eo M L E Tm E/Tn 

Rainy-season sorghum 

13 Jul to 18 Jul 5 50 37 29 21 10 1I 0.91 
18 Jul to 28 Jul 10 56 92 10 46 36 4 9.00 
28 Jul to 04 Aug 07 t6 37 -16 32 19 12 1.58 
04 Aug to 16 Aug 12 97 54 6 91 10 27 0.37 
16 Aag to 05 Sep 20 124 73 7 17 13 50 0.26 
05 Sep to 12 Sep 7 0 38 -42 42 1 31 0.03 
12 Sep to 26 Sep 14 0 83 -16 16 I 15 0.07 

Total 75 343 364 -22 365 90 150 0.60
 

Postrainy rainfed sorghum 

07 Nov to 16 Nov 9 5 53 -17 22 12 10 1.20 
16 Nov to 01 Dec 15 281 61 6 22 10 12 0.83 

01 Dec to 28 Dec 27 2 125 -44 46 7 39 0.18 

28 Dec to 18 Jan 21 17 90 -20 37 9 28 0.32 

Total 72 52 329 -75 127 38 89 0.43 

Postrainy irrigated sorghum 

07 Nov to 16 Nov 9 5 53 -II 16 12 4 3.00 
16 Nov to 01 Dec 15 28' 61 0 28 II 17 0.65 
01 Dec to 15 Dec 14 412 65 18 23 13 10 1.30 
15 Dec to 23 Dec 8 0 37 -33 33 5 28 0.18 

23 Dec to 04 Jan 12 343 55 - 4 38 9 29 0.31 
04 Jan to 18 Jan 14 35' 58 - 8 43 13 30 0.43 

Total 72 143 329 -38 181 63 118 0.53 

P = Rainfall (ram), Tm Transpiration by mass balance (mm). 
Eo = Open-pan evaporation (mm). I. = Inluding 22 mm irrigation. 
M = Change in water in 127 cm profile (mm). 2. r including 39 mm irrigation. 
L = Total water loss (mm). 3. Including 34 mm irrigation. 
E = Soil evaporaton (mm). 4. :ncluding I mm irrigation. 

gated conditions on Alfisols in the rainy and post- oration in the early stages of plant growth. For pearl 
rainy seasons at ICRISAT Center. Data in Table 8 millet (Table 9), the E/Tm ratio, averaged over the 
show that the E/Tm ratio was high in the early stages season, was 0.25-considerably lower when corn
of sorghum growth in both the rainy and postrainy pared with sorghum. 
seasons. In the rainy season, evaporation accounted Early canopy growth and development of maxi
for 60% of the total transpiration, and about 24% of mum leaf area increase the canopy demand for water 
the total water loss. through increased transpiration. For a postrainy-

In the postrainy season, for nonirrigated season groundnut crop grown on Alfisols, stress 
sorghum, the proportion of E to Tm was lower than imposed from emergence to appearance of first pegs 
that for the rainy season. Under irrigation, the considerably reduced the canopy transpiration 
E/Tm ratio increased to 0.53. Early-season losses in through reduction in leaf area index (LAI), but did 
water due to evaporation were high during the post- not reduce the water-use efficiency (WUE) (Table 
rainy season also, indicating the need to check evap- 10). However, when stress was imposed after fu!l 
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Table 9. Water balances for rainfed and irrigated pearl millet on an Alfisol during the postrainy seasons of 1977-78 at 

ICRISAT Center. 

Dates Days P Eo M . E Tm E/Tn 

Rainfed pearl millet31 Oct to 10 Nov' 10 18 52 -12 30 12 18 0.67 
-46 56 5 51

10 Nov to 25 Nov 15 10 67 0.1025 Nov to 05 Dec 10 2 42 - 5 7 1 6 0.1705 Dec to 15 D:c 10 0 49 - 3 3 I 2 0.50 

Total 45 30 210 -66 96 19 77 0.25 

Irrigated pearl millet
31 Oct to 10 Nov 10 18 52 -15 33 12 21 0.57
14 Nov to 23 Nov 9 5 38 -42 47 6 41 0.1525 Nov to 05 Dec 10 2 40 -29 31 9 22 0.4112 Dec to 28 Dec 16 0 63 -30 30 3 27 0.1128 Dec to 05 Jan h 0 37 -14 14 I 13 0.08 

Total 52 25 240 -130 155 31 124 0.25 
P : Rainfall (am). I. total ',ater hss (inr).
 
E0 = Open-pan eaprrarurn (nn). 1: 
 Soil esaporatrrir (nm),
M = Change in 'ter in 127 cm profile (mam) trapiration h%Iin I mass balance (rnm). 

Table 10. Effect of stage of growth at wshich drought stress is imposed on leaf growth and water-use efficiency of 
groundnut. 

[AII before Water-useStage of growkth at which imposition of l.AI at efficiency
stress is imposed water stress maturity (kg ha -' cm -') 
I. Emergence to peg initiation 3.60 29.61 
2. Flowering to last pod set 1.90 3.0 10.47 
3. Pod filling to maturity 3.39 1.35 2.95 
4. Continuous drought stress 1.42 1.73 

I. [AI =leaf area index 

leaf-area development, the transpirational demand Conclusions 
was very high; the moisture supply was inadequate 
and the WUE was low. Planning for improved productivity of Alfisols

Selection of varieties that produce more yield fora should take into account the interactions between
given amount of water has been made at ICRISAT climate, soil, and plant in different areas of the world
Center. It seems possible to increase groundnut where these soils arc situated. Information on the
yields under drought conditions on Alfisols utiliing intensity, amount, and distribution of rainfall does
appropriate genotypes (Fig. 12). help provide a general idea about the cropping

Because various cropping systems differ in their potential and soil erosion, but this information
capacity to cover the ground quickly, and in their should be combined with potential evapotranspira
sensitivity to drought stress at different stages of tion data to assess the available length of the grow
growth, WUE also usually differs. The differences in ing period for crops. Air and soil temperature data
the WUE of three sole crops and an intercrop grown for crop-growing seasons are equally important, in 
on Alfisols at ICRISAT Center are shown in Trable view of the dynamic changes in soil moisture thatII. occur in the surface soil layers of Alfisols. The depth 
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fable il. Water use and water-use efficiencv of crops/cropping systems grown on Alfisols during the rainy season at 
ICRISAT Center. 

Water use
 
Crop/cropping Water use Yield efficiency
 
system (cm) (kg ha-') (kg h ai I cm-) Reference
 

Sorghum 24.0 37(X) 154 ICRISAT (1978)
 
Pearl millet 15.9 2226 140 Reddy and Willey (198 1)
 
Groundnut 19.6 1185 60 Reddy and Willey(1981)
 
Pearl millet, groundnut 22.8 1227 X411 91 Rcdd and Willey(1981)
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Physical and Conservation Constraints and Management
 
Components for SAT Alfisols 

S.A. EI-Swaify, S. Singh, and P. Pathak' 

A bstract 

The A lfisols of the semni-arid tropics ar' wvell-draine'd soils, but posse'ss low water-storage 
capacities. lie vare, therefore,cropped only duringtih rainy (monsoon)season. Hithtraditional 
rainfeI farming, the soils are both unproductive aned prone to excessive runoff"and erosion. 
Lffor s to improve nianagenuent o f these' soils for conventional cropping have succeeded in 
increasing cro .viehlover tracitional managemenut s'stems,hut c/fictive practicesfor improved 
soil and water conservatiot remain to he loretulated. This is prinarilybecause of the extreme 
structural in.tabilit. of i/itsoil%. Phv.sical comnpinents of improved management have been 
subject to manyv in ves.tigations antlmaiy"/)rcmti.sitgtrendshave energed. but no integraied set of 
practices (call,as vet, be confidentl. recontinentdc'dIr sustaining agricultural procluctivity on 
sinallfIrmis. In t/is hackgrounclpaper,cvihcncc primarilyfrom re.warchat I'RISA Tis used as a 
hasis fur cli.cct.Vstu of /'the I/itc promit.ig tlcvlehopmntts that have beenIphvscal constraint.%antI 
nmac' in imtproving tihe cotseraliot anld managemnt of these soils. 

Introduction 

The diversity of soils in the semi-arid tropics (SAT) 
is clearly indicated by the fact that 8 of the 10 orders 
in Soil Taxonomy (USI)A Soil Survey Staff 1975) 
are represented in this region. Table I shows that 
nearly 33, of the land area in the SAT is occupied 
by Allisols (6.96 million kin2 ). Associated soils are 
primarily the Arid sols (5.20 million kin2), l-ntisols 
(2.72 million kin2), Oxisols (1.88 million km2), arid 
Vertisols (1.31 millicn kin2). The Aridisols and 
Entisols may be cc ',-red as related so;ls, particu-
larly in the Afri. VAT. SAT en,ironments are 
identified at the s ..,rder level within the ustic mois
ture regime. This term implies dryness during parts 

of the year, but "moisture is present at a time when 

conditions ate suitable for plant growth" (JSI)A 

Soil Survey Staff 1975). The specific definition of 
ustic is based oimean annual soil temperattre, and 
duration of the period in which the control section of 
the profile remains moist or dries out. Iy this defini-

I N ccc Realch m (noA Resource ManagementI-,ccccng i'rngc 

tWRISA I (itrnctincan alCrops Rewaich Incstitute tot the Senttl-,tid 
(ConsultaI1c 'i1lhe Staie i t l,\\'orckshoIp olthe Art l tanagcle Al 

tion, the ustic regime occurs in tropical regions, with 
a monsoon climate that has at least one rainy season 
lasting 3 months or more in a year. 

Table I. Soil%of the semi-arid tropics. 
Area (million km2) 

Soil order Africa latin America Asia Total 

Allisol 4.66 1.07 1.21 6.96 
Aridisols 4.40 0.33 0.47 5.20 
Lcctisc)ls 2.55 0.17 - 2.72 
lnceptisols 0.38 - 0.28 0.66 
Mollisols - 0.78 - 0.78 

Oxisols
Ulisols 

1.881.24 -0 0 1.880.52 
Vetisols 0.54 0 0.80 1.52 
Others 0 0.70 0.23 0.93 

Total 14.62 3.13 3.19 20.94 

Prograt), I(_'RISAI, Patancheru, A.P. 502 324. India. 

Irop c,).1987. Alliso% in the semi-arid tropics. Proceedings of the 
,ltaimts toroptinii/ing the Productivity of SAT Alfisols and Related 

Sods. -3 lkcetnher 198., IW'RISA I Crte Itcndia.Ptlhaichetr, A 1' 502 .124,India: I RISA I. 
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All the forementioned soils are used for agricul- 0
tural 'production, and come under a wide variety of 30" 


"traditional", "improved", or "developed" methods 6"
 
of farming. These, together with general reviews of 90
 
soil resources in the tropics and the SAT are given in Co
-

Sanchez (1976), Swindale (1982), and Kanwar 10
 
(1983). The major characteristics of several tropical 
 150
soil orders, including Alfisols, are provided in a 180 Fi i. T 
recent document on soils of variable charge (Theng 0.6 1.0 1.4 1.8 1.0 1.4 1.8Stone-free bulk
1980). These inventories, however,do not specifi- Bulk density

density (g cm- 3 ) (g cm- 3 )

cally document the experiences that have been
 
acquired in recent years on 
major constraints to 0
 
productivity and optimized management of SAT 
 E 30. " 
Alfisols. 60
 

This paper reviews recent studies on the physical 90-
 .

constraints and the developments tht have been 90
made in soil and water management and conserva- 120.
 
tion to optimize productivity of these soils under 
 150
rainfed conditions. e4180 I I I I I I 

Alfisols are represented within the experimental 2.1 2.3 2.5 2.7 0 20 60 100farm of the International Crops Research Institute Particle density Stones> 2 mm (%)for the Semi-Arid Tropics (ICRISAT) by the Patan- (g cm- 3)

cheru soil series. This soil, a Udic Rhodustalf, will >, 1.87 With 
stones - Stone-free

therefore be central to the discussions that follow. Its +";;-'I. 61major characteristics •are shown in Table 2. Availa- .. ' ,ble information from other locations in the SAT will 
 - E 1.4
 
be presented where relevant. 
 c .2

1.0*L -
 "
 
I I 1 I I - I 1 I I

Relevant Characteristics of SAT 0 20 40 60 0 20 40 60
Alfisols Stones . 2 mm (%) Stones > 2 mni (%) 

Figure 1. Bulk density, particle density, and theAlfisols possess an argillic horizon within the pro- percentage of stones in Alfisols.
 
file. 
 Hence the clay content of these soils increases
 
with depth, although shallow and gravelly Alfisols
 
are also common as a result of erosion. 'he enrich-
 this results from a low content of fine (clay-sized)
ment of surface layers with coarse particles is particles, particularly in the surface horizon, clay
assumed to be the result of clay migration with minerals 
 of low activity (kaolins with varying butpercolating water, termite activity, and/or selective small proportions of 2:1 layer-lattice clays and sesremoval of fine particles by erosion. The soils may quioxides), and-with the cropping systems prevacontain dirtinct layers of gravel and weathered rock lent in the SAT---the tendency 
 to stabili7 on!yfragments at lower depths (often called murrum). minute amounts of decomposed organic matterHow the presence of stone in these layers effects within the soil mass. The increased clay content withseveral Alfisol properties is shown in Fig. I. Effec- depth often distinguishes these soils from other
tive rooting depths of crops are restricted either by 
 "sandy" soils, (e.g., Entisols). However,since soils inthe limited soil depth imposed by the presence of many SAT regions have not been described accordsuch layers, or by the compact argillic horizon that ing to Soil Taxonomy, it is difficult to retrieve from 
may restrict root penetration. Restricted root devel- the literature precise global information on expeopment on these soils prevents many crops from riences with these soils.
withstanding even moderate droughts. Hence, poor A major consequence of the lack of aggregation, crop yields are common, or unstable aggregation, is the tendency of these soilsAlfisols-at least those cultivated in the SAT- to display rapid surface-sealing following rainfall,are characterized by lack of structuraldevelopment; and crusting with subsequent drying cycles. This 
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crusting can adversely affect plant establishment 
(Figs. 2 and 3). It often extends deeper than the 
immediate soil surface, resulting in consolidation of 
the soil profile (slumping) to a depth that is deter-
mined by several factors. Apparently the particle-
size distribution (and mineralogy) favors slaking,
packing, and compaction. Thus, although the soils 
permit easy tillage when wet, they become hard and 
difficult to till when dry. Tillage when the soil is too 
wet may result in excessive compaction. Hence only 
a limited soil moisture range isavailable forproduc
ing optimum tilth. EI-Swaify (1983) attributes the 
lack of consistent success in managing these soils 
under rainfed conditions to several physical factors 
as discussed below. 

Alfisols generally possess inherently low waterretention characteristics because of their particle
size makeup and mineralogical composition. This is 
often compounded by the shallow depth of the soil 
zone available for water storage. Lack of waterstor-
age combines with mechanical impedence problems 
in these hardening soils to limit crop-root prolifera
tion. Improvements in medium characteristics as a
result of tillage are only temporary because of the 
lack of structural stability. The structural instability
and subsequent frequent failures in land-surface 
configurations lead to a reduction in surface rough-

80 
No crust 

Crust 


60 


U 
e-.-crops 


S40 


r I 
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J - __ 
0 5 9 

e 5e 
Tie after planting (days) 

Figure 2. Percentage emergence of sorghum seed-
lings under crust and no-crust treatments following 
planting. 
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Figure 3. Changes in plumule and radicle lengths of 

sorghum seedlings under crust and no-crust treat
ments following planting. 

ness (useful for maximizing infiltration) and 

enhancement of surface-sealing and crusting (West
steyn 1983). These on the one hand induce excessive 
runoff even early in the season and, on the other, 

directly affect seedling emergence. Direct effects on 
are more drastic with small-seeded crops such 

as pearl millet, finger millet (Eleusine coracana) and 
sorghum. Localized droughts are also very likely in 
the seed environment, i.e., in ridges or beds intowhich water entry by infiltration isrestricted by 
surface-sealing. Crusted soil surfaces are also pre
sumed to be prone to increased evaporative water 
loss. 

Raised-land surface configurations, installed as 
conservation measures, lead to excessive concentra
tions of induced runoff in the furrows which thenundergo rilling and exaggerated erosion. In manySAT Alfisols, workability in the dry state and stoni

ness appear to be deterrents to effective land prepa
ration. Since the soils are generally well-drained, 
leaching of water-soluble fertilizers is a common 
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Table 3. Physical properties of two Alfisol profiles at ICRISAT Center. 

Moisture content at 

15 bar 0.3 bar 
Depth Stone content % Bulk density (g cm-) 


(cm) ST2 RAI0 ST2 RAI0 ST2 RAI0 ST2
 

0-15 2.4 ± 0.8 10.9 ± 9.1 1.55 ± 0.22 1.57 ± 0.20 6.0 8.6 8.3 

15-30 1.5 ± 0.8 7.7 ± 6.0 1.64 t 0.15 1.72 ± 0.19 10.2 10.3 13.5 

30-45 0.6 - 0.8 2.9 ± 1.7 1.59 ± 0.07 1.67 ± 0.10 14.8 10.4 18.7 

45-60 2.2 ± 4.8 1.4 ± 0.5 1.59 ±0.12 1.63 ± 0.11 16.1 14.2 20.3 

60-75 4.3 ± 10.4 2.3 ± 1.3 1.64 f 0.04 1.71 ± 0.10 17.1 15.7 21.1 

75-90 5.0 ± 13.0 I1.1± 19.7 1.60 ± 0.04 1.79 ± 0.12 17.2 15.8 21.8 

90-105 6.6 ± 10.1 16.2 ± 20.2 1.68 ± 0.10 1.83 ± 0.15 17.7 16.0 21.7
 

105-120 11.2 ± 13.6 30.3 ± 27.8 1.65 ± 0.09 1.85 ± 0.14 17.6 16.9 21.5
 

120-135 12.4 ± 14.5 21.7 ± 18.4 1.75 ± 0.10 1.81 0.16 16.8 16.6 20.6
 

135-150 18.1 ± 17.8 28.3 ± 8.1 1.70 ± 0.09 I.h6 ± 0.16 16.4 16.4 20.6
 

150-165 28.0 ± 14.7 33.1 t 14.1 1.80 i 0.11 1.86 ±0.05 15.7 16.8 20.1
 

165-180 30.7 ± 10.0 31.0 ± 15.9 1.74 1 0.08 1.83 0.130 14.9 16.4 19.6
 

180-195 16.6 ± 14.2 35.1 t 21.6 I1.0 ± 0.14 1.89 -0.20 15.0 NI) 19.6
 

I. Mass percenlage ol material .2 mm
 
2 Oil a iass64 , . , , l ii plies
 

occurrence with heavy rainstorms (C.W.Hong 1983, 

ICRISAT, personal communication). Such losses Table B entlo 

are particularly enhanced by the soils' low nutrient

retention capacities (cation-exchange capacity Depth location 

values range between I and 10 meq 100 g-1). (cm) RI1'17 RCW20 RII RIS5 

The lack of active clays in Alfisols also indicates 0-15 1.55 1.57 1.54 1.71 

that organic matter has an important role in control- 15-30 1.64 1.72 1.58 1.71 

ling the soil's structural characteristics. This is one 30-45 1.59 1.62 1.58 1.62 

important reason wh management of Alfisols for 45-60 1.59 1.63 1.56 1.54 

sustained agricultural productivity may be compar-	 60-75 1.64 1.71 1.57 1.56 

atively easy in the humid tropics. In the humid trop-	 75-90 1.60 1.79 1.0 1.61 

ics, abundant and uniformly distributed rainfall 
allows continuous biological activity and buildup of 

organic matter to fairly high levels. 

The erodibility of Alfisols appears to vary widely. 

The universal soil loss equation's K value has been 

reported to be as high as 0.4 or more, indicating that Table 4b. Particle size distribution of selected Alfisols at 

the soils are quite susceptible to erosion by water ICRISAT ('enter.
 

(EI-Swaify and )angler 1982). location
 

It is important to emphasize at this point that R I W2C RV3 

Alfisols display wide diversity and spatial variabil- IDepth 

ity. Therefore, Table 2 may be accepted only as (tl) Sand Sill UlaN Sand Sill Clay Sand Silt (la 

representative of Udic Rhodustalfs at the precise 0-15 88 6 8 88 4 8 73 10 17 

sampling and description site. Even within ICRI- 15-30 69 8 23 85 6 9 55 9 36 

SAT's farm, much variability is encountered in the 30-45 55 6 39 76 5 19 48 10 42 

properties of the PIatancheru series. Tables 3,4a,and 45-60 47 10 43 66 	 6 28 45 12 43 
9 32 47 9 444b include quantitative data for selected physical 	 60-75 46 9 45 59 

75-90 48 9 43 65 8 27 46 9 45
properties of various Alfisols at ICRISAT Center. 
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Dryland Management Options for little or no chemical fertilizer. Even in dependable-
SAT Alfisols rainfall regions, the average yields are very low.

Village-level surveys of some Alfisol area,. in India 
(Rastogi et al. 1982, Sanghi and Rao 1982) haveTraditional uses and management revealed the following average yields for major 

In contrast to Vertisols, rainfed cultivation of Alfis-
ols in the semi-arid tropics is practiced only during 
the rainy season. The growth period for sequential 
cropping is extended into the postrainy season 
where water is availhble for,'applemental irrigation. 
For certain rainfed i'&tercropping combinations, the 
season extends to the end of the long-duration crop 
(e.g., castor). The main traditional crops include 
sorghum, pearl millet, finger millet, groundnut, 
pigeonpea, cotton, castor, green gram (mung bean) 
and black gram ( Vigna mungo). These are grown as 
sole crops, in discrete mixtures or as intercrops. 
Farmers prefer mixtures or intercropping, especially 
in low-rainfall regions, because such combinations 
reduce the risk associated with variable and unpre-
dictable moisture situations, and allow taking maxi-
mum advantage of both good and poor rainfall 
years. Intercropping of cereals with pulses or oil-
seeds is most common: the farmer requirez these for 
food and cash purposes (Jodha 1980). In the Indian 
SAT, supplemental irrigation from tar'ks (small, 
surface reservoirs) or wells is com.-.. n Alfisols. In 
such cases, farmers prefer paddy rice, sugarcane, 
tobacco, groundnut, and maize as the main crops.

With their poor water-retention characteristics, 
rainfed cropping of Alfisols faces tle constant threat 
of deficient soil moisture even during relatively short 
dry spells. Common crop failures discourage 
farmers from making substantial investments for 
improved management (Kampen 1980). Therefore 
they generally plant traditional crop varieties with 

crops: 
Sorghum 300-500 kg ha-1 

Pearl millet 300-450 kg ha-I 
Castor 300-550 kg ha-
Pigeonpea 200-300 kg ha-' 
Groundnut 400-600 kg ha-' 

Since dry soils are quite difficult to handle before 
the monsoon, all agricultural operations are con
ducted following the onset of the rainy season. 
Often, therefore, the fields are relatively bare when 
the monsoon begins. Further, the nonstable struc
ture of these soils enhances their tendency to develop 
surface seals that reduce infiltration and profile 
recharge, even when rains are moderate. These seals 
harden into crusts during intermittent dry periods. 
Such conditions deter the establishment of adequate 
protective crop cover early in the season Asaconse
quence, the traditional system of farming induces 
excessive runoff and soil loss. Later in the growing 
season, poor crop establishment, coupled with con
tinued poor growth, result in very low rainfall 
utilization. 

Hydrologic studies conducted at ICRISATon the 
traditional farming system have shown that, of the 
total rainfall potentially available, an average of 
about 26% is lost through runoff, 33% through deep
percolation, and only the balance 4i %is utilized for 
evapotranspiration by crops (Table 5). For cropped 
Alfisols-whose physical and fertility status are gen
erally marginal, and the profile often shallow
excessive runoff and soil losses represent further 

Table 5. Estimated waler-balance components and soil loss observed for the traditloral cultivation system' on Alfisols at 
ICRISAT Center. 

Evapotrans-
Rainfall Runoff piration

Year (mm) 

1978 1060 
1979 671 
1980 765 
1981 1130 
1978-812 100 

I. Traditional varieties of sorghum 
2. In percentage of rainfall. 
3. Average annual soil loss. 

(inns) (mm) 

391 395 

113 335 

149 345 

292 415 

26 41 


as sole crop, and sorghum/ pigeonpea as intcrcrop were 

Deep perco
lation Soil loss 
(mm) (I ha -1) 

274 5.19 
223 1.83 
271 1.62 
423 5.61 
33 3.713
 

grown. 
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degradation of the resource base and lead to a 
further decline in productivity. 

Developments in improved management 

for optimized productivity 

Our present knowledge about Alfisols- in contrast 
to that about Vertisols, on which the broadbed-and-
furrow (BBF) technology is proving quite promising 
for optimized management (Kampen 1982)-does 
not provide a clear and tested approach in 
management that can be recommended as part of a 
"technological pqclage" for optimizing the 
productivity of Alfisls under rainfed conditions. In 
particular, land- ard soil-management techniques 
that are effective it. reducing runoff and erosion, 
imparting structural stability to the soil, improving 
water-storage characteristics, and reducing sealing 
and crusting are ye. to be defined, 

There are indications, however, that mostc!,:ar 

SAT Alfisols do possess a much higher productivity 
potential than that indicated by yields obtained 
through traditional farming (shown earlier). 
Randhawa and Venkateswarlu (1980) report yields 
of 3500 kg ha-I for hybrid sorghum, 1500 kg ha ' for 
improved castor, and 2700 kg ha-' for finger millet 
on Rhodustalfs in southern India. The results of 
research on physical components that were found 
promising for improving productivity are discussed 
below. 

Land smoothing and installation of field drains 
are essential for improved management of Alfisols. 
Landscapes common in farmers' fields are generally 
quite uneven, with many depressions of various 
sizes. Small, surface depressions that are obliterated 
through normal tillage operations are not subject to 
waterlogging. But large depression!, are generally 
more stable and act as receiving basins for erosional 
sediments. Once these sediments are deposited, 
waterlogging often results. Crop yields from such 
areas were 10-35% ;ess than that from other areas 
(Pathak 1981, unpublished report, ICRISA'I). 
Uneven land surfaces also create problems in 
carrying out various agricultural operations, e.g., 
tillage or planting, at the proper depth. Higher 
germination percentages were recowed for pearl 
millet and sorghum in fields with proper smoothing 
as compared to those without (Pathak 1981, 
unpublished report, ICRISAT). To alleviate the 
influence of such depressions, it is necessary to 
smoothen the land surface, and this is done most 

efficiently in the direction of planned cultivation. 
Since high runoff is frequent on Alfisols, 

provision must be made for early and safe removal 
of excess runoff during the growing (rainy) season. 
The urgency to reduce runoff must be tempered by 
the need to improve surface drainage during wet 

periods, in view of the fact that the profile's capacity 
for water storage isoften very limited. Also, the need 
to reduce or enhance runcff must be assessed, 
keeping in view a predetermined strategy for water
resource development and use. Should surface 
storage of excess runoff water for supplemental 
irrigation be determined as the feasible alternative, 
the system should be designed to yield and store 
sufficient runoff for this purpose. Conversely, 
maximum water entry into the soil stou!d be 
facilitated through various ponding techniques 
when accessible subsurface water storage ispossible. 

Tied ridging (installation of furrow-dams) has 
been extensively tried in the African SAT as an in 
situ soil- and water-conservation system. Under 
certain circumstances, the system not only helped 
reduce runoff and soil loss but also increased crop 
yields (Lawes 1961 and 1963, and Dagg and 
Macartney 1968). However, during high rainfall 
years, or in years when relatively long periods within 
the rainy season were very wet, significantly lower 
yields were reported from systems using tied ridges 
than from graded systems that disallowed surface 
ponding of water(Lawes 1963, Daggand Macartney 
1968). Under such conditions, tied-ridging enhanced 
waterlogging, development of anaerobic conditions 
in the rooting zone, excessive fertilizer leaching, aad 
rise of the water table in lower-slope areas (Kowal 
1970). 

Hudson (1971) expresses serious concern about 
overtopping of tied ridges, and emphasizes that 
these systems should be designed so that the ties are 
lower than the ridges, which should themselves be 
graded so that excessive runoff is released along the 
furrow and not down the slope. Further, a support 
systc~m of conventional contour terraces must be 
installed to cope with runoff from exceptional 
storms. Lawes (1961, 1963, and 1966) compared the 
performance of alternative designs: with open free
draining furrows, alternate cross-tied furrows, all 
furrows cross-tied, and all furrows cross-tied with 
mulch. His results showed that tying alternate 
furrows alone, or tying all furrows in combination 
with mulching, significantly improved yields of 
cotton compared with open furrows and tied 
unmulched furrows in bothdry and wet seasons (889 
mm and 1303 mm rainfall). With groundnut and 
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sorghum, the effects of treatment were less while constructing furrows. In the BBF systemprominent. nearly one-third of the land area is in furrows, withThe comparative advantages of other land initial infiltration rates about one-third of those onconfigurations for effective soil and water undisturbed soil. Alfisols differ from Vertisols in yetconservation have been the subject of many another way: small and moderate storms (arbitrarilyinvestigations (Pathak et al. 1985). In significant defined as thos- with <90 mm rainfall) contribute acontrast to Vertisols, Alfisol watersheds under the major share of seasonal runoff (34-69%)and soil lossBBF system generated decisively more runoff and (45-75%) on BBF. For large storms, there was littlesoil loss than various flat culture designs tested, difference between the various land configurations
Table 6 shows the superiorityof the flatsystems with (Pathak et al. 1985).
contour or graded bunds, over BBF and traditional The flat-on-grade system was 
 not only mostmethods. These trends were confirmed for both low- effective in reducing runoff and soil loss but alsoand high-rainfall years (Table 7). These results were produced slightly higher crop yield than the otherattributed to the tendency of BBF-shaped fields to land Lonfigurations (Table 8). Raisedundergo surface smoothing along the slope resulting 

land 
configurations (broadbed-and-fur, "w, narrowin low surface depression, and exposure of soil layers ridge-and-furrow, and wave-type broadbed-andwith low infiltration rates (e.g., the argillic horizon) furrow) offered no particular advantages in terms of 

Table 6. Effects of alternative land-management systems on annual runoff, soil loss, and peak runoff rates from Alfisol
watersheds (average annual values, 1975-79). 

Runoff Peak 

runoff 
% of rate' SoilRainfall seasonalTreatments (mJ s-1 loss(mm) (mm) rainfall ha-') (t ha-')

Flat with graded bunds 837 135 16.1 0.14 1.87 
at 0.6% slope

BBF at 0.6% slope 831 238 28.6 0.25 3.40Flat with contour bunds 836 110 13.2 0.10 0.85Traditional flat with 790 165 20.9 . 15 2.52 
farmers' field bunds

1. Maximum peak aurtoll rate. 1975-79.
2. Watershed montored lrom 1976 to 1979. Values reported are nased on these 4 years.

Source: Pathak et al. 1985.
 

Table 7. Annual rainfall, runoff, soil loss, and peak runoff rate for an Alfisol In a flat, graded-bunds system and a BBF
 
system (1975-79).
 

Flat with graded bunds at 0.6% slope BBF at 0.6% slope 

Peak PeakRunoff runoff Runoff runoffRain- % of rate Soil Rain- % of rate Soil-fall seasonal (ni' s 1 loss 3fall seasonal (i S- lossYear (Mam) rainfall ha') (I la-') (mm) rainfall ha-1) (t ha-)

1975 1103 
 15.0 0.13 2.10 1104 27.9 0.20 4.201976 662 21.2 0.14 2.00 684 27.9 0.25 2.811977 549 5.3 0.06 0.56 563 14.2 0.10 1.131978 1048 19.8 0.13 2.81 1060 33.6 0.17 5.00 

Source: Pathak et al. 1985. 
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Table 8. Effects of land management on runoff,erosion, and cro. yields on Alfisols. lAverage of 1981-82 and 1982-83.)' 

Crop yield 

Sorghum Pigeonpea Runoff Soil loss 
-Land treatments (kg ha-') (kg ha-') (mm) (t ha ) 

Broadbed-and-furrow at 0.4% 2545 
Narrow ridge-and-furrow at 0.4% 2560 
Flat-on-grade at 0.4, 2710 
Flat-on-grade plus ridging-up later at 0.4% 2690 

1. Total rainfall =921 amm. Source: t'athak 1984. 

runoff, soil loss, and yield over the flat-on-grade 
system. They also posed problems resulting from 
low stability and complications in accomodating 
certain crop combinations. In raised-land 
configurations, the expected benefits of high 
infiltration rates in the planting zont and reduced 
velocity of overland flow, seemed to be counteracted 
by the extremely low surface-depression storage and 
by other problems resulting from turning the soil 
and exposure of the compact argillic horizon in the 
furrow zone. Thus, in Alfisols, unless furrow 
irrigation is required, the flat-on-grade con-
figuration is probably the most effective, 

O'erational-scale research at ICR VAI'F, over a 
period of*6 years, has confirmed that cleat- bc:nefits to 
soil and water conservation, and substantial 
increases in crop yield, can be obtained by using a 
number of improved managetent practices (Pathak 
1984). Among these, the modified contour-bund 
system that includes gated outlets, involves lhnd-
smoothing and planting on grade instead of on 
contour, is the most promising (Table 9). In addition 
to a low annual runoff of 162 mn and soil loss of 
1.38 t ha- 1, this system has been found to increase 
pearl millet yield by 19%i and that of pigeonpea by 
16, compared with the I13F system (pearl millet 
yield, 1920 kg ha '; pigeonpea yield, 940 kg ha'). 

Table 9. Effect, oif different s)slems of farming oIl runoff 
and soil loss on Alfisol Aatersheds, 1981. 

Treatment 

radnitinal system
Contour hoind systemModified ciintumr hind system 

liroadbed-and-lurrow system 

Rullofl Soil lo%" 
(oirai) (t ha 1) 

248 4.6h
92 1.1 

162 1.38 

298 4.12 

Total rainfall - 1094 mn Source, I'aihak 1984. 

775 272 3.56 
785 296 3.20 
825 186 2.10 
820 215 2.61 

There is considerable evidence to show that the 
tillage operations (particularly primary tillage) 
selected should be appropriate if continuous crop
ping of SAT Alfisols is to be successful. This is in 
contrast to the humid tropics where considerable 
success has been reported with minimum tillage (Lal 
1977 and 1980). Intensive primary tillage of SAT 
Alfisols was generally found necessary forcreating, 
favorable zone for root proliferation, and for 
enhancing rainfall acceptance by the soil. Secondary 
tillage operations are necessaiy for seedbed prepara
tion, and for weed control because herbicide use is 
still limited in the SAT. Since these soils generally 
undergo severe hardening during the dry season, 
cultivation isdifficult before the rainyseason. When 
powerful implements are utilized to permit plowing 
in dry conditions, tile results are generally undesi
rable as large hard clods are created that necessitate 
further intensive tillage to produce a suitable 
seedbed (Rawitz et al. 1981). When cultivation must 
await the moistening of the topsoil, the effective 
length of the growing season isappreciably reduced 
and the farmer has to conduct all the required opera
tions within a short period. Plowing at the end of the 
cropping season can, in some circumstances, be used 
to overcome these problems. Studies at Raichur 
(India) showed that Alfisols subjected to summer 
plowing had a higher rainfall-intake capacity than 
soils that were not (Hadimani and Perur 1971 ). Even 
shallow surface cultivation was found to be of 
advantage in helping the early rainwater to ,,, 
deeply into the soil. Hadimani et al. (1982) observed 

that rainwater penetrated to a depth of 3') cm in 
ha rrowed plots, but to only 15 cm in adjacent unbar
rowed plots.

The benefits of intensive tillage in terms of crop 
performance have been documented on many Alfis
ols. in S-:negal, with shallow hoe cultivation the bulk 
density of the top few centimeters of soil decreased 
from 1.6 to 1.4 g cm--. With plowing by tractor the 
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same benefits were effected to a depth of 10-30 cm 
(Charreau and Nicou 1971, Charreau 1972). In these 
soils, a decrease of 0.1 g cm-3 in bulk density signifi-
cantly benefited root development and crop yields. 
Blondel (1967), Charreau and Nicou (1971), and 
Nicou and Chopart (1979) found veryclear relation-
ships between bulk densities-as reflected by poros-
ity changes and various indices of root development 
(Fig. 4)-and final crop yields. Nicou and Chopart 
(1979) have shown that the proliferation of the root 
systems of sorghum, millet, and groundnut could be 
increased from 40% to more than 200% in soil depths
down to I m or more through cultivation that need 
not even be deep. Nicou (1972) has made similar 
observations. These re.searchers hypothesized that 
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even limited tillage was sufficient to enhance rapid 
and deep root establishment by the crop, thereby 
allowing it to escape the effects of detrimental dry 
spells early in the rainy season. Water losses through 
evaporation are consideable from deeply tilled 
Alfisols, and this may provw.detrimental when rain
fall is limited. Klaij (1983) demonstrates the need for 
ensuring good seed-soil contact by pressing the soil 
after sowing to allow adequate crop establislhinent 
on Alfisols. He also showed that an intensive form of 
tillage (split-strip plowing) can help increase crop 
yields. 

Management of soil crusts for improving seedling 
emergence and crop stand on rainfed Alfisols is 
gaining increasing im -rtance (Klaij 1983). Strong 

2.0

> 

0. 5

050- I I
 

1.45 1.50 1.55 1 .60 1.65 

1.5

1.40 1.45 1.50 1.55 1.60 1.65 

-
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Figure 4.Relationships between bulk density, root development, and yields of groundnut and sorghum in 
sandy Alflsols at Bambey, Senegal. 
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surface crusts develop when seals created by rain
stors ae osbjetedrpiddryng uderdirct able I I. Effect of different levels of organic mulch2 onsto rm s a re s u bjecte d to rapid d rying u n d e r d irec tc r p y e d r u o f a n s il o s o n A 's l , 1 9 . 
sunlght Ithasbeefond tat rolin crst- crop yield, runoff, and soil loss on Alfisols, 1981.sunlight. It has been found that a rolling crust

breaker with spokes mounted at precalculated posi- Intercrop system 

tions can substantially improve seed emergence (in Sorghum Pigeonpea 
the case of susceptible seeds) when available soil Mulch rate yield yield Runoff Soil loss 
moisture is not a limitation to growth (Awadhwal ft ha-') (kg ha-') (kg ha-') (rm) (t ha-1) 

and Thierstein 1983). Scinan etal. (1984) have deve- Noimulch 2790 1340 391 5.93 

loped a simple technique for field screening of 2.5 28(X) 1390 295 3.44 
genetic resistance of millet and sorghum to enter- 5.0 2980 150 208 2.40 
gence through soil crusts. Little investigation to date 10.0 3040 1810 101 1.19 
has been done on the effects of chemical amendment S t116 ±9 t4.9 f0.221 
on the strength of crusts formed on these soiis. The 

benefits of increased shallow intercultivation I. Groundnut shells Source: 'aihak 1984. 

conducted frequently to break crusts subsequent to 

the normal practices--liae been recently investi
gated. The practice was effective in increasing infil

tration (Pathak 1984, Weststeyn 1983) and to some Addition of organic mulchalso increased crop yields 

extent in reducing moisture losses through evapora- in a sorghum pigeonpea intercrop system. In a high

tion by producing a dust mulch. Breaking crusts rainfall year, the mulch applied at the rate ofl1( t ha-' 

reduced both runoffand soil loss (la ble 10). During increased the sorghurn yield by 9"., and that of 

a high-rainfall year, no significant increase in crop pigeonpca by 35('i over the no-mulch treatment. In 

yield was obtained from additional intercultiva- nornal- and low-rainfall years, more substantial 

tions. However, during norimal and low rainfall increases in sorgiui yield were recorded. When 

years, crop yield increased significantly. groundnut shells were used, a mulch rate of 5 t ha-I 

Addition of organic mulches on AlfisoIls wasIuite appeared to be the mininium needed for increasing 

effective in reducing runolf and soil loss (] able I I). crop yields. 

At ICRISAr, even in a high-rainfall year 11981). IHlarnessing runoff or dekelopnient of other water 

mulch applied at the rate of 10 1 ha-' reduced the sources for supplemental irrigation is important for 

seasonal runoff by 74(1 and soil loss by S)', coln- optirni/ing the prod uctivity oif Alfisols since these 

pared with the situation when no mulch was applied, soils are olten shallow and have a low water-

In a normal rainfall year (1982), no significant retention capacity (Fig. 5). I lie belief its front supple

runoff or soil loss was recorded from tile mnulch mental irrigation in terms if incrcased and siabili/ed 

treatment (10 t ha' ). During the sanc year a runoff crop production oil Allisols hae been impressive, 

of 205 mm and soil loss of 3.7 t ha I were recorded een in dependable rainfall areas. Ite potlntial for 

from the control treatment with no iiulch added. delivering excess water to surface water-storage 
structures (tanks) or groundwater reserves is good 

since even improved cropping systenis use only 30
55,7j of the seasonal rainfall. I lie remainder, or 45

7( : , runs off or drains to deeper layers. Btoth can 

Table 10. Effects of shallow inierro" tillage aind land- potentially be tapped lor supplemertal irrigatian. 
shaping on runoff and soil loss fron an uincopped Alfisol, The high runofl on Alfisols during the early part if 

ICRISAT (enter, 1981. the rainy season (lathak et al. 1985) provides a 

Flt lage 'ysrernl Soil % surface-\kater for imost of tileRu it ' Idependable soiurce 
Dept.La shpin g (nun)l (I hiss season. An analysis of 6 ye~IlS' data collected fronr

Deprth l~andithapiiig (inn) (Iithai) 
three tanks oil Alfisol watersheds (Pathak 1980) 

Shallow lat 13S 3.2 showed that these tanks field sufficient water for 
illF 168 5.9 supplemental irrigation during dry spells. Even in 

I-tat 214 3., 1977, when runoff was the lowest in 9 years (1974-Nil 
Bill. 289 8.9 82), more than 35 mm of water was present in the 

±8.2 t7 tanks during periods when the probability of 
SE drought was high. In all years, a minimum of 50 mm 

tIMF: iroadbed-and-lurrow ,vsicen. of water was available in ,he tanks during 80% of the 
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Figure 5. Available water profiles for deep (I1m) and medium (1.0-0.5 m) Alfisols at ICRISAT Center. The 
dotted lines represent the approximate lower end of the soil layer and the top of the murrum layer. 

crop-growing period, and 75 mm during 30% of the during 1982--a high-rainfall year-was quite low. 
period. However, tank storage can often be ham- In the postrainy season, the response to supplemen
pered by the high seepage rates in Alfisols. tal irrigation was significant in both years (Table 13).

Research is still in progress to determine the most Deep-rooted crops, such as pigeonpea and castor, 
feasible sealing materials and techniques (Mahesh- responded only to larger applications. Two irriga
wari 1981). Analysis has shown that tanks can tions, each of 4 cm, were therefore required.
supply water needed for supplemental irrigation It should be emphasized at this point that buildup
only when the average seepage rate is below 15 mm of organic-matter levels isessential to impart favor
day. A long-term analysis using runoff mcdeling able physical and chemical properties to these soils, 
(Pathak et al. 1984) showed that the probability of and to improve productivity. The organic-matter
having 4cm of water in July during periods of high contents of SAT Alfisols undergo a rapid decline 
drought probability is 70C%, while in August, Sep- when virgin lands are brought under cultivation. 
tember, and October, the probability exceeds . The decline of soil organic matter to a new equilib-
Ryan and Krishnagopal (1981 )have determined that rium level is determined by the mode of land clear
surface-water collection and storage potential for ing, environmental conditions, and the farming 
Alfisols at Hyderabad, India, was superior to that system in use. As much as 40 1 ha - ' of soil organic
for Vertisols. matter are reported to have been lost from the 0-20 

Data at IWRISAI indicate that supplemental irri- cm horiion of Alisols following clearing and 15 
gation increased yields ii both the rainy and post- years of continuous cultivation (Charreau and 
rainy seasons (Pathak 1984). During the 1981 rainy Fauck 1970). [he loss was maximum in the first 6 
season, good responses were obtained to supplemen- years and then it tapered off, reaching a relatively
tal irrigation of pearl millet, sorghum, and ground- stable level which, under conventional cropping, is 
nut ( [able 12). This table also shows that, as very low. This decline is primarilydue to the fact that 
expected, the respolise to supplemental irrigation crop residues and farmyard manure are valued in 
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Table 12. Crop responses on Alfisols at ICRISAT Center to the appication of 4 cm of supplemental irrigation' water 
during rainy-season droughts. 

Yield (ku ha-1) 

Pearl miliet Sorghum Groundnut 

With supp!c- With supple- With supple
mental irri- mental irri- mental irri-

Year and Control gation Control gation Control gation 
irrigation (no irri- (grain till- (no irri- (flow;ering (no irri- (pegging 
date gation) ig stage) gation) stage) gation) stage) 

1981 (23 Aug) 21() 2710 2h2(0 3218 690 1050 
1982 (20 Aug) 1630 1725 i 1 686 890 

1 Sorghun "its noigro.n li 19S2 Siuce Pathak 194 

these regions for competitive uses other than return cal activity throughout the year. Only certain types 
to the soil. llo\,ever, both should be considered of vegetation arc able to sustain themselves with 
necessary conponerits for enhancing organic-matter significant viability despite the annual intense dry 
buildup and thereby contributing to enhanced pro- period inthe SA I. particularly oti Alfisols. Selected, 
ductivitv of Alfisols in the short term. last-grossing trees hase this potential, and have been 

In tilelong terri. strong clues for succcssful crop- recomniended for inclusion with conventional crop
ping and sustained productvilt', of Allisils ma\ be ping s.\sterns orestry schemes in tilei agr h tropics. 
derived frotn experience gained in tile (ropping attributes Ofhurnid tropics s*steris that capitafie on tile 
and temperate, serni-arid arcas. Ill the hurrird trp- soil andsuch trees to the ultimate benefit of both tile 
ics, these soils appear to be nirore amenable to rilan- tile larner are currently under increasing inivestiga
agement for sustained agricultural productility than tiori illthe SAl I .urndgren and Nair 1983). 
inthe SAI . Considerable success has i fact been Another strategy that has been favored for 
reported with rnininim tillage, generous inputs of improvlirg SA I Alfisols involves the combination of 
residues (e.g., mulchingl, and the application ofl Icgurne-le\ farming and graiing animals (Jones andher-

bicides withi the cropping systemrns [he depend- Mc(iolrn 1983). Preliminary results indicate that 
erice urn herbicides is necCssarily heav, I lie this systern, sshich has prosed successful in the tem
abundant water supply In these regions encourages perate regions of Australia. appears promising when 
some form of vegetative growth and oscrall blologi- ile following features are included: (I) a self-

Fable 13. (rop responses on ,Alfisols at ( RISA I (enter, to fhe application of 4 cm (fsupplemental irrigation +*ater
 
during the postrain season.
 

ieluh
(kg ha t) 

IPlgeorpea ("stor IolinatIC o'pa o 

Once-ir- rigated I (nie-i- r gted Ctike-i- Iaic.-Ir- once-i- I kace-ir

rigated (floer- rigated (Ihlb"r- Iigared rigated nigared rlgated 
(fluraer-rig& (flimer- ig & INeg (eg aind (%eg (veg. and 

(in- Ing pudfing ('orI- ig poddinig on- Stage flosserirg ('on- flot,stage- ering
 

Year trol Stage Nagt rrol Si, ge) sliages til ( sr stages) tr l 30 dass) stages)
31)ti 

198 1-82 660 79i 1120 715 920 1280 111) 665 725 90M 144M) 232M0 
1982-83 X50 911 1iX5 795 o7I 1335 5) 085 795 131M 1751} 293MX) 
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generating legume-ley pasture for 1-3 years grown in 
rotation with a cereal; (2) allowing cat tie to graie on 
native grass pastures during the wet season and 
leguminous pastures in the dry season; (3) planting 
crops directly into the pasture alter it has been 
herbicide-killed; and (4) allowing volunteer pasture 
legume sward fronm hard sed to form ;Ili inderst orv 
in the main crop. In contrast to corentional Allisol 
cropping this system allows implementation of nin-
imum tillage concepts. 

Final Remarks 

It must be emphasiied that a balanced approach to 
soil and wiater cotnservation atd optinli/atmo tol 
productivity should be follo\ed Ili luture reseai-li 
strategies for Allisols I Fl-Ssailv 1983) In sic\ o 
the specific nature of This s.\orkshoji's t) i cs tdiscussins \erc lest ricted to I re.less of tnanalil'e-

discs~jose~tctcdto%crc t reic~ of nanjlcss-k. 
trent options. Ifh need for hase-line data thtat 

allo%% qLuantitatikC and Integrtted siitcrshcd-hased 
planning also Inett, Clill entphisS. 
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Soil Properties and Managenient in Botswana
 

J. Sinclair' 

A bstract 

Agricultural ciltit'ation in it) nl.wan iAcr'a nirait'd in it va.t'I and iorih athe ottntry in the 
450-550 nun a- rainfall:iMr.it'. .t lhrtnt'rA troadcavt sed and thtn bur it, inO/lig ai animal
dran itdmhlboara Iloit. Mt' .oii l t/it anrrttd .an t fl'rtitrv,ex ittu'. 'i bit/dtu'ntsiti"ar' lr 'an 

antiharid t.i win irr. /it'Itlp, itiant a/itr n art, taltt. n tiiapie't'.i inn.at /l poifa..Aitim. and el' 
itr.%on/)iA lft'r. it i h ti . abioutt ,S. ("rtmuith'ralit rinii/ll 'in "ltmtarli rait. priort) planting 

canl ottcur nl aiAinhld, th/it i,' l t/i ltrat liti o'fA'tti -t'i'tundrt 'ilra niIlaplittin,'. hib '-' 

'Apri'nt 'l /it,' main11 rl, r i/ ntt /'(o'/a/li.0111t Io ltt' ' attilli 1 s , tw' ' ] sil ,i 'nittp'rlfalirt'. 
it atrlotggii ,, an(id t it a/itttl.i ]ii t) i l rt/htr an)/t ipI / Itt' t /'t' tat rt'a't"' hi pl ittng 
t,'per thanl the /0(I i1! ltl ] tlsttat'l'lae l/ ltl /- t'l*t phlm s tiltld. w l al Iotll .altlif .Soil, 
CO(' lestrat)l' re'sidual]Oi' ts hav I,'' ltl ob/wlt t t' Mo u I I catr Ir //(rll itttt,/ / //m i ,q) ' . Main-l of" 
the r fth't/ tifit l /) I tci l il ftit i tt' / Its il/its i It'/ t i t ili (it t'iti,sti I lltft t i l l attA 

loo0se s a t , /ell er mIMlllUIM I'it, I'l itl ld roftmta.tet o/ c' k( c%\ % t%evl /)/o In tl fter ]harvt'l A. 
' he.v to+r* I,tz r a tIrI I- it/% ,' e ther + rticutlaritiI Imb/i it/hl ,tt rtnt'(,/ 11111ma tal~ai lot-i Il soi1 o.1 

.Still t'lti/bhe to I rut~ti.v, .r/tt, 'i grotq/ mill he' i%rdiii]hilt1)lam ili 

Agriculture in Botswana haie heen descrihedt as arisk-reducing strategy but 
many farmers (22,1 of htuseholds in 198 1) are now 

The isohvet mal p of Iutsw\ana is ShoIi igr . hiring tractor,, which enables planting to be com-
Agricultural cultisation isctnctentrated in the north pleted in I day. 
atid east ol the countr\ il lines receiving on aier- In theiry, planting cotld be carried tut from 
age rainiall af more than 450 min a . 1his rainlall, nid-Ntisenher, hut tteni the puor condition of the 
haoweser. ocecurs ttitl , be ,,eet ()ctlher and April dralt atina;s presents planting until late )ecember. 
hence, tnIrotthlv Imallns ate lto\% and may \it\ Sitice tile Land nlal remain tinplokked and \\eedy 
considerahly. duritng this peritd, much water tnav be l st through 

[he system Of agriculture practiced is extcnsic rattoll and transpiratioun. 
the plowing iniul broadcast seed using aninal dralt Yields are \ ers lo\: they may be restricted to a few 
is the most camontnmt planting ItethIId. In tan *\ itundred kg ftom varieties olsorghum that may yield 
cas s, plowing at the time t planting is the tirs,tmltlad secral tuinneies tinder goad management. 
only tillage since the pretius \ear. I lie dominatt 
cereal sorghiln is grtwti in mixed stands. tsu
ally \'ith a legume, maiie, arid cucurhita. ('topea is The Soils 
the tnain legume.

Ihc reatn area planted is 3-7 ha per latniils. With ,%tst soils used for arable farming in Botswana are 
anitual draft planting this area \%ill take sseral in the sandy loam to ltany sand, or sand textural 
da'ys it mt seceral platting rains to complete. As range. [lie Kalahari sands have a concentration of 
a consequence, the conditions at the ittle ol planting particles in the line-sand range, but in the other soils 
varY consideraby. lhe mulItiple dates otf platiting a sside range otf sand si/es are found. 

' t ta . I)[, t,OI1 h ndtIal llng i t.ttmll lh lil . P ( ) 1 Iq 001;.(9 

iona1dttlh top+, )tIOR('R ISA I I n nl l ( Ikt+t; 'lh 111t1t1111C ho Ililt" 1,C1111 \11,1t IfrpttJ+) 19h'; , \1h1 ..., ill tilt-' "t-t111-,l f ol 
+, ' 

lo ccedlnp () tile 

(Ctll11 li tll,' Wor'1Iks'hopl+tillll'~l'l t i l . +lt l ,l thamipcintlil AlitNimlll\ t". ( )lolt/Jli- thct P~o lo l (tO SA I Allt ,i nt Related 
' . 

Soils , I-1 D cInt,''lher 1981 IR ISAlI ( enittr, Indha Il~oin~chcoli,. A 1 s0)2 12-1, India 11,RISA 1 
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Figure 1. .N1eat anulal rainfall and rainfall iariality' in flotssar (Source: Pjike 1971.)
 

-1hle soils are characteri.'cd by their lack of'struct- mients of shear strenigth of moist soil give values ofural stability': thecy set hardJ wheil dIry but become 0.7-1.7 kg cm 2 for undisturbed soil. The properties
%erYsoft onl wetting. [ his chanige isapparently corn- 01 the.se Soils canl CILarly present prohlems f'or the
pletelyN revesible, suggestinig thereby' that there is no growth of planlts.
chemical cementation. I hecy hiave relatively poor About 30 soils from arabie areas iii Botswana
dlrainage andf are liable to slumn after heavy rain, were sefected for-a detailed study of their analytical
IIhie bulk denities inl thle undisturemf condition are and physical properties. M~ost of these soils fall in thieabout 1.65 M~g ml Ifor the sand foamns, anrd 1.7 Mig Alibsol category, although at few are clay soils and
ill' for thle loamy sands. 'loision vanec measure- Kalahari sands. 1Prelirninary, analytic results f'or the 
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Table 1. Properties of selected Alfisols from arable areas in Botswana. 

Sand 
Sample size (4 soils) 

Particle size pm Mean 
2000-1000 10.6 
1000-500 20.2 
500-250 22.5 
250-100 26.5 
100-50 10.7 
50-2 2.1 
.2 6.5 

Organic carbon Uj 0.17 
ptt (1:5 11,0) 5.5 
pI (CaCI:) 4.3 
C.E.C. Ineq 100 1.7 
g-1a.d.s. 

Cations rneq 100 g-I 0.7 
Ca 0.7 
Mg 0.3 
K 0.2 
Emerson l)ispeiston Index 
BLINddensity 

5.0 

{ajip7c::; \lg In -, 
Water content 

(grak imetric) I' 
0.033 %IIPa I 3 bar) 4.5 
0.1MPa (I IbaI) 3.2 
1.5Nl11a (15bar) 1.8 

Alfisols and results from neasurenent of dispersion 
using the Emerson test are shown in Table I. It 
should be noted that the sodium content of the soils 
is very low, and the only inmiortant cations are cal-
cium, magnesium, and potassium. Ilhe scsLjuioxide 

content of the soils is not important. lhe results of 
the Emerson test are around 8, that is,the soils 
disperse completely when remolded alter wetting at 
10( cn 11,0 tension. Emerson (1967) found that 
soils falling in this category contain significant 
ariounts of hydrous mica (illite) in the cl;;y fraction. 
The limited data asailablc on the clays found inthe 
soils of Hotswana (Siderius 1973) showed hydrous 
nica a.indkaolin It)be the iinpor tant clayvs. Satura-
lion of a group of soils with calcium or magnesium 
reduced dispersion of the clays, with the least disper-

sion sho,,it by the calciutn-saturiated clay. Ibis sug-

gests that the percentage of potassium, or the 
acidity, may partially be responsible for clay disper-
sion in these soils. Investigations on the mechanical 

properties of' these soils are still in progress. 

Soil group 

Loamy sand Sandy loam 
(I I soils) (8 soils) 

S.I). Mean S.D. Mean S.D. 
3.3 10.0 3.6 9.2 4.8 
1.7 17.6 3.8 14.8 3.7 
4.2 20.4 3.1 16.4 4.2 
2.3 25.7 4.1 21.7 5.3 
1.7 11.8 2.2 10.5 1.4 
0.5 4.8 2.8 12.0 3.3 
0.9 8.2 1.0 11.9 3.2 
0.04 0.27 0.10 ).46 0.17 
0.7 5.9 0.6 6.6 1.2 
0.6 4.6 0.6 5.5 1.3 
0.2 2.4 0.7 6.5 2.9 

0.4 1.7 1.5 3.8 2.7 
0.4 1.7 1.5 3.8 2.7 
0.1 0.5 0.3 1.0 0.4 
0.1 0.4 0.2 0.7 0.3 
3.3 7.6 1.2 9.1 2.0 

1.7 	 1.6 

1.0 6.1 1.2 10.6 1.6 
0.4 4.7 	 1.0 8.3 1.3 
0.2 2.9 	 0.5 5.2 0.9 

Land Preparation and Runoff 

Runoff up to 50'i may occur on the ..5% slope 
commonly found in Botswana. Simple measure
ments of depth of wetting of land, prepared in differ
ent ways, have been made on a few occasions, and 
some results are shown in' Table 2. These results 
emphasize the in,portance of keeping the land open 
to receive rainfall. prior to the growing season, it 
ww'tld seem that a cloddy tilth- -if it can be 

Table 2. )epth of moist soil(In)on sandy loam after a 
34-nin shower. 

Experiment A Ixperliment IH 

Plowed 1.35 	 lied ridge 1.24 

Unplowed 0.10 	 furro%% 
Untied ridge 0,17 
lurrow 
Flat unplosed .11 
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prepared-is as effective as tied ridges for allowing 
water to penetrate the soil. A major problem in 
preparing the land for planting can be the slow rate 
at which unplowed plots become wet to adequate 
depth. 

Emergence 

Emergence is the major problem with the sorghum 
crop. Once a reasonable plant population has been 
established, it appears that the crop can cope with 
other problems such as pests, diseases, and drought, 
to eventually produce a grain yield. The soil at the 
time of planting may be either too wet, too dry, too 
hot, too hard, or a combination of these. In Bots-
wana, around planting time (November to mid-
January), rainfall may be inadequate, or may occur 
in concentrated spells. It the surface of the field is 
uneven and runoff occurs, the low spots of the field 
may easily become too wet for seeds or seedlings to 
survive. The infiltration in these low spots is such 
that there may be standing water on them forseveral 
days after a heavy rain. 

During periods of rain, tile temperature usually 
drops to a reasonable level. but if hot wkeather 
returns after planting, the soil temperatures may rise 
quickly. Figure 2 shows soil temperature at I0 cn 
under bare soil over 3 years at the research station in 
Sebele. The period 1980 8 1 was generally cool, the 
temperature dropping to about 25"C during a 
period when there were good rains. I lie other 2 years 
had periods of high and low temperatures. While tile 
temperature at 0-cnm depth at 1400 will nol be flit 
same as tie temperat tire at seed depth in atseedbed, it 
may reflect the sort of variability that can occur 
around tfth seed. 

Experiments on germination and growth in moist 
soil at constant temperatures have shown the opti
num temperature for germination to be 40"C, and 
the lethal temperature to be 45°C; then 37-55-C for 
subsequent growth. [he lethal temperature fl the 
germinating seed can clearly occur in tle soil at seed 
depth; the higher temperature, which kills the shool, 
can be found close to time soil surface. Inla relatiselv 
open, rough seedbed, tile soil will have much lower 
thermal conductivits than in a line, slumped 
seedbed. The get inating see, in an open seedbed 
will not experience the same extremes of tempera
ture as are apparent from the meteorological record. 

In the 1982, 83 season, heavy rains in November 
caused seedbeds to slump. Poor ,slablishment of the 
crop was attributed to the soil being too %%etand hot. 

In January, crop establishment on loose seedbeds 
was good despite similar temperatures. A loose 
seedbed will helpemergence byenabling the seedling 
to avoid too close contact with the hot soil as it 
approaches the surface. The hardening of the surface 
soil as it dries after planting is frequently observed to 
contribute to poor or delayed emergence.

Pot experiments using a recording penetrometer 
have given a log-log relationship between water con
tent and penetration resistance. The sandy loam and 
loamy sand soils can both attain a strength that 
prevents the emergence of seedlings after a few days 
of wetting. Other experiments have shown that, as 
might be expected, disturbance of a wet soil followed 
by rewetting can lead to greatly increased crust 
streneth, even when the disturbance is at a wetness 
close to tile wilting point. Table 3 shows the force on 
an upward-moving 1.5-mm diameter probe as tile 
crut dries and thickens on an undisturbed soil, and 
on soil gently stirred when wet. [he maximum 
valiues sllotsn bv direct measurement of the force 
exerted by a sorghum seedling were between 0.5 and 
1.t0 N, which are much less than crust strengths 
measured with a 1.5-mm diameter probe. Measure
ments of tile shoot and root growth of a number of 
crop planls, and the penetration resistance ofthe soil 
at a range of bulk densities and watercontents, show 
that grotth is stopped fien the penetration pres
sure of the probe reaches about 2 Mi Pa. Placing a 
number of seeds together in tile soil is a straightfor
ward solution to the problem of crusting. 

One experiment was canied out in the field using 
the 'Masdar' rotary jab planter. A number of seeds 
were planted in each hole. 'he results from two 
sorghurn plantings, each on two different soils, are 
shos n in Figure 3. Similar results were found for 

lable 3. The maximum force (N) on . 1.5-mm diameter 
flat-ended probe going up through a soil crust. 

I atter wetting(days) 
_eetid_ 

soil Ireatllent1 5 6 8 
S I Sehle I)tisbed 2 IX 16 26 

(oriorrl I 10 X 6 
s I.. \ihalap.e Disturbed I 8 9 32 

(ontrol I 5 7 8 

I ., Sc(fle DiStUrbed 5 2 8 22 
___nt_______2_7_5 

I S. Scbele )sturbed 2 9 9 26 
(ointroil 5 8 8 12 
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sunflower. The seeds were soaked for 12 h before tions because 44 mm of rain fell on the planting day,
planting or planted dry (as is normally done). The and good drying conditions followed. The analysis
second planting developed excellent crusting condi- of the results showed that establishment of'hills' was 
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Figure 3.Seedling emergence and hill establishment for various seed rates for two sorghum plantings on two 
soils, Botswana. 

54 



significantly reduced in both the soils for the second 
planting at the lowest seed rate. Tile total seedling 
emergence significantly decreased at the lowest seed 
rate on the sandy loam soil. Soaking seed produced 
no significant differences in establishment, although 
soaked seed generally gave lower values than 
unsoaked. On the 4th day after the second planting, 
however, emergence of soaked seed improved signif-
icantly. The data for soaked seed agreed with those 

from experiments carried out in the previous 2years. 
From these results it appears that planting more 

than 10 seeds togethercould help crop establishment 
under capping conditions in the sandy loam soil, and 
produce an even stand in loamy sand soil. 

Roots 

Roots are essential to support the plant, and to 
supply water and nutrients. It has been observed that 
if a dry spell follows planting, the primary adventi
tious roots may not be able to penetrate the soil, and 
the plants may even be pushed out of the soil, break
ing existing roots The supply of water by roots was 
studied using the neutron probe to give information._ 
on the uptake of %%aterby the plant. The roots were, 

directly sampled in experiments where the soil had 
been tilled to different depths: /cro tillage, sha low 
tillage (10-15 cml). and deep tillage (20-30 cm). 

Experiments were conducted %%ith deep tillage in 
ene year, followed by /ero or shallow tillage tile 
rext, to discover whether there was aii' residual 
elf,'ct of deep tillage. Results from both the neutron 

probe and from root sampling showed that deep 
tillage had a residual effect. 

lTable 4 shows results from root sampling of two 
experiments over 2 years. The loam data for 
1980'81 showed a greater length of root in the stir-
face 10 ct of the soil in previously shallow-tilled 
plots, while in tile 10-20 cm depth range, the mass of 
the root was greater in deep and previously deep-
tilled plots. These results are explicable if tillage 
treatments C and 1)caused the primary adventitious 
roots to be shorter, and root proliferation to be 
shallower and closer to the plant than treatments A 
and B. Sonic of the samples from A %serealmost 
entirely composed of primary roots. Fhe greater 
length of roots at 0-10 cm in C implies that the roots 
were closer to the plant, indicating that they had 
greater difficulty growing away from the plant than 
in other treatments. It should be noted that discing 
and sweeping at about iOcm depth in previous ears 
are presumed to have had some compacting effect on 
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the soil. Hence, tile residual effect of the shallow 
moldboard plowing after the deep chiseling may 
appear anomalously great. 

The second set of results in Table 4 is from a loamy 
sand where the field was brought into use alter some 
5 years of grass-growing. The results clearly showed 
the effect of deep plowing on subsequent root 
growth: an effect manifest it, the form of greatly 
increased root length in the deep-plowed plots. '[he 
results from moistur, measurements agreed with tile 
results from root-sampling, with greater dpletion of 
water in the deep-plowed plots, 

In the 2nd year of the tillage experiment, shallow 
or zero tillage %kasintroduced on previously deep-
plowed plots to stud' the residual effect of deep 
plowing. Root sampling was ci-ried out soon after 
planting. The results in this case were less clear than 
in tile previous year. 

On sandy loam, root length was greater in the 
deep-plowed plots of the current year, but no resid-
ual effects were found in the root lengths. Measure-
ments of' plant height and soil strength revealed it 
similar pattern, 

In the loamy sand trial, roots in plots that had not 
been deep-plowcd were less developed than in plots 
that had been deep-plowed in the 1st or 2nd year. 

VoluMietric water content ( ) 

2 , 6 8 18 12 14 


I I 

o A 
0>

20 ) 0 A 

o e A 40
40 

o 0 A
0

,-60 - . A 

o 

280 a0 * A 

o . A 

100_ 0 *A •
100 

o o@4 4 

120- 0 .A 

9 Hgh water-use plots (8/4/83) 
A Low water-use plots ( 3) 
o Tree roots presct (15/3/83) 
0 Permanent wil ting point 

Figure 4. Soil/water Iproriles from the 1oan) sand 
tillage trial, Botswana. 
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Profile moisture clearly shows the effect of tillage on 
water use by the crop. The cropped plots separated 
into distinct low and high water-use plots (Fig. 4). 
Both plots with no treatment in either year and one 
with shallow treatments both years comprised the 
low-use group, while tile remaining nine belonged to 
the high-use group. The two gro.ips differed even at 
shallow depths, suggesting that the root systems of 
the low-use group were poorer across almost the 
entire depth range. 

laboratory-determined values of the wilting 
point (-15 M Pa) and end-of-season values from high 
water-use plots correlated up to 80 cm depth. But 
belov that depth, it seems, tie sorghum variety used 
in th experiment, Segaolane, is ur'able to root effi
ciently. A similar result was obtained the previous 
year. [he neai iv uniform values of water content to 
depth in the 'acacia' plots showed that the inability 
of sorghun to extract water fron below 80 cm is not 
determined solely by soil factors. 

Measurements of plant height, numbers of flower
ing heads, and grain yield followed the same pattern, 
with ittle difference between the plots which had at 
one time been deep-plowed. However, in a very 
harsh year, tile only significant difference in grain 
yield was between the (zero, zero) plots and the 
others. 

The differences observed in the crop were presum
ably produced by the differences in soil strength and,
possibly, water infiltration. The shear strength in the 

(deep, shallow) and (deep, zero) plots at 15 cm was 
significantly less than in tile (shallow, shallow) and(zero, zero) plots, with mean values of 7 and 13 tm- 2 

respectively. 
The treatment differences were expressed least in 

the grain yields. [his suggests that the better earlygrowth and greater water use may not have conferred a great advantage on the plants in the deep

plowed plots. In fact, they may have used water 
somewhat profligately prior to grain-fill, thereby 

exhausting tile water supply, while in other plots 
very slow soil water-use was maintaiaed throughoutgrain-fill. 

Management Choices 
It is evident that maintaining a loose soil surface that 
permits ( I) the rapid infiltration ofrainfall to greater 
depth, (2) easy emergence of seedlings, and (3)ade
quate root growth, is of great importance in these 
soils. 

Plowing immediately after harvest in some years 



may be practical, although, if the rainsend early, this 

is possible only on the sandiest soils. This prewinter 

plowing is definitely possible only on summer-

fallowed land--a practice iot popular among tradi-

tional farmers. An intermediate position isto plant a 

short-season crop, such as cowpea, which can be 

cleared from the land much earlier than sorghum. 

Besides permitting or giving a better chance of ear-

lier plowing, bare fallowing or the use of - short-

season crop also allows water storage in the soil 

profile over winter, although water storage would he 

of greater benefit only in the event ofiminimal plant-

ing rains in tile spring (Botswana: Ministry of Agri-

culture 1982a). Obviously. a coarse tilth is desirable 

for early plowing. Arnut (1964) has shown that clods 

display maximum resistance to breakdown by rain 

at a diameter of about 8cm; resistance increases very 

little beyond this si/c. Unfortunately, a farmer using 

ox-drawn equipment has almost no choice in his 

preparition of land; tile moldboard plow will gise a 

tilth that is determined by the soil and its \rater 

content. All that the farmer may be able to do is it) 

increase the number of days that the soil is in the 

right condition lor plowing, and to ensure een s\et-

ting of the land. Early plowimig prior to the rainy 

season will help do both these things. even it the 

plowing has to be repeated after an early rain to 

create the desired tilth. 
Ridges, with or \%ithout ties, are another alterna-

tive for preventing %%ater loss from land. In many 

cases, the topography in lotswana does not suit 

untied ridges as undulations running across the nain 

slope of the land mnay prcent any meaningful plow-

ing on the contour. Another general problem with 

ridging may be the level of compaction in the fur-

rows or basins. Ihis isdiffictilt toavoid when animal 

draft is used. However, the agricultural engineer 

with the Evaluation of Farming Systems and niple-

ments Project (EFSAIP), Botswana, has found tied 

ridges a practical system with animal-drawn imple-

ments (Botswana: Ministry of Agriculture 1982b). 

In this system, the ridges are remade each year with 

no overall primary tillage operation Measurements 

indicate that the soil in the ridges remains loose 

throughout tile season, presumably because of rapid 

drainage of excess water to tile basins. Experience 

with wide beds has not been very productive largely 

because crop residues block implements. lhI prac-

tice of remaking ridges without primary tillage must, 

of course, be followed for a number of years so that 

long-term effects on rooting may be studied. 
The land preparation for planting should leave as 

coarse a tilth as possible, and be compatible with the 

plantng procedure used. A planter unit hung fron 

the side of a plow (Botswana: Ministry of Agricul

ture, 1981 b) can create a very coarse seedbed with 

adequate emergence if the correct seed rate is used. 

The potential problem with the more open seedbed 

is that it may dry more quickly. [his would not seem 

to be a major problem with timely planting, but, if 

planting isdone over a nuuhberofdaysafter rainfall, 

it may become necessary to plant deeper and per

haps to press tile seed more firmly into the soil, 

Arndt (1964) shows that tie split-rim press wheel 

compacts the soil at a depth helow the surface, the 

depth determined, apparently. by tile angle of the 

rims. Ihus, the use ofthis whecl offers the possibility 

of compacting the soil just below the seed, while 

leaving uncompacted tile friable soil just above it. 

This type of Mheel is used on planters in Botswana 

where dangers of compaction at the surface exist. 

)rying ridges at and all, i-lanting may bea prob

lem. Iloskever, it appears that the planters used are 

sufficiently heavy to knock tile top oft the ridge and 

plant well into tile ,koist soil underneath. [he choice 
aimong tile various methods ot land preparation will 

depend on the soil and topography. A sandy loan 

soil can be expecied to yield reasonably coherent 

clods which, it not broken do\n mechanically, 

should he able to resist rainfall impact. Planting on 

the flat may be perlectly satislactory if the land can 

be plowed earlv. 11it cannot be plowed early, consid

erable water may be %kastedbefore the soil is wet to 

an adequate depth. In this case, ridging with ties, if 

necessary, should be considered. Runolf can be sub
sostantial on lalny sand soil, and the clods not 

resistant to rainfall impact. lied ridges mayagain be 

desirable. 
When planting on the ilat, deep-plowing fre

quently improves yields. On the research farm, this 

was clearly an effect of improved water use; on the 

farm, it may improve weed control as well. The 

problem is the practical (e of how farmers who use 

animal draft power can plow deep. Plowing by trac

tor, usuially hired, is an alternative now frequently 

resorted to in Botswana. It is certainly not an eco

noinic practice, and that is why the possible residual 

effects of deep-plowing have been studied. Residual 

effects are clearly and strongly found on tie loamy 

sand soil, and are nearly absent on the sandy loam 

soil. At present, there is no reason to suppose that 

these s, ils are not typical of their class. I)ata so far 

suggest that deep-plo.ing every 3 years may really 

benefit plant growth on the loamy sand soils. 

Greazer benelits could be expected ifa deep-rooting 

variety of sorghum, excellent in other respects as 
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well, were available. D)eep-plowing should be consi-
dered with some caution it there is any impedirment 
to rooting within I III of tilesoil profile. 

Planting seeds in groups, or 'hills', is practiced 
widely inothe: parts of Africa but not iliHots wi ni. 
It seems to be aworth%bile practice in soils that are 
particularly prone to crusting. Soaking seed prior to 
planting has not beenifolnd heneficial 

Further details of experimental work discussed 
here will be IouL ill past and forthctming Annual 
Reports of tile Dryhand FIarming Research Scheme, 
Hotswanl, Phase Ill. 
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An Evaluation of Soil-Water Management on an Alfisol 
in the Semi-Arid Tropics of Burkina Faso 

Eugene R. Perrier' 

A bstract 

ixpcrients were unlertaken at Kaorhoie l'.\'rinentStation in Burkina Faso to compare the 

.'ihladvantage.\ ( flat andI ridge(d .%oi-suracetreatments, with anad without tnnlching and with 

cultivation practices that conserve water ana' increase olen ad tied ride,'., t) obtain (lta on 
infiltration. IData cn grainiane/clrv-natter rie'Id antd t/ie'groeeth e'hara'teristis oftce (arie'is of 

sortghinan(d three ol warlmi dle't um.'d ot th' e'.\/ce'ime'nts over 2 vear are pre'.se'nted. It was fountd 
that tlchIi . an It incre'a.c ' re'eardhe'sof the ne'thodl elihO. 'tt.for (cater ott.ezrlaa ignil(ieu ic'h. 

lion: fliat, open rile'.e, ccr tie'I rielge.1.he' bet Al ' A tIt lehicOum.' of ied ridge. icit/i mulch. 1Te 
Thi.s i'a.e toutnd to he' lartiealdarbltrue'fortroeitoenalme'thoJd o!f/i oleting re.strict.s crep field. 

it, inrrovc l varie'tiee..1fr which Idlcwing e'a.e Ifunel to Ile' ntecessar.f/or itcreo.eitigtheir.riehls. 

Plowitg elre ilt rea.eel the' , (F 35-1) eiehl Iy 236('.Aeeing lt- rhluti 

The Semi-Arid Tropical Environment 	 has no true mountains like the Alps in Europe. 

The Alfiyols south of the Sahara desert consist 
of Burkina Uaso mainly of Ustalfs. On the upper parts of the slopes, 

these soils have a loamy sand to sandy loam surface 

and below a clayey horion that contains a few iron 

nodules (Ferric livisols). Further down the slopes,The semi-arid tropics (SA I ) of Iurkina l-aso in 
the surface seils grade to loanms with restricted inter-West Alrica are charactenied hv t%%,)seasons: a dry 

thtii lists rcughlN trecflr October to lay. naldrainage. Ihese soils hase rather poor structural season 

propctics because of organic-matter
lollo\%ed b\ 4 h incinths cclrainlall. I he ratrrl-sest, Icrover clay aind 

400 in in content in the surlace lae\cs. Iloweer, iron concreaiiall is higliklcititic aid \ires litclri 
lions greatly itncrease with depth and progressivelyir1 frr I Ie 
impede the internal drainage (Sanche/ 1976). 

the north to 15(11)0 the soliith. stcrms are 

con'cctielal ii nature. and seascllall% balalicced b, 
I Ie Allisols at Karnbonst Experirent Station inthe high-pressiurc ridges o thie Sahllit desert arnd the 

lo\-pressurc s ,srcns oll the Bight of Berirn. Air 	 Ilurkina Faso used for sorghum and millet produc

tion are described as ferralitic soils with reddishtcmpelritures tend tc0he lricdCelilc eiri11lg n)eCrl\ 

30(C', %ith tire oraxirMIurt reachilg 44 (C during colors, Io\ base saturation, and poor internal drain

are subiect to considerable micro-April. and the minimum 3 C (\itl rirc frosts) tIurilg 	 age. Ilhese soil, 

variations, often linked to the position in the .ar 

lire West Alrican region is nmalde up tc itncient toposequence (IICRISAI 19801) ile topsoils are 

heen iabc sea lc~ci locg Iusually shalh, anid their surlace. il not properly 

tire %%irtcrmonth orriel rr. 

crvstalline rocks that ha\ 

enoughit be \%cir tcoplatcau surlaces of highli.- irnrtaged. %killcrust readlily under tie itirpact of rain

that forrim (I rops, resilting in considerable runrll. Ihese soilsindurated scdincrts of I'rccanibrein age 


1977). West Aritca slios nitrogen and phosphorrus deliciencies.
tire substrate (FA()1-I'NI S(() 

A e Ill i I i\ Xlcc.t'. PI)I Ic\ 5466. ,lepp., 5clcI fi cintcrilhcc h['I c telt'f hm \gccl ],tlli 

N~plt 	 e t'rccetvdltlgsu(ll the 
R RICtA I tt' nHrceal ( q t.Rc,c l tc tccte lcl tice stcce-,,\iti I I.' X ii.cc is tih 'rcccc-cct rcpcs 

c ()Ijc)cut tic i'lcctuclrcsit%cclSA I Alliils and telated
(c neclltcccc s \%c i IIklit( '.c I le IAli .Il M ltrcc lrc ll l*\Irict ,1 hlcsI, /cccg 


scolls,l-I t",'cllhcel ] t.1, Id'dt' , I ( cc!', India I'tM ictcr . P 
 5 12 124. Incdia I RIcA 
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Rainfall 
Table Ill. The moisture relationships for loam and sand) 

Kamboins6 Experiment Station is situated 14 km atKanboinsj Experiment Station.Ioan soil% 

north of Ouagadougou. The climates at Kamboinsd Satura- Ficld Wilting Iniltraand Ouagadougou are similar. The 60-year tionmean capacity point tion rateannual rainfall for Ouagadougou is 860 mi, whe- _ _ _ 1 (i) "1 (cm hi')reas it is 762 mm from II years of records at Kam- Loam 39 15 7 1.8boinst. The annual rainfall for 1981 was 700 mm, Sandy loam 31 8 4 2.2 
and for 1982, 717 mm. 

Soil characteristics The Use of Tied Ridges 
rhe general characteristics of Alfisols that were ilte concept of ,etol implies that all of therunolfexperimented on throughout the reported study precipitatiotn rcir otltie sNoil surface untilperiod, are presented in Tables liaand it

lb. Addi- infiltrates into the soil or is collected for luture use.tional information on these types of' Alfisols has One of the technittqucs used tlroughout Africa forbeen presented by Roose (1981). retaining ratinfall it he soil is tihe construction of tiedThe bulk density of the soil increases with depth. ridges. An alternaitlt c. \li it slight modification, isThis is caused either by compaction or by the let ra- tite creation of nictiic;ttchnicnt basins. Ililurkinalitic gravelly materials that are formed itloser soil Iaso, ridges itt he lforied 1) tractor or bv oxendepths. Further, the clay content of these Alfisols on with ridgers (listeis). 1ut ridges atld tics are usuallythe upper portions of the colulluint increases %iith I tnlntiall,, constilucted %itl the aid of at "daba", adepth. Two factors may go ern this effect: (I) the short-handled hoe. Hutidsotn (19711 suggests thit thedownward movement of the finer particles ,.ith ridges should be co istrtctcd ott agradient, with thewater percolation: and (2) the tupwaild ioenten of ties loci that the ridges so that ans sudden releaseclay particles caused by the action of termites, at.d of runofl, caused b\ the norabsorption of rainwater,the eventual loss of these ftite particles dle to cr ,- %%illoccur along each contoured ridge anrinot downsion. Thus, as the chiy content and the bulk dens:t Slope.
increase with deptl, the rate of percolation becomes 
tile 


l ied ridges (11-2) cit deep) can be constructed asrestricted. This relationship can be put it perspective nicrocatchient basins, that is, the ridges call beby the in-situ lysirnetric data of 'harreau (1972) for deep (31-40 citr) so th;t all of the %katerthat falls otan Aifisol in Iurkina Faso. Iltese sithos a rtin(Iff rtms intl theitis captred. Itngeneral, the differenlevel at 32('iof thte annual tiainfall for cultivaled soil, ces between the t %o systens reflect soil type andand itshigh ts 60i for bare soil. slope as %%ellas nitaitenrince, and tile amount Of 

1able In. Some selected characteristics of loam and sand. loam soils, at Kaoboinse Esperimen Station.t 


IIiflk 1,raul-S'Jil Particle s/e asc (ationden- 1iccolt- saato- exchangedepth distrihutioun("; I %u duictiu ts ratiotn capacity 
pH1 tinct 

(cm) Sand Silt CfaI (g cuii ') (Ci h'1 
t 0(' g ) 

Loam
0-10 52.3 32.1 15.6 125 4810-20 61.4 17.4 

6 2 61 4.8221.2 I 43 3 2 6.10 5420-30 49.7 21.6 5.7428.7 1.69 .15 5.750-100 50.1 20.4 29.5 
(9 5.34 

1.84 3,0 5.4 74 4.46 
Sandy loam

0-10 68.6 12.2 19.1 1.33 8.7 6.8 5210-20 62.2 15.1 3.3722.7 1.52 4.5 5.9 76 4.4120-50 54.1 17.8 28.1 1.68 3.1 5.650-100 73 4.0448.4 22.1 29.5 1.78 2.3 5.9 74 3.96 
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manual labor required to maintain the ties and dams maintenance twice during the growing season. 
after storms. Severe storms tend to wash and erode the ties, which 

Using ridges can be very effective. But they help eventually begin to leak. Hence, maintenance is 
increase yields enly when surface runoff occurs at a essential for their proper functioning. 
greater rate than infiltration; that is, when water Table 2 shows the effect of tillage and soil surface 
needed to refill the soil profile in the root ,one is lost. treatments on sorghum yield. E 35-1 more than 
If the infiltration rate is adequate to replenish the doubled in yield over the traditional flat treatment 
soil moisture in the root zone during rainfall, or when mulch was applied. This was also thecase with 
within a day after rainfall, it becomes immaterial the local Kamboinse varieties on the plowed treat
whether the surface water iscaptured or permitted to ment. Similar trends in yield were observed for the 
flow away as runoff. When the soil profile down to unplowed treatment, except that yields tended to be 
the roat zone has been refilled to field capacity, lower. lhere were no significant differences in yield 
further infiltration can result only in a :aturated soil between tileopen and tied ridges for the same treat
profile, imbalance of soil-air-water, and che eventual inent level, that is, mulch versus no mulch. The 
loss of plant nutrients by leaching.Also. when pond- interaction between plo%%itg treatment and variety 
ing occurs for an extended period of time, siv 2 3 showed that E 35-1 yielded far less without mulch 
days, tied ridges may prove detrimental to plant when compared with tie local Karnboinsd variety. 
growth by limiting soil aeration and creating anaer- Flat sowing "fith cultisation after each rain resulted 
obic conditions in the tipper lavers of the soil stir- in a slight but not significant increase in yield coin
face. It is quite comnion to see algal blooms when pared with flat sow,ing without cultivation. 
ponding Occurs for more than I day. i other words, lhe 1982 experiments were conducted on the 
puddling and crusting of the surface soil can lirnit main plots, and the sorghum varieties used were the 
infiltration. same as in 1981. I he rice straw mulch applications 

were at the rates of 0, 10, 15, and 20 tha-1 of dry 
material, and the row spacings of the ridges were 0.5, 

Sorghum Production on Alfisols 0.75, 1.0, 1.25, and 1.5 mn. with all ties at 1.0-m 

In 1981. sorghum research 'ields at Kamboinst were 
designed to evaluate the effects of soil surface treat
ments, both with and without plowing, on the yield 
and growth characteristics of two sorghum varieties: Table 2. Effect of tillage, crop variet, and soil surface 

1: 	 35-I and local Kamhoins6. Both were replicated treatment on grain yield at Kamlhoinsi Experiment Station 
(I ha).three tinies. lie treatments were: (I) flat sowing; (2; 


flat swing with rice straw mulch (6 t ha 1);(3) flat tlo,
l freatient 
sov ing with surface cultivation after each rainfall; Soil IPlov,.d Not ploved 
(4)open ridges (no ties); (5) open ridges with rice surlace 

straw mulch; (6) tied ridges; and, (7) tied ridges with treatment F 35-1 local 1:35-1 l.ocal Means 

rice straw mulch. Flat 1.57 1.10 0.67 0.91 1.06 
Soon after the start of the rains, the fields were Flat with riiulch 3.6 2.60 2.59 2.80 2.91 

sown with the two sorghum varieties wh,:n the soil Hat cultisation 2.06 1.39 1.45 1.46 1.58 
was at or near field capacity, lie fertilizer (14-23-15) Ridges open 2.41 1.63 1.50 I.W()1.39 

was applied at the rate of 100 kg hia' just prior to Ridges open mulch 3.10 2.32 2.20 2.18 2.45 

of urea was Ridges tied 2 21 2.32 1.86 	 1.50 2.0(0seeding, and a side dressing of 65 kg lia-i 

applied later. The plots measured 5 ,10 n,and each Ridges tied iilch 3.29 2.83 2.93 2.30 2.84 

variety was sown in rows 81) ci apart. The E-35-1 Plow vs %ariety 2.61 2.03 1.76 1.73 

was seeded illpockets 30 c ilapart within the row, IhlvitIiis tii'.iaice 

with two seeds per pocket atta rate of 90 000 seeds I Repi cation. nlinsigrifican 
ha-I. The local Karnlboitse variety was sown in 2. t'lowing treatments %griflcart (1 26.3, d1 I 56). 

pockets 45 cm apart within the row, with two seeds 	 3 Varities: signilhart 0- - 6,88. dl i 56) 
4. soil surface treatmeni sigiicant 0 : 24.1. il 6/561.per pocket at a rate of 600X)seeds ha-'. 
5. Interacton plii and .ahier y: significantbercei nigtreatiment 

The ridges were tied ordamned immediately after I 5N9. di :i 5 ) 

germination. This was followed by tie addition of 6. ('omparison hercteen ilcied and norinitilched plots: signifi
rice straw mulch. lhe ties in tile cant (1. I 23)tied ridges required 7 128, di 
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spacing and about 15 cm deep. These plots were 
randomized into complete blocks of six replications, 

During this season, the two sorghum varieties 
were planted at a spacing of 0.22 m between pockets
and thinned to one plant per pocket. The sowing rate 
varied according to the spacing of the ridges, that is, 
at a spacing of 0.5 m the sowing rate was 105000 
seeds ha-1, at 0.75 m it was 66 000 seeds ha-, at 1.0 m 
it was 40000 seeds ha-, and at both 1.25 mand 1.5 m 
spacings it was 27000 seeds ha-'. 

Table 3 presents the mean grain yield ofeach crop 

variety in relation to the tied ridge compartment 
area. Since rice straw mulch was added late in the 
growing season, the effect of mulching was statisti-
cally nonsignificant in all the collected data sets and, 
therefore, thc:e data are not presented. 

File yield at 0.5 m row spacing "as nearly double 
that at the 1.5 n row spacing. . 35-I variety 
responded to the tied ridge compartnuent area at a 
greater r::'e than the IU,dl Kamnboinsd variety. I he 
relatively low yield of the local variety can partly be 
attributed to the late sowing date. Further, the rela-
tionship between yield response and size of tied rid ,e 
compartment is complicated because of the variable 
stand density, which ranged from 105 000 plants ha-' 
at 0.5 m spacing to 27 000 plants ha-I at 1.25 and 1.5 
m spacings. These data suggest that tie smallest tied 
ridge compartment significantly increased the yield 
of both varieties. 

The mean of total dry matter per plant as related 
to the tied ridge compartment area and variety is 

Table 3. Effect of the size of the tied ridge compartment
and crop variety on grain yield at Kambolnsi Experiment
Station [t hat ). 

Tied-ridge 
compartment Sorghum variety 
area 
(i112) 

____________ 

E35-1 Local Means 

0.50 
0.75 

5.17 
4.33 

3.00 
2.76 

4.08 
3.55 

1.00 4.11 2.45 3.28 
1.25 3.56 2.24 2.90 
1.50 2.72 1.90 2.35 

Varietymeans 4.02 2.49 

the anal'Ys ot variance for the split-splitplot showed 
I. Repltation: nonsig iticant ( F 4.16, di 5 23).
2. Varieties: significant (F z .67, df 2 I 23). 
3. Sime A catchmneni area: signiticant (V'= 70.5, di : 4,99). 
4. Interaction of variety with sie or arca: significant (V Z8.2,

dt 7 4/91) 

'rable 4. Effect of the size of tied ridge compartment and 
crop variety on the total plant dry matter, at Kambolnsi 
Experiment Station (t ha-'). 

Tied-ridge 
compartmentareaSog Sorghum varietyu vait 
(ni) E35-1 Local Means 

0.50 14.3 14.8 14.5 
0.75 10.3 11.8 11.2
1.00 9.6 10.7 10.21.25 7.8 10.0 8.9 
1.50 6.6 7.8 7.3 

Variety means 9.7 11.0 
Ihe anabslis ii ar:ance or the split-spht plot showed: 
I. Replication. significant (0 I. di =5 23). 
2. Varietiev significant (F : 25. dt t1 23).
 
3 Siue of catchment area: significant (F =33, df = 4199).
 

shown in Table 4. The significant replication effect 
was attributed to wind damage from a severe rain
storm late in the season that caused lodging in some 
plots. Although the sorghum heads were saved, it 
was difficult to keep the plant stalks intact, and this 
led to termite damage. Nonetheless, the increase in 
the quantity of dry matter with reduction in the tied 
ridge compartment area was seen for both varieties. 
While E 35-1 produced more grain than local Kam
boins , the dry matter production was the same for 
both. 

The plant index of E 35-1 was 38.5% and that of 
local Kamboins6 20.8%. This shows that E35-1 is a 
more efficient grain producer than local Kamboinse. 
And, since the plant index isalso arating ofcompar
ative efficiency, it indicates that E 35-1 is more 

energy-efficient than local Kamboins6. 

Pearl Millet Production on Alfisols 

The effect of soil treatments for water conservation 
on the subsequent production of two varieties of 
millet (Ex-Bornu and local Kamboinse) were com
pe'red with the following treatments: (I) flat sowing; 
(2) open ridges; (3) tied ridges; and (4) tied ridges
with rice straw mulch (6 t ha-i).The field was seeded 2 days after a rainstorm. The 

rows were spaced 80cm apart. The Ex-ornu variety 
was sown with one seed per pocket spaced every 30 
cm and at a rate of 45000 seeds ha-'. The local 
Kamboins6 variety was grown with one seed per 
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pocket spaced every 45 cm and at a rate of 30 000 
seeds hai. 

The millet yields for different crop varietyand soil 
surface treatments are shown in Tabl, 5. The signifi-
cant interaction of soil surface treatment as a func-
tion of variety is a result of tileeffect of pollen wash 

on the Ex-Bornu variet, in the case ofthe treatment 
that used tied ridges with mulch. 

The 1982 millet stud' tested the effect of the tied 

ridge compartment area in relation to the quantity of 

mulch on three varieties of millet ( Ex-liornu, Souna 
3,and local Kam boinse) which were arranged in 
randomized complete bhlocks with five replications. 
1 here were four leels of rice straw mulching (0, 10, 
15, and 20 t ha I)and lise levels of tied ridges, %%ith 

rowks spaced at 0.5. (0.75, 1.1). 1.25, and 1.5 m. the tics 
were all of I Illlength. 

All three varieties %%creplanted ita spacing of 0.22 

ni between pockets anil thinned to I seed per pocket 
at t rate of 105IX)0 seeds ha at the 0.5 in row 

spacing: 66000 seeds ha 'at the 0.75 i row\ spacing; 
40(X)0 seeds Ia I at the 1.0 mirow spacing; and, 

-
27000 seeds ha- at both 1.25 in and 1.5 l row 

spacings, 

Table 5. Effect of the crop ,arieti and soil surface treat-
ment on grain yield at Kainhoins6 Experiment Station 
Itha-I), 


Mil(let %ariet 
... ... 

treatment Ex-Ilirili local Means 
Soil surtace ---... 

Hat (.24 0.14 (.19 
Ridge open 0.30 1112 (.21 
Ridge tied 1.15 W136i 0.75 
Ridge tied 

with mulch 0.62 (0.05 1.03 

lie analyvsisol .%anice slLL\I. 


I Varieties %Lere itgnilicaitni dillcrent (V .142.dl- I Iii 

,2. Soil %urilcctreatments sete 'igrnlicanilN tLlietcrit 0t - 1 77 

df 3. tI6 
t'lilatinlents 'Aast3'. Interaiotn hetm,\e i sod i tllatc ania wirctN 

1"Fi 3 12),gjuiicantb dllerent 12 72. ill 

The mean grain yields are presented in [able 6 for 

crop variety in relation to the tied ridge compart-
ment area. As mentioned earlier, tire effect offnulch-

ing was not significant and, therefore, these data are 
not presented. 

of tied-ridge compartment and 
plant variety on grain yield at Kamboinsi Experiment 
Trable 6. Effect of the size 

Station (tIa-'). 
.ied-ridge 
lomd-rtde 

Mrlet .ariey 

(112) Local lix-Ilorno Souna 3 Means 

(1.50 I.00 2.11I 2.23 1.79 

.75 1.14 2.41 2.59 2.08 

1.25 1.02 1.97 2.39 1.79 
1.50 1.1)7 2.14 2.33 1.84 

V e_ e, .7 1 .
 
,


Ihc lr liteLCClo the ,phi-spit. 

I ephC.Ltslt n1.n1ig hnr.Lntt(1 221.dil- 4 IN) 
2 \aici, . ignltt.,ru I 1 (15. i 2 18) 
1 Nie L'C,1iiilt'Cttit ,cliC, m , icaw 0 - 7 12,Ill- 4 162). 

4 It1rCtma hCtlLCi %altci ad atchi ct ,i signiie i t e% i: 

it Ii. di s 12, 

Fhe millet yield was affected by downy mildew, 

especially in the 0.50 and 0.75 inlrow spacings, the 
local Kainboinsd %ariety being the most severely 
affected throughout all treatments. The yields 
ranged from 3.22 1ha for the Souna 3 to 0.81 t ha -i 

for tilelocal KarnboinsE variety. These data suggest 

that the I-n spacing is tilemost satisfactory for 

millet production. In addition, Souna 3 produced 
significantly more grain than Ex-Bornu, and both 

these varieties produced significantly more grain 
than the local Kanlboirs . As distinct from the 
sorghum data, there appears to be little, if any, 

evidence of plant density affecting tilerelationship 
between grain yield and the catchnient area. 

lable 7 shows how plant dry matter is related to 
tile area and thetied ridge compa rtment catchmnent 
plant variety. tile Kamboinse prolocal variety 

duced maximurn dry riatter at 5.26 hhla-1, followed 
bv Ex-Bornul at 1.25 thl-',and Souna 3 at 3.61 t 
Ila- '. Also, tile spacings produced signit'icloser row 
cantintore dry matter in the Fx-Bornu and Souna 3 

varieties when comiipared with the 1.25 or 1.5 in row 

spacings. 
Souna 3 had(the highest plant index at 62.51 and 

was the (11ost efficient grain producer, that is, less 

energy was used in the production of dry matter. 

:x-BIornus plant index was 501" arid that of the 

local Karnboint, 16.2(i. Ilowever, at harvest, tile 

stalks of Souna 3 wce!- tile highest in moisture con

tent, 68.7"', followed by Fx-lHorrin, 61.3%, and tile 

local Kaniboins6, 61.0 . 
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Table 7. Effect of the size of tied ridge compartment Pnd process is permitted to continue it causes surface
plant variety on total plant dri matter at Kamioinst6 sealing and compaction, leading to reduced infiltra-Experiment Station (t ha'l). 

Tied-ridge 
compartmentpareMillet variety 
(r) local lx-llrnu Soiia 3 ,leais 

. 
0.50 5.82 4.31 4.01 4.71 
(.75 	 5.23 4.46 
S.0C 7.24 4.95 4.08 4.76 

1.25 4.86 3.75 3.31 3.97 
1.50 5.14 3.77 3.35 4.09 
Variety means 5.26 4.25 3.61 

I he analhsls (d 5.alane lor tle spIt-,pIht plot ,, , ed
I. Replicatiu n'rIgniticnit V. 2.0, d 4 I1 
2. Varnelie, %sigtlicant *t- 2(19. dil 2 I) 

3 S i mi l c a tc h tlnc tlt a rea gtn li n ar t ( 1 1 2 , dt 4 4ib 2o 
4 Interaction hotcien area wlteand re 45. 

dil 4 It2) 

Discussion and Conclusions 

1lie soil surface management studies on these Allis-
ols were designed to investigate the relative size of 
tile catchnient area using tied ridges, and the effec-
tieness of different quantities of crop residues as 
mulch for scseral saricties of sorghum and millet 
crops. fhe data on yield ',ere used as the major
statistic for cvaluatiM. Plant characteristics such its 
height, number of heads, iiuiber of good heads, 
total dry matter, etc., were alsoimeasiired and 
ana Ied, 

l)uring rainfall, it vas observed that mulch 
iniprosed infiltration on these Alfisols by two dis-
tinct methods: reducing raindrop impact and 
increasing termite and biological activity. lhe straw 
absorbed the impact of the raindrops, and no pud-
diling or muddy water ,,as observed at tie soil sur-
face. Without mulch, the energy of the rain drops is 
absorbed by the bare soil surface and, as expected, 
these filling raindrops break down and disperse soil 
aggregates. When thc bare soil surlace is covered by 
a thin film of water, the force of the raindrops strik-
ing the surface causes the water film to become 
puddled or mtuddy. As surface water infiltrates into 
the soil, the puddled soil particles are filtered out in 
tie surface layer. Ihis process rapidly impedes water 
flow into and through the soil pores. his thin, dense 
layer has a much lower infiltration rate than that 
which the soil had before tle rainfall. When this 
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tion and a possible increase in runoff. However, tied 
ridges or microcatchment basins store water and, if 
puddling and surface-sealing is severe, this storedwater is essentially lost through evaporation. 

The mulch encouraged termite andIactivity 	 biologicalat the soil surface. Termites started to consume the plant material immediately after it was 
placed on te field. Thus, surface water collected 
f o nthe rainfall entered the soil tr cole
rthrough 	 microholes 

or pores made by the termites. The termites con
suried tile mulch material at a rather slow rate, butby the end of August only a small amount of the 

debris remained. Also, the termites consumed only
the rice, sorghum, and millet dry mulch material,
and did not attack the growing plants. During the 

a-
termite activity, ar 
were transported fron the deeper hori/ons to thesurface. Ihis should, in time, benefit tie tipper layers 
of these saidy-surfaced Alfisols. 

Biological decomposition started immediately 
after tile first rainfall. As these materials arc decom
posed and digested by soil organisms, their byprod
ucts become a part of the underlying soil horizons
through infiltration. Iliological activity increases the 
number of ilicropores in the soil profile, thereby
providing another pathway for the entry of water 
into the root zone. 

)uring heavy rainfall, water puddled on all the 
plots without mulch. Standing water:emained in the 
tied ridge plots without mulch for up to 3days after 
the cessation of rainfall, and algae formed at tile 
bottom of the "M ridges. No standing water was 
found to remaiti shortly after rainfall in tile tied ridge 
plots with straw mulch. Nearly all of the straw mulch 
decomposed by harvest tittle, and postharvest opera
tions were not affected. 

Application of mulch will significantly increase 
yields regardless of tile method chosen for water 
conservation: flat, open ridges, or tied ridges. The 
best treatment is the use of tied ridges with mulch. 
l)uring midseason droughts, on all treatments where 
mulch was used plants showed less stress as 
observed by the color and curling of leaves
compared with those in the other treatments. When 
no plowing was done, 1 35-1 was severely affected by
loss of seedlings, and this resulted in significant yield
reductions. Nevertheless, a great deal of this seedling 
loss was circumvented when mulch was applied. 

Fhe traditional method of sowing on flat, bare 
surfaces restricts yield. This was particularly noticea
ble in the sorghum variety 1: 35-1. Plowing before 



sowing increased the yield of E 35-1 by 236%; tied 
ridges and mulch by 493%. Although the pearl millet 
yield (Ex-Bornu) was depressed by pollen wash, 
mulch greatly improved the other growth 
characteristics. 

Local varieties are well adapted to environmental 
conditions and the usually low level of Alfisols man
agement found in most parts of' Burkina Faso. The 
exotic varieties will provide a much greater yield 
response with increased work effort, but this may 
not necessarily be true of the local varieties. 

The use of tied ridges on Alfisols reluces weeding. 
Water may pond in the tied ridge plots for 2 3 days 
after rainfall, making the environment extremely 
poor for seedling growth and development. When 
mulch is used, the work of weeding is further 
reduced. Mulching shades the soil surface of the 
catchment area, which in turn creates a poor envir
onment for weed growth. 
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Water Harvesting for Collecting and Conserving Water
 
Supplies
 

G. W. Frasier' 

A bstract 

11ater-harvesting / runof/-firning techniques are technicallv.'asihh,nethods o/supp Iting water 
for ,'iitnals. householh anl growing Illants. Some water-har'estings.ste is have been odt', 

standing suttsse., others total iihres. lespite list,
of proler materials anl design, man.| 
s.vstetns have failedtbecause scial and economic..lctors were not ae'quate/i integratedinto the 
s t'stems. tere will he a higher probabiliti of s stein /ihire when itndis art availahleoh'r 
constructici2 at no obl ,oationi to tt u.Ser ulttes..there is a clear uttlerstanolitg of s/-to is 
responsible for maintenanc. A-succt',/l water-barvesting .sistem mtust be: (attechnicallI, 
sound. properlv tel'igtnol., and maitained; (b) so 'iall aceplltabl, to the wtater u.er anId his 
inethod o operation; and (c) et on amit'a//i' lea.ible tt t/h initialcost ald maintenante at the 
user hvel. 

Introduction farming. Unfortunately, much of this information is 

scattered in scientific or technical journals and pro-
Water harvesting is the term used to describe the ceedings of various meetings, and is written in a 
process of collecting and storing water from an area matnner that is diflficult to interpret for direct field 
that has been modified or treated to increase precipi- application by farmers and technicians (Frasier 
tation runoff. A water-harvesting systel is a corn- 1975, Cooley etal. 1975, Ilollick 1982). [Iis paper 
plete facility for collecting and itoring runoff. sumrnari,'es soneo the methods and mnaterials used 
system consists of a catchment or water-collecting to collect and store precipitation runtofl for growing 
area, a water storage tacility. anditaritus auxiliary crops and lot providing drinking wrater for man and 
componLnts such as seLimlenlt or trash traps, fencing, animals. Some efectike concepts and methods are 
and evaporation control. Runtihlarming is awater- outlined here. 
harvesting system specifically designed to provide 
water for growing plants. Water harvesting can he 
an expensive method of %katersupply; but it can System Design 
provide water in most areas where other methods are 
not feasible. Irrespective of the intended use for the collected 

Water harvesting is an ancient tnethod tof water water, the basic criteria for designing a water
supply dating back to over 5000 years (llardan harvesting runoff-iarming system are the same. 
1975). During the past 30 years, increased as(aireness There is no system that is universally "best", since 
of the importance of water conservation his gener- each site hias its iWn Un1iquet_ characteristics. I he 
ated a renewed interest in watet harvesting. [here is designer, installer. and the ultitiate user should 
a considerable aiount of technical literature which become as familiar as ptossible \%ith the available 
describes or presents information concerning the techniques and adapt tte that is best suited to the 
various techniques of lsater harsesting and runoff' local environmental, social, and economic condi-

I SoitIm\\t Rilllil d Watetlsit'd I~c h (neltel. Ilutoll. All/ int , I'SA. 

tW RISA I(international tRc,,tl hIr l11" ll1p1t1,S) A.\l1101l1 SCtI-llll-ft I~t:Ctding01 Itile'rtop% In(,tlutic StCllll-tAlldl INN7 II liCt lt111llCS 
t(onsultant,'Wtlrkhop Oilthe Stateo [lie Art taid,t.|iri r Vtet"Il',e% itt ihInt rtct It\iii I AIIi', ls,indRihletdl nh [lpf li" n'. l 

Soil,, 1-3 lie beni19X3. I(RISA I (entet, India Pata licitu.A '. 502324, India (RISAI 
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tions. There are many separate elements that must 
be considered: precipitation patterns, water-
requirement patterns, land topography, alternative 
water sources, availability of materials, equipment, 
labor, and acceptability of water-harvesting con-
cepts by the water user. Many of these factors are 
interrelated, and must be considered simulta
neously. 

Precipitation 

The quantityand timing of precipitation isone of the 
most difficult parameters to lay down accurately. 
Monthly averages, obtained from long-term precipi-
tation records, are the most common data base. To 
minimize the effect of short-term random fluctua-
tions, it is desirable to use records dating back a 
minimum of 10 years. If there are extreme variations 
in precipitation quantities, data from the two wettest 
years should be deleted. When sufficient years of 
precipitation data are available, expeLted rainfall 
amounts can be determined by probability analysis 
techniques. Usually it is not economically feasible to 
dcstgn a water-harvesting system to meet the least 
expected precipitation. The user must decide the 
amount of ris, that can be accepted should there be 
insufficient precipitation during some periods. 

Water Requirements 

Table I lists the total consumptive water use for a 
few common crops. Table 2 gives estimates of daily 
domestic household use and daily drinking water 
requirements for various animals. For runoff-
farming applications, the crop-growing season is the 
time of water need, and the water supply system 
must be able to supply the weekly or other short-
term consumptive use demands (Erie et al. 1982). 
Seepage and evaporative losses of wa..- from stor-

age must be included as part of the water 
requirement. 

Alternative Water Sources 

The various alterative methods of water supply 
should be considered prior to installation ofa water-
harvesting system. There have been instances where 
the local people were aware of other potential water 
sources, such as undeveloped springs or shallow 
groundwater; but tech.iciars not familiar with the 

Crop 
Cash or oil crops 
Castor bean 
Cotton 
Flax 
Safflower 
Soybean 
Sugar beet 

Lawn or hay crops 
Alfalfa 
Bermuda grass 
Blue panic grass 

Small grain crops 
Barley 
Sorghum 
Wheat 

Fruit 
Grapefruit 
Grape (early-maturing)
Grape (late-maturing) 
Orange (navel) 

Vegetables 
Broccoli 
Cabbage (early) 
Cabbage (late) 
Cantaloup (early)Cantaloup (late)
CarroCarrot 
Cauliflower 
Lettuce 

Onion (dry) 
Onion (green) 
Potato 
Maize (sweet) 

Green manure crops 
GuarPea (papago) 
Seshania 

Source: Eric el al. 1982. 

area made the decision to use water harvesting as the 
method of water supply without thoroughly investi
gating other potential sources. Utilizing temporary 
or intermittent water sources with the total water 
supply system can, in some places,justify the instal
lation of smaller water-harvesting systems. 

Table 1.Total water consumptive use for selected crops. 

Period of Total seasonal 
growth use (mm) 

Apr-Not 1130
 
Apr-Nov 1050
 
Nov-Jun 795
 
Jan-Jul 1150
 
Jun-Oct 560
 
Oct-Jul 1090
 

Feb-Nov 2030
 
Apr-Oct 1100
 
Apr-Nov 1330
 

Nov-May 635
 
Jul-Oct 645
 
Nov-May 655
 

Jan-Dec 1215
 
Mar-Jun 380
 
Mar-Jul 500
 
Jan-Dec 990
 

Sep-Feb 500
 
Sep-Jan 435
 
Sep-Mar 620
 
Apr-Jul 520

Aug-Nov 430
Sep-Mar 420

Sep- Mar 420
 
Sep-Jan 470
 
Sep-Dec 215
 

Nov-May 590
 
Sep-Jan 445
 
Feb--Jun 620
 
Mar-Jun 500
 

Jul-Oct 590
Jan-May 495
 
Jul-Sep 330
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Table 2. Estimates of daily water requirement for domes-
tic use and drinking water for various animals. 

Daily water 
requirement 

Use (L d-1) 

Domestic 
Per person cooking, drinking, and washing 40 
Additional for flush toilets and shower 75- 150 

Animal drinking 

Beef cattle 
Mature animals 3045 
Cows with calves 40-85 
Calves 20-30 

Dairy cattle 
Mature animals 40-55 
Cows with calves 45-70 

Sheep 
Mature animals 4-8 
Ewes with lambs 6-10 

Horses 40-45 

Mule deer 4-8 
Antelope 1-2 
Elk 20-30 

Swine 15 

Chicken (per 100 head) 15 

Turkeys (per 100 head) 25 

Source: Frasicr and flyers 1983. 

Availahility of Materials and Labor 

The cost of alternative water sources, and the 
importance of the water supply, determine the cost 
of a system. One must balance the cost of materials 
with the cost of labor. Usually, water-harvesting 
systems for supplying drinking water are 
constructed from materials that are more costly than 
can be economically justified for runoff-farming 
applications, 

In many installations there will be several 
combinations ofcatchment and storage size that will 
provide the required quantities of water. The system 
with the lowest total cost is often the desired unit, 
but maintenance costs must also be included in the 
selection process. To insure that there are no critical 
periods when there will be insufficient water, the 

final size of the catchment and storage tank should 
be determined by computing an incremental water 
budget ofcollected water versus water needs (Frasier 
and Myers 1983). 

Acceptance and Needs as Viewed by 
the User
 

The acceptance of water-harvesting concepts by the 
water user is an important factor in the performance 
of a water-harvesting system. Some materials 
and/or system designs require more maintenance 
than others. If the user does not believe that the 
system is the best for his purpose or situation and 
fails to provide the required maintenance, the system 
will fail. In areas where the concepts of water
harvesting/runoff-f:trming are not fully accepted 

because of various social or economic factors, the 
first system installed must be constructed from 
materials that have minimum maintenance require

ments and maximum effectiveness. Materials and 
techniques that cost less may be used on subsequent 
units once the user has been shown that the ideas are 

Catchment Area Treatments 
There are many ways that a catchment area can be 
modified to increase the quantity of precipitation 

runoff. These can be separated into three jbcnerai 
categories: (1)topography modifications, (2) soil 
modifications, and (3) impeiicable coverings or 
men" anes. Table 3 presents a list of some of the 
common catchment treatments. 

Topography modifications 

The earliest catchment treatments are believed to 
have involved some form of topography modifica
tions, and were simply areas cleared of brush and 
rocks, with small collection or diversion ditches to 
direct the runoff water to the storage. An example of 
this technique is the placement of water collection 
channels at the lower edge of rock outcroppings. 
With a minimum of materials or skilled labor, rela
tively large quantities of water can be obtained at 
low costs. Some of the most extensive uses of topo
graphy modification for catchment treatments are 

.
the "roaded" catchments i,western Australia. These 
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Table 3. Potential water-harvesting catchment treatments. 

Runoff Estimated Materials 
efficiency life initial cost,Treatment 

Topography modifications 
Land smoothing and clearing 

Soil modifications 
Sodium salts 
Water repellents, paraffin wax 
Bitumen 

Impermeable coverings
Gravel-covered sheeting 
Asphalt-fabric membrane 
Concrete. sheet metal, and artifical rubber 

1.Adjuted to1983 material costs.
 
Source: Frasier 1981.
 

are large areas of hare aid shaped and compacted 
into parallel ridges and furrows (ILaing 1981, Frith 
1975). 

Catchments utilizing topography-modihication 
techniques arc usually characteriied by low initial 
costs, but they may have relatively low runoff efli-
ciencies. 'Ihese treatments are elffctive if properly 
matched to suitable soil types and topographic fca-
tures. Slope angles and overland flow distances must 
be p; operly designed to avoid serious damage to the 
catchnent surlace through water erosion (flollick 
1982). 

Soil modifications 

Soil modification treatments in',olve chemicals ap-
plied to the soil surface by spraying or mixing to 
reduce or stop water infiltration. These treatments 
can potentially provide large quantities of' water at 
low cost. Unfortunately, most soil modification 
treatments have been unsuccessful because of the 
necessity to match specific soil and climatic charac-
teristics. Bitumen or asphalt have been widely tested 
as a soil nodification treatment. This treatment is 
best suited for use on fine sandy soils and has a 
projected elfective ife of 2 5 years (Myers et al. 
1967). 

Salt treatment (sodititi-dispersed clay) is poten-
tially the cheapest soil modification technique. This 
treatment consists of mixing a water-soluble 
sodium-based salt (NaCI)at a rate of about IIt ha-' 

(%) (years) (U.S. S m- 2) 

20-35 5-10 0.05- 0.20 

50-80 5-10 0.20- 0.50 
60-95 5-8 0.50- 1.00 
50-80 2-5 1.00- 2.00 

75-95 10-20 1.00- 1.75 
85 95 10-20 1.75- 2.50 
60 95 10-20 5.00-20.00 

into the top 2 cm of soil. After mixing the salt with 
the soil, the area is wtted and compacted to a firmt, 
smooth surface. For this treatment to he effective, 
the soil should be made up with 20% or more of 
kaolinite- or illite-type clay. The sodium salt dis
perses the clay, plugs the soil pores, and reduces the 
hydraulic conductivity (l)utt 1981). 

Water-repellent treatments can potentially be a 
low-cost soil modification technique. A chemical 
that is applied to the catchment surlace causes the 
soil to become hydrophobic (water-repellent) by 
changing the surface tension characteristics between 
the water and soil particles. Many chemicals can 
create a water-repellent surface, but only a few com
pounds have been shown to be effective for water
harvesting applications (Myers and I-ras>,'r 1969).
One of the simplest water-repellent chemicals to 
apply is a water-based sodium silanolate. The treat
ment does not provide any soil sabilization and is 
not suited for soils containing over 15% clay. It does 
have high potential for increasing runoff from rock 
outcroppings where soil erosion is not a problem. It 
has an effective life of 3-5 years. 

Another water-repellent treatment is formed by
spraying molten, refined wax on the prepared soil 
surface. The wax is deposited as a thin layer on the 
surface, and as the sun warms the soil, the wax 
remelts and moves into the soil, coating the soil 
particles with a thin coat of wax and rendering them 
water-repellent (Fink et al. 1973). This treatment is 
best suited to soils containing less than 20% clay and 
catchment sites where the surface soil temperature 
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exceeds the melting point of the wax during some 
part of the year (Frasier 1980). The paraffin wax 
does not provide significant soil stabilization, and 
the treatment can be camaged by water erosion. 

Impermeable coverings or membranes 

Any impermeable or waterproof sheeting or mem-
brane can be used as catchment covering. Many 
conventional construction materials such as con
crete, sheet metal, and artificial rubber sheetings 
have been used (Cooley et al. 1975). These materials 
are relatively expensive, but when properly installed 
and maintained are durable, and may be the best 
treatment for some locations. Large expanses of 
concrete will crack. All cracks and expansion joints 
must be periodically filled with some type of sealer. 
Roofs of sheet metal have long been used to collect 
rainwater. Costs can be reduced by placing the sheet 
metal on the ground (l.auritzen 1967). In tie 1950s, 
many catchments were covered with sheets of artifi
cial rubber. Imp-oper placement and susceptibility 
to damage by wind and animals destroyed most of 
these units. 

Several types of plastic and otlhtr thin sheetings 
have been investigated as potential soti coverings for 
water-harvesting catchnents. Unfortunately. most 
of these thin film coverings were found to he suscep-
tible to mechanical darmage and sunlight Jeteriora-
tion. Wind damage potential can be reduced by 
placing ashallow layer of clean gravel on the sheet-
ing after it has been positioned on the catchnient 
surface. The sheeting is the wat-rproof membrane, 
and the gravel protects the sheeting front mechanical 
damage. This treatment requires periodic mainte-
nance to ensure that the sheeting remains covered 
with the gravel. Wind-blown dust trapped in the 
gravel layer provides a seedbed for plants and has 
been a minor problem. Thi:, treatment is relatively 
inexpensive if clean gravel isreadily available (Cluff 
1975). 

One treatment being widely used to supply drink-
ing water for wildlife and livestock inthe United 
States is a membrane of asphalt-sat ::,ted fabric. 
The fabric is either a random-weave fiberglass riat-
ting ora synthetic polyester filter fabric matting. [hc 
matting is unrolled on th, prcpared catchient stir-
face and saturated with t isphalt eiulsion. Thre 
to 10 days later, a second coating of' asphalt ii 
brushed on the membrane. These membranes are 
relatively resistant to damage by wind, atinials, and 
weathering processes (Myers and Frasier 1974). 

Water Storage 

Water-storage techniques for holding the water col
lected from a catchment area can be separated into 
two general groups: (I) the soil profile or monolith, 
and (2)tanks or ponds. The type of storage selected 
will depend on many factors, such as the ultimate use 
of the water, availability of construction materials, 
availability and skills of labor, and site topography. 

Soil monolith storages 

In many runoff-larmingapplications, the soil profile 
within the crop-growing area is the water storage 
container. The primary factors that must be consid
ered in designing soil monolith storages are: (I) the 
depth of the soil profile, (2) water-holding capacity 
of the soil, and (3) the infiltration rate of the soil 
surface. 

Tank and pond storage 

Any container capable of holding water is a poten
tial water-storage facility. External water storage isa 
necessary component for drinking water supply sys
tens, and may also be a part of a rutnoff-farming 
system where the water is applied to the cropped 
area by sonie forn of irrigation system. In many 
water-ha rvestitig systents, the storage facility is the 
most expensive single item. and may represent up to 
5('Y of the total cost. 

Unlined earthen pits, or ponds, are usually not 
satisfactory methods of storing water for water
harvesting systems unless seepage losses are natu
rally low, the soil is scaled with chemicals, or the 
losses are controlled by liners of plastic or artificial 
rubber. Exposed liners are susceptible to damage 
from stll, wind, animals, and plants. Clhemnical soil 
sealants have liriited applications, and should be 
used only isrecommntended and gua ranteed by the 
manufacturer. 

There are itany types, shapes, and sizes of 
wooden,icmetal an(t reinforced plastic storage con
tainers. Costs and availability are priniary factors 
for determining tie potential suitability of thesecon
tainers. One common type of storage is a tank con
structed with steel walls, with a concrete bottom or 
other type of ininermeable liner or bottom. Contain
ers constructed from concrete and plaster are rela
tively inexpensive, but their construction requires a 
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significant amount of hand labor(Frasierand Myers 
1983)./ 

Since water harvesting is generally an expensive 
method of supplying water, controlling evaporation 
losses is an important factor, and should be an inte-
gral part of all water-storage facilities. Although 
relatively expensive, roofs over the storage are com
monly used. Floating covers of low-density synthetic 
foam rubber are effective means of controlling evap-
oration from vertical-walled, open-topped contain-
ers (Dedrick et al. 1973). Evaporation control on 
sloping-side pits or ponds is difficult bccause the 
water-surface area varies with the depth. 

Runoff-farming Systems 

There are two basic runoff-farming systems. One is 
the direct water application system by which the 
runoff water is stored in the soil profile of the crop-.. 
growing area. The other is the supplemental water 
system by which runofU water is stored off-site and 
applied to the crop as needed. Some runoff-farming 
installations are a combination of the two types. 

Direct water systems 

In a direct water system the collected runoff water is 
diverted or directed onto the cropped area during 
precipitation. With this system, both runoff water 
and precipitation infiltrate into the soil. Except dur-
ing low-intensity storms, the combined quantity of 
runoff and precipitation will exceed the infiltration 
rate of the soil. Dikes or ridges must be placed-. 
around the runon (cropped) area to retain the water 
and allow it to infiltrate into the soil. The runoff 
water for these systems may be obtained from chan-
nels using water-spreading techniques. 

One common direct water runoff-farming system 
used for growing shrubs or trees comprises small 
catchments prepared directly upslope of the growing 
area. Typical catchment areas vary from irregular 
shapes with minimal site preparation and soil treat-
ment to graded, compacted areas that are sealed to 
maximize the runoff efficiency. Runoff to runon 
area ratios vary from 1:1 to 20:1, depending on the 
expected quantity of water needed. 

Systems utilizing water-spreading techniques, by 
which the water is diverted from channels or upland 
areas, may encompass relatively large areas (Fig. I). 
They have been used for growing grain crops and 
forage grasses. Some of these systems may have 
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Figure 1. Water-spreading runoff-farming systems.
 
A: John lloyd floodwater farming area near Coper
mine, Arizona, USA. B: Tsegi Canyon floodwater 
farming area near Kagenta, Arizona. (Source: Billy 
1981.) 

extensive ditching systems within the cropped area 
to permit better control of the water. Most of these 
systems in use today have evolved, over many years, 
by trial and error. 

Supplemental water systems 

A supplemental water system is one by which runoff 
water is collected and stored in a tank or pond away 
from the growing area, permitting its later applica
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tion to the crop through some form of irrigation supported on a steel framework above asteel tank of 
system. These systems have the advantage of being 80 ml. Labor for constructing the unit represented 
able to supply water to the crop when needed, but 36% of the total cost, and was provided by the 
the disadvantage of extra costs and problems of village. The system provides drinking water to the 
providing the required water storage and irrigation entire village for an average of4.5 months each year. 
facilities. If the catchment and storage facilities are The villagers are allotted 20 L d- Iper family. Water 
located above or upslope of the cropped area, flood produced from the system isabout one-third the cost 
irrigation systems are an effective means of water incurred by hauling (1981 data; Carmona and 
application. Velasco 1981). 

In the past decade, drip or trickle irrigation sys
tems have come into use. These systems facilitate Pan Tak, Papago Indign Reservation. This is a 
uniform water application, but are expensive to multifamily water supply system. The Pan Tak vil
install. If the catchment ar.A storage facilities are lage has three families (approximately 15 people) 
upslope, gravity provides the required water pres- located approximately 100 km west of Tucson, Ariz
sure. Otherwise, the water pressure is obtained by ona. The water supply was a shallow well, a steel, 
pumping. closed-top storage tank of 39 m. and agravity distri-

Excess water that does not infiltrate into the soil bution system. The well, when pumped slowly, pro
profile drains into a storage tank or pond for later vided an adequate supply for existing domestic 
use. A typical system is composed of land graded requirements. 
into large ridges and furrows (roaded catchments) In 1966, a large petroleum company, interested in 
which have a gradient leading to the storage pond. water-harvesting, constructed a water-harvesting 
Crops, such as grapes or fruit trees, are planted in the system adjacent to the village. This iystem consisted 
bottom of the turrows. An irrigation pump-back of a I-ha caitchment coated with sprayed asphalt, 
si'stem is used to water the plants between runoff and a 300-ni steel rimmed, concrete-bottommed 
flows, tank (uncovered). [he design allowed the water to 

seep from the tank to the groundwater where it could 
be pumped as needed to maintain the level of the 

Case Histories well. The catchment area was reasonably effective in 
producing runoff for a few years, but there are no 

Village water data or reports as to ttie success of re'harging the 
groundwater and its recovery by the well. There was 

Shungopovi, Ilopi Indian Reservation. The vil- no scheduled maintenance program, and the system 
lage of Shungopovi is located in Second Mesa, on was abandoned. 
the Ilopi Indian Reservation in northeastern Ariz- In 1981 i a grant was obtained by the Papago 
ona, USA. The village, built tin top of sandstone Indian Tribe to rejuvenate tie system to increase the 
rock mesas, had no source of water except ttat village's water supply. 'lhe iower half of the rd tel
carried up from the valley, initially on foot, and litter ment area was cleared of vegetation, smoothec, and 
on the backs of burros. In the early 1930s a small a membrane treatment of gravel-covered polyethy
water-harvesting system was installed to partially lene installed. The large storage tank was cleaned 
relieve the water shortage in tlie village. An area of and fitted with a pump, chlorinator, and filter unit 
approximately 0.3 ha was cleared of vegetation and and connected to the domestic supply tank. Two 
the loose soil removed to expose the sandstone bed- years later, this system was not being used because of 
rock. A deep cistern was dug into the rock and the lack of local interest. 
covered with a concrete roof. This system was a 
functional part of the village water supply for about 
30 years (Chiarella and Beck 1975). Runoff farming 

Techo Cueneca, Mexico. The lecho Cueneca Page Ranch, University of Arizona. The Page 
water-harvesting system provides part of thedomes- Ranch runoff-fartuing facility is located at the Urti
tic water supply for 30 families (approximately 180 versity of Arizona IPage-Trowbridge Experimental 
people) for the village of Ligunita y Ranchos Range north of Tucson, Arizona. This facility is 
Nuevos, in north-central Mexico. This system con- used as an experimental ,,nd demonstration facility, 
sists of an inverted galvanied metal roof (269 m 2 

) and has several types ofrunoff-farming systems. The 
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largest unit is a combination system for growing 
grapes. The catchment area was shaped into large 
ridges and furrows, and the sides of the ridges 
treated with sodium chloride mixed into the top 2,5 
cm of soil. Grapes are pianted at the bottom of the 
furrows. Excess water from the furrowsdrained into 
a pond sealed with sodium salts. The watercollected 
in the pond is pumped back onto tilegrape-growing 
area and applied through a trickle irrigation system
(Dutt and McCreary 1975). 

Black Mesa, University of Arizona. The Black 
Mesa water-harvesting system, a demonstration 
facility located in northeastern Ari/ona on displaced
overburden from a strip coal mine, is one of the 
largest combination systems in the United States. It 
consists of (I) three water storage ponds with a total 
capacity of slightly over 3000 in, (2) two leveled 
agricultural terraces of I ha each, (3) a "roaded" 
catchment for a 0.5-ha orchard, and (4) a fiberglass-
asphalt gravel catchnient of 3.2 ha, and a 2.9-ha 
salt-treated catchient. A pump system is used to 
transfer the collected water betskeen ponds and to lift 
the water to irrigate the crop areas initially by flood 
irrigation, then later by means of a sprinkler system, 

Annual crops grown and e'aluated were beet, 
onion, turnip, potato, chard, lettuce, cabbage, 
tomato, squash, bean, pumpkin, melo::, mango, and 
maize. All crops, except tomato, (lid well, with some 
producing at levels above the national average. The 
economic Value of the mai/e produced was the low
est of all crops. 1his %%as not unexpected because 
maize is a traditional food in the area, and was 
planted for social reasons. Fruit trees had never been 
grown in the area before. All trees were growing well 
after 3 years, but it was too soon to determine the 
potential production of the varieties planted. 
Income from the water-harvesting project was about 
$1700 net per cultivated ha in 1981. Agricultural 
yields are expected to increase when the orchards 
reach maturity (Thames and Cluff 1982). 

Me-xico. One of the many runoff-farming systems 
being evaluated in Mexico is located in the state of 
Nuevo l.eon. This system is composed of a set of 248 
direct-runoff units for growing pistachio trees. Each 
tree has a separate contributing runoff area of 70 m 
(Fig. 2). Runoff area treatments under evaluation 
are: (I) compacted soil, (2) soda ash (Na2,CO0,(3) 
road oil, (4) gravel-covered polyethylene, (5) gravel-
covered asphalt, an'd (6) control (smoothed soil), 
Soil moisture is monitored under each tree at depths 
of 15, 35, and 55 cm. Also included were various soil 

coverings immediately around the tree to timit water 
loss by evaporation (Velasco and Ca'mona 1980). 
Bec? use of the growth rates of the trees, this is a 
relatively long-term study. One preliminary obser
ration was that on some of the salt-treated units, the 
treated soil eroded from the catchment surface, and 
was deposited around the trees. This significantly 
reduced the infiltration rate. 

U.S. Water Conservation Laboratory. The U.S. 
Water Conservation Laboratory, Agricultural
Research Service, U.S. Department of Agriculture, 
Phoenix, Arizona, has several water-harvesting, 
runoff-farming research sites. One runoff farming
site in south-central Arizonai was used to determine 
if the marginal plant growth and seed yields of native 
stands of jojoba (Simmotndsia chinensis) could be 
improved with additional water using water
harvesting techniques. Small (20-m) direct-runoff 
systems were constructed around individual bushes 
in native stands. Three runoff area treatments were 
evaluated: (I) control (undisturbed), (2) compacted 
and later treated with clay and sodium salts, and (3)
paraffin wax water repellents. Water use of each 
plant was determined by neutron soil moisture mea
surements. Because of severe frost encountered at 

7three separate timcs during the -year study (1974
80), it was concluded that commercial farming of 
jojoba, under the climatic conditions at the test site, 
would not be practical (Fink and Ehrler 1981). 

Southwest Rangeland Watershed Research Center. 
L.imited studies have been conducted near Tomb
stone, Arimona, by the Southwest Rangeland 
Watershed Research ('enter, Agricultural Research 
Service, U.S. Department of Agriculture, on the 
effects of additional water provided by a direct
application runoff-farming system on the forage 
production of blue panic grass (Panicum antido
tal'). Runoff to crop-growing area ratios of 0: I, 1:1, 
2: 1, and 3:1 were evaluated. Runoff area treatments 
were (I) bare soil, (2) seeded with grass, and (3)
waterproofed with paraffin wax. During a 3-year 
study, forage yields, using waxed runoff areas of 2:1, 
were 16 times the cc ntrol (0:1). Adjusting yields to 
account for the land removed from potential pro
duction with the catchment area showed an average 
yield 5 times greater from the treated runoff area, as 
compared with an uninterrupted planting of grass 
(Schreiber and Frasier 1978). The increased forage 
production obtained from the waterproofed runoff 
area is probably not economically feasible for most 
areas where forage is the only product. 
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Socioeconomic Considerations 
248 plots 

techniques are 
Water-harvesting/runoff-farming 
practical methods of water supply for most parts of 
the world. It is a relatively expensive method of 
water supply. During the past few decades there 
have been several water-harvesting/runoff-farming 
systems constructed and evaluated worldwide. 
While many of these systems have been outstanding 
successes, some were failures. Some systems failed 
depite extensive efforts because of material and/ or 9% sl ope 
design deficiencies. Some others failed because of 
personnel changes, communication failures, or 
because the water was not needed. Word-of-mouth 
publicity of one faiuie will often spread more widely 
than all of the publicity from 10 successful units. 
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Water Supply Optimization with Discrete Stochastic 
Linear Programming 

T. Engelhardt' 

A bstract 

A concept of improving irrigation management on A Ifisols in hard-rock regions of the semi-arid 
tropics is presented. A discrete stochastic linearprogramming model was developed which 
permits the user to quantify the optimnum water sup)pli'for composite watershednmanagementfor 
traditionalagriculturallroduction in south India. 771t model is/flexihle enough to be applicable 
to different site-swecific conditions. Results show tie beneficial impact ofartificial groundwater 
recharging on agricultural production,employmeu'nt, and inconie. Op1en dug wells, together with 
surface reservoirs for groundwater recharge, forin an econonically sound systen of water 
nmanagenent.f)r increasing /)rodutfi'itY on a .sustained banis. 

Comlosite watershedimanagement iwill suhstantiallh increaseprodtuctvit vo f the watershed,"it 
is likely to increase mainl/ paddy production, but also oilseeds and wheat. It will also increase 
emplovment in ruralareas. Further research, however, is needed to better understand the water 
flow fron surface to aquif'r and vice versa. A Iso. imnproved s,'.stemsnv of water management on 
]armners'.ields are required, e.tpecially1ifor the irrigation of postrainv-season crops. 

An Alternative Concept of Water 
Management 

Despite years of research at ICRISAT and other 
institutions, li.. progress has been made in 
improving traditional rainfedagriculture on Alfisols 
in the SAT. Ihe water-retention capacity of Alfisols 
is too limited to permit efective management of 
monsoon rainfall within the soil profile. The need to 
find new ways of retaining rainfall, either on the 
surface or tinder the ground, for supplemental 
irrigation is now recogniued. One traditional 
method of runoff management isto collect and store 
it in irrigation tanks. But a traditional tank (which 
occupies a large area with low efficiency) isdifficult 
to maintain when popular n density increases and 
land becomes more valuabi,, (von Oppen and Subba 
Rao 1980). Another method is well irrigation. But 
this type of irrigation often depletes groundwater. 
Alarming depletion of groundwater isreported from 
Tamil Nadu (Sivanappan and Aiyasamy 1978) and 

other parts of the world. The negative effects of 
systems using groundwater on ecological balance, 
and the difficulties in managing surface-water 
irrigation projects (Botrall 1981), call for exploring 
alternative approaches to irrigation management. 

Hard-rock regions, especially granitic regions 
with single-layered aquifers in the SAT, seem 
suitable locations for trying out a different concept 
of irrigation management. This concept may be 
called composite watershed management (CWM). 
The concept is based on responsibilities shared by 
larmers and government: farmers manage their 
water sources efficientlyand government authorities 
provide water sources and manage aquifers. 
Farmers do not generally even conceive of the 
problem of aquifer management (Stoner 1978). 
Geophysical conditions in these areas are such that 
lineaments (fractures and fissures) in the hard rock 
permit water distribution from the source to the 
fields. Advanced technologies make it possible to 
find these lineaments and put them to effective use 

tJnrirsity of Ihirhenhelm, Itriitul 70056r2, 70, West (iermany490, Potiach I)-7(XX) Stuttgart 
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for locating wells and reservoirs (Todd 1980). Son.e 
of the villagers' practices, such as storing water in 
small reservoirs or canals, have benefited aquifer 
yields (Engelhardt 1983). Farmers in southern India 
close the sluice of tanks towards tile end of the rainy 
season for sustained groundwater recharge. Some of 
these have been described by Baden-Powell (1892) 
for southern India, and by Dhavan (1981) for Sri 
Lanka. A policy for extending water-distribution 
systems over a large area to enhance artificial 
groundwater recharge has been suggested. 

If focus of efforts to improve agriculture ill tile 
Alfisol regions of the SAT is shifted to composite 
watershed management, two questions will arise, 

l 	 What is the impact of artificial recharging 
structures on water availability, agricultural 
production, employment, and inconle? 

2. 	 What is the optinium si/e of reservoir for 
artificial recharging? 

Both questions are related and call for 
simultaneous solution in order to arrive at an 
optimum investment strategy and optimun 
production organiuation. The most suitable tool for 
providing a solution to such a complex problem isa 
computeriied mathematical model. Based oil a lield 
survey in a watershed near ylderabad, a discrete 
stochastic linear programlming model was designed. 
[he results from different model runs are reported 
below. Only tlie agronomic and hd rological 
parameters obtained from field survevs ali(l from 
literature were entered into the programming 
matrix. [lie inrastructinal, econ,mic, and natural 
conditions of ait atershcd, as %%ellias the hydrologic 
properties of tile aquiler, %ere rot included as 
variables ill tie niodel. Because of site specilicit' 
there is no single answer to tile problem of how to 
optirnile wkater supply and allocation. Hence tile 
solutions reported below relate to site-specific 
situations. 

Model Description 

Discrete stochastic linear programming model 

Linear prograniming (1.1') is a standard tool in eco-
nomic planning. The disadvantage with ordinary 1.1 
models is that parameters and activities are assumed 
to be certain. Results of farm surveys, however, 
indicate tie stochastic nature of agricultural 
production. 
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In 	 the SAT the uncertainty of input and output 
levels is mainly due to unreliable rainfall. Conse
quently the model had to take into account the 
stochastic nature of rainfall and, hence, agricultural 
production. The discrete stochastic linear program
ming model developed for this research is shown 
diagrammatically in Figure I. 

The discrete stochastic linear programming 
(f)SI.P) technique was first developed and applied 
by 	Rae (197 Ia and b) and used with simulation by 
Trebeck and llardaker (1972). DSLP differentiates 
between various states of nature. These states occur 
with probabilities. [he probability of occurrence of 
one state of nature is based on past experience. All 
such activities as crop production, irrigation, mar
keting, 	 etc., are formulated separately for every 
state. 	 Parameters chosen are based on past 
experience. 

In the study regien rainfall in tile rainy season is 
either high (>500 nm) or low (.,40()0 mm). Since 
crop production takes place ill two seasons (rainy 
season: J.un-Nov; and postrai ny season: Dec-May), 
input-output relationships vary according to the 
amount and distribution of rainfall between the ear
lier (.lun-Scp) and the later part of the rainy season 
(Oct-Nov). (Note that tile terminology for seasons 
used in this paper difters fron more widelyaccepted 
delinitions of rai ny, poslrainy, and dry seasons.) 

l:ollo%%ing are the li c dillerent states for which 
input-output ilationships had to be averaged. 

I-ir rainy-scason cropping activities: 
State I Iligh rainfall ycars (probability of occur

rence 0.5) 
State 2 Low rainiall years (probability of occur

renice 0.5) 

[or postrainv-season cropping activities: 
State 3 Iligh rainfall in early part and also high 

rainfall inl later part ("wet after wet"; 
probability of occurrence 0.375) 

State 4 Iligh rainfall early and low rainfall late 
("dry after wet"; probability of occur
rence-ece0.15(1.125) 

State 	5 I.ow rainfall ea rly and low rainfall late 
("dry after dry"; probability of occur

rence 0.5)
 
(The state "wet after dry" does not occur.)
 

Jhelditferent states are assumed not to compete 
for resources which are available in all states. But 
because rainfall determines tile total wateravailabil
ity in a state, tire activity levels ill each state are 
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Figure 1. l)iagrammatic representation of the discrete stochastic linear programming model. 

determined by water. The postrainy and the rainy fallis divided into runoff and effective rainfall (the 
seasons. ho%%evLr, compete for water resources: portion which infiltrates into the soil). Runoffcan be 
water can be used in the rainy season for irrigation or stored in reservoirs that recharge groundwater. A 
it can be transferred to the next season by storage. certain percentage of effective rainfall recharges the 
The objective function maximizes expected income aquifer directly by deep percolation. The remaining 
from tfle different activities (i.e., income multiplied portion will be available to meet the evapotranspira
by probability of occurrence of a state). As a result, tion requirements of the crops. Because of the differ
the optimum composition of activities related to the ent agronomic characteristics, as far as water 
expected state will be obtained. The objective value requirement is concerned, crops are differentiated 
is the weighted average of all activity levels that enter into wet crops (e.g., paddy), and rainfed crops that 
into the the optimal solution, can be provided with supplementary irrigation in 

There are several stages in the model. The first is times of drought stress. 
the investment stage. During this stage, the decision 
whether to invest in reservoirs and wells is made 
based on expectations of occurrence of the various Model runs and strategies 
states. The extent of investment made in the first 
stage determines the resources available in the fol- The model was used to optimize agricultural pro
lowing stages and their respective states. Investment duction and investment on percolation reservoirs for 
cost enters the objective function asannualized capi- various economic settings. As shown in Figure 3. 
talcost. model runs were performed at two levels: (a) on an 

idealized 2000-ha region, and (b)on it5-ha farm. The 
runs optimizing production in the two regions were 

Water balance divided into: runoff less than 20j. of rainfall; and 
runoff more than 20%' of rainfall. 

The model described above is combined with a The latter represents a situation where only crop
water-balance model (Fig. 2). In this model the rain- ping and water-storage activities take place in the 
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Figure 2. Water balance of the model on composite watershed development and management. 



2000-ha watershed, but runoff water is also brought As the regional model is a "group-farm model", 
in from outside in addition to runoff from within the unlimited mobility of resources is assumed. This is 
region. Under this setting, land submerged by water not so in reality. Therefore results are not directly 
competes with land for arable production, whereas comparable with reality, which is more complex. 
total runoff is assumed to be unlimited. One run was made to assess a situation where a 

Further model runs were made by varying the minimum paddy requirement had to be fulfilled. For 
ratio of the submerged to the irrigated area. A possi- the single farm, our interest concentrated on the 
ble strategy for implementing a percolation tank impact of electricity cost on production and income, 
construction project could be to request every and on the profitability of well construction. 
farmer who owns a well to sponsor one recharge 
reservoir of specific size. Runs in group I reflect such The Impact of Composite Watershed 
a strategy. Group 2 describes a situation where a 
maximum of 3.72c of the total watershed can be Management 
submerged. 

In all groups of runs, two further sequences of Regional model 
runs were made, one describing a situation with old 
wells only (5, 10, and 15 wells per 100 ha) and in the As the main concern is the impact of reservoir con
other, investment was provided for new wells. The struction on production, labor, water use, and 

purpose of regional model runs was to define the income, these parameters are reported for major 
optimum investment strategy for percolation reser- runs (Table I). The results are given as expected 
voirs and wells. Depending on the cost of such reser- means, i.e., activity levels of the optimum solution 
voirs, and on the water demand in a region (i.e., are multiplied by the probabilities of occurrence of 
where there are old wells, new ones can be con- the states in which they are performed. It can be seen 

structed that have additional water requirements), from 'Fable I that pursuing a strategy of one reser
various optimal compositions of hydrological voir per well will have little impact on production, 
infrastructures (wells, tanks) have been derived, employment, or water availability. If well density is 

5 
a. Region al. Coolected runoff 0.1862 ha submerged/well 10 Wells/
 

<20% of rainfall 15 100 ha
 

5 

3.72% of total watershed 10 Wells/
 
submerged 15 100 ha
 

5 
a2. Collected runoff Optimum area submerged 10 Wells/ 

>20% of rainfall 15 100 ha 

Model
 

0 
-I: Rs kWh 

b. Farm 
Well capacity: 
5 ha m -3 a -' 

Electricity price 
0.95 

0 
Well investment cost 

: Rs/well 
50 000 

Figure 3. Model runs. 
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(5wells/ 100 ha), the increase in net income per 
ha due to increase in storage volume is negligible. To 
submerge a larger area for the sole purpose of 

recharge is not profitable (at well density of 5 wells/ 100 ha and 13.7% arable area sub
merged), because groundwater availability is then 
no longer limiting production. However, as well 

density increases (e.g., 10 wellst100 ha) it becomes 
worthwhile to extend the area submerged. 

reservoirs with wells could transform 
n unirrigated agricultural system into an irrigated

system wvith abetter submerge(] area to irrigated area 

ratio than that of traditional tank irrigation systems.
It has been shown by yon Oppen and Subba Rao(1980) that the ratio of command area to submerged 
area is 0.9 in traditional irrigation tank systems. In a 
model run of 5 wells 100 ha, this ratio is 1.8. For well 
density of 10 wells; 100 ha, the ratio would be 1.7. 

In the case of 5 wells, I00 ha, composite watershed 
management increases paddy production by 436%,
supplementary irrigated oil seeds (e.g., groundnut) 

by 20, and supplementary irrigated postrainy
season crops (e.g., wheat) by 176%. Supply of suffi
cient water front percolation reservoirs would 
increase employment opportunities by 38(4_ The 
effect would be mainly on employment in the post
rainv season, which is traditionally a slack season. 
Inthis season, employment opportunities increase 
by 160(. But it is likely that construction of percola
tion reservoirs will lead to construction of more 
wells. Theoretically 33% of the arable land used
should be submerged for maximum groundwater 

recharge. Wells may have to be licenced and dis
charge restricted oy a quota system, or by imposingprogressive water rates. It should also be clear that 

percolation reservoirs should be only part of a pack
age of activities that include bunding, afforestation,
 
and other practices.
 

The results reported above are based on runs with
 
reservoir construction costs at zero. This 
was doneassuming that costs and secondary benefits break 
even. The secondary benefits of percolation reser
voirs on employment, silting of downstream 
reser. 
voirs, water balance of the region, etc.. are difficult
 
to assess on purely economic grounds. Because
 
benefits from one reservoir cannot be enjoyed exclu
sively by a single farmer, percolation tank construc
tion can be pursued only by the community (e.g.,
government). Therefore construction costs are of 
secondary importance so long as benefits from the 
system outweigh the costs. 

wever, parametric changes in constructioncosts of percolation reservoirs can test the stability 
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of the optimum solution. Table 2 shows the opti-
mum area submerged, depending on reservoir cost. 
This analysis shows that at zero cost of construction 
(to the farmer), a maximum area of 13.7% is brought 
under percolation tanks for 5 wells/ 100 ha, and 
28.7% for 10 wells. As investment costs to the farmer 
increase, less and less area is submerged by percola-

-
tion tanks. At present costs of about Rs I m 3 only 
5-8% of the area would be submerged. 

The main result from this analysis is that percola-
tion reservoirs are profitable if such benefits as 
employment generation, additional production,and 
production stability are utilized in the analysis. It 
also shows that the cost of percolation tank con-
struction cannot be borne by the farmers. 

The model does not consider agronomic aspects 
of crop production. Therefore, results should be 
carefully interpreted as far as the cropping pattern is 
concerned. For instance, groundnut and wheat are 
two examples of irrigated dry crop production vs 
wet crops (e.g., paddy). 

Interestingly, paddy production in the postrainy 
season enters optimum solutions in almost every 
run. In addition, instead of groundnut, wheat is 
produced in the postrainy season. Groundnut is 
mainly produced in tie rainy season. Because agro
nomic constraints were not taken into account in the 
model, this result should not be overstressed. 

Table I shows expected average cropping pat-
terns, mean input quantities, and average produc-
tion. These are based upon individual activities 
given by the model for every state. Because water 
constrains agricultural production in a dry postrainy 
season following a dry rainy season, no production 
activities are performed. Instead, water isused in the 
rainy season. If water availability increases, produc-
tion of hybrid paddy on a small area begins in the 
postrainy season, and the limited amount of water is 
not spread over a larger area to irrigate dry crops. 

Table 2. Optimum area submerged and cost of reservoir. 

Investment cost 5 wells IMtX)ha 10 wells )XJha 
(Rs in ) ("' submerged) (' submerged) 

) 13.7 28.7 
0.28 11.9 25.0 
0.87 10.5 25.0 
0.96 8.5 18.1 
1.01 5.2 8.2 
1.18 1.5 5.6 
4.13 1.0 4.0 
5.51 0.0 0.0 

This is because paddy yields are high in a dry post
rainy season that follows a dry rainy season. Only 
further agronomic research can establish reasons for 
the differences in yield levels of irrigated crops dur
ing the postrainy season. This example shows that 
input/output parameters of the same cropping 
activity vary according to different states of nature. 

Tests were conducted with minimum paddy area 
per well. The minimum requirement was set at 1.4 ha 
for the rainy season and 0.9 ha for the postrainy. 
These are average areas under paddy in the well 
command area. Results indicate that natural 
recharge from the catchment can sustain only 6 
wells/ 100 ha under such requirements. With perco
lation reservoirs submerging 3.7% of the catchment, 
artificial and natural recharge sustains 24 wells/ 100 
ha. 

Tis result shows that, if a policy for increased 
paddly production in a small-holder irrigation sys
tem is to be pursued, percolation reservoirs are 
essential foi safeguarding groundwater recharge. 
Natural recharge will normally be insufficient to 
recharge the aquifer if an increasing number of well 
owners irrigate paddy. 

Farm model (5 ha) 

The same model can be used at the regional or farm 
level. In the latter case provision has to be made for 
unlimited water supply because, for the individual 
farmer, the quantity of water that he can draw is 
limited only by the capacity of the well. The capacity 
of the well is defined by the properties of the geologi
cal formation of the strata into which it is sunk. 
Average well capacity in the region is about 30000 
m3 per season. 

The model was used to optimize the cropping 
pattern for a model farm with or without a well; to 
determine the maximum cost of a well so that invest
ing in it is profitable; and to compute the elasticities 
of water demand, depending on electricity rates. By 
comparing cropping res ilts from a farm with well 

irrigation, and results from a farm without, the 
impact of irrigation on farm income, cropping pat

tern, employment, and factor-use has been assessed. 
The expected net income (minus annual capital 

cost of the well) would be Rs II 17 ha-I .The cropping 
pattern would provide employment for 1868 man
hours ha-' at a current wage rate of Rs 0.3 h-1. 

Without irrigation, all 5 ha of the farm could be 
planted with rainfed sorghum. This would provide 
235 man-hours of employment per ha. The annual 
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expected net income from such dryland farming is 
Rs 192 ha-I. A comparison of the two optimum 
solutions show that irrigation farming gives 5-6 
times the expected net income per ha from pure 
rainfed farming. 

The farm with irrigation facility would draw 
45 000 m3 groundwater at an electricity tariff of Rs 

-0.16 kWh '. The cropping pattern is fairly stable 
regardless of electrical rate changes up to a certain 
level. It is when the electricity price exceeds Rs 0.6 
kWh-I that changes in cropping activity may occur, 
This means that, for agricultural use, electrical rates 
could be increased to the rate charged for industry 

-(Rs 0.6 kWh ) without affecting production. A 
price increase in electrical rates would, however, 
reduce income per ha. Fable 3 shows the effect of 
electricity price (i.e., water price) on farm income 
and water consumption. It is likely that increased 
water rates will lead to more judicious water man-
agement, thereby counteracting the effect of reduced 
income. 

It is possible to compute the average submerged 
area necessary to sustain the quantity of water con-
sumed by the farm: 2.89 ha under a percolation 
reservoir is necessary to supply a 5-ha farm with 
sufficient water for optimal production. The ratio 
1.73 of irrigated area to submerged area is much 
higher than that in traditional tank irrigation 
systems. 

In the regional model, our interest focused on the 
impact of percolation reservoir costs on their feasi-
bility. It was found that farmers may not voluntarily 
cume forward to construct percolation reservoirs, 
Anotnei constraining factor may be the cost of dig-
ging well,. Therefore, arun was done to compute the 
maximum amount a farmer will be able to invest in 
digging a %Nell. As well costs increase solutions 
remain stable up to an investment of Rs 47000 per 
weli with characteristics as assumed in the model 
(capacity 30000 mI per season). This indicates that 

Table 3. Electricity rates and farm Income of a model 
farm (5 ha, I well), 

Rate 
Rs kWh-i 

Annual net income 
(Rs ha-i) 

Water pumped 
(m) 

0.0 1442 64050 
0.16 1117 45093 
0.35 746 45093 
0.50 450 45093 
0.60 270 32816 
0.95 192 0 

farmers are likely to build their own wells because of 
the tremendous profitability of well irrigation as 
compared with unimproved rainfed farming. 

Further Reseach Requiremeits 

The results discussed above do not necessarily reflect 
reality because, besides wateravailability, othercon
straints such as labor capacity, crop rotations, and 
subsistence requirements were not considered. This 
exclusion was intentional, in order to ensure that 
water-resource constraints are not masked by other 
constraints. 

There is need for further research to determine 
more precisely the dynamic nature of groundwater 
flow. l.ittle progress has been made in research on 
this aspect in the past. 

Research on agronomic aspects should cover 
water management at the farm level. More accurate 
measurements of water application at the field level 
should be made. This is mainly to understand better 
why farmers prefer to irrigate wet crops instead of 
providing supplemental irrigation for rainfed crops. 
From our point of view the tremendous impact on 
yield of small but strategic irrigation at critical 
growth stages should result in the wider adoption of 
suppiemental irrigation. In field surveys farmers 
listed several factors (Engelhardt 1983), such as (a) 
excessive water, (b) subsistence requirements, (c) 
pest- and disease-control problems, and (d) market
ing constraints. However, these factors do not 
appear to be plausible explanations considering the 
results from irrigation trials under research 
conditions. 

As mentioned earlier, aquifer management is not 
rew; it has been practiced for centuries and farmers 
take to it intuitively. Numerous aquifer irrigation 
projects have been implemented in India in the past, 
especially in the states of Andhra Pradesh, Tamil 
Nadu, and Maharashtra. There has, however, been 
no systematic monitoring of aquifer performance, 
farmers' response to this method of irrigation, and 
the impact on production. While there is a surpris
ingly large amount of knowledge on artificial
groundwater recharge with various government
departments, it is not readily available to those who 

need it. ICRISAT could play an important part in 
co!lecting and disseminating this knowledge. 
Transfer of the concept of percolation tanks and dug 
wells to large areas in Africa with similar geological
and climatic conditions seems feasible (Thomas 
1982). More in-depth research, however, is required 
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on this aspect. Here again ICRISAT can play a key von Oppen, M., and Subba Rao, K.V. 1980. Tank irriga
role in the transfer of a technology that not only tion in semi-arid tropical India. Economics Program Pro
could halt the dangerous lowering of the ground- gress Report no. 9. Patancheru, A.P. 502324, India: 
water table, but holds out promises for improving International Crops Research Institute for the Semi-Arid 
agricultural production on SAT Alfisols. Tropics. (Limited distribution.) 
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Tank Irrigation in Southern India: Adapting a Traditional 
Technology to Modern Socioeconomic Conditions' 

M. von Oppen2 

Abstract 

Tank irrigation is a long-established technology' to manage runoff waterfor irrigation. In India 
the area under tank irrigation is decreasing. This paper presents two concepts to adapt or 
transform the traditional water management sti'sten to suit modern socioeconomicconditions: 
(a) iMproved tank management with water control; and (h) an alternative land-management 
system to control rutn oj'anItderosion to recharge groundwater and sustain irrigation wells. Model 
calculationsfbr the./7rst concept show that improved tank ntancgen'ni with a water control 
st'stem of closing shices on rainy cltys wotold save enough water to irrigate an additional20, of 
the command area at a 17('ilower risk of'crcpa-tire. /l vestn itt itt attorganization to enlol' 
amnd sulervise tank water controllers can be jus tfl['d hi thc expec'cl rettrnsjrot.tc increased 
area under irrigation. 1"te Ae'ccmc c'ttc'pt ccatt hc' c.\pet'l tcgetratesubstantialincreasesitt t 
returttns atd e'ptlJotmentt. Irtterresearch is requird' to ver/i theeslnclings. 

Introduction 

Water management holds the key to improved pro-
ductivity of agricultural land in the semi-arid tropics 
(SAT). Tanks and open wells are traditional sources 
for small-scale irrigation in Indian agriculture. With 
increasing population pressures, however, difficul-
ties arise: tanks degenerate because of inefficient 
maintenance and water control; and, with well irri-
gation becoming increasingly more attractive, con-
struction of wells increases while tanks disappear. 
Groundwater levels fall because of overexploitation 
and reduced recharge from tanks. Ascosts and avail-
ability of conventional energy sources (diesel, elec-
tricity) become more restrictive, well irrigation 
meets with problems. 

of Water Control in
Improvement ochanges 
Existing Tanks 

Research on irrigation tanks in southern India has 
shown that tank irrigation can be profitable (von 

Oppen and Subba Rao 1980b). But the performance 
of a majority of irrigation tanks has been poor, and 
this is reflected in the overall decline of tank
irrigated areas and growing instability. 

Even in the case of tanks that may have some 
rudimentary management form of water distribu
tion, e.g., a set date for opening of thI sluice, the 
wate:r is generally let out continuously once the 
sluice has been opened. Water controllers in charge 
of operating the sluice in the past have now almost 
disappeared. Better water management could be 
achieved through such simple measures as the fol
lowing. (I) Reducing the outflowat night, since crop 
water requirements are less at that time. (2) Keeping 
the sluice closed on rainy days, assuming that rain
fall will be sufficient to supply the requirement on 
those days. And (3) a combination of these two. 

None of these measures will require any physical 
to 	be made to the tank as such. The water 

outlet structures wilh remain as they are because the 
outlets are traditionally fitted with a round hole that 
can be closed with a conical wooden plug from the 
top of the sluice. There will be no need for improved 

I. 	 Abridged cioiI of an ealhe- paper %onOppen elal. 19 3. 
IFciiiontic', Itrogratn (noA Re ource Management i'togtatil). ICRISA I. Iata cherui, A.P. 502 324. India. 

IC'RISA I International hlist 	 Iriipics) 1987, Alliils in the seini-arid tropics. Iioccdings ofthec'top%Re'eairclh tct for the Scmi-Arid 
CMIsuiltants'Workihop on the Slate i theArt and Maagement AlIcrnatinws for Optitiing the I'roducti )iIof SA I Alfisolsand Related 
Soil',. 1-3 IDecemher RISA I (Center. IndiaI'atancieruJ A 1 502 324. India. I'RISA I193. I(' 
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distribution channels for new cropping systems; 
paddy irrigation and field-to-field flow will 
continue, 

A simulation model was built to compute the 
amount of water that can be saved, for instance, if 
the sluice remains closed on rainy days. Based on 
daily rainfall data the model computes the effects of 
various water-control rules. It calculates: (I) the 
chances of successfully growing a crop in the rainy 
season (there is still water in the tank during the 43rd 
week), and (2) the amount of water available for 
growing a second crop (at the end of the 43rd week). 
The 43rd week is assumed to be the end of the first 
season for a rice crop that takes about 120 days to 
mature. 

The results are presented in Table 1. They show 
that, in a 10-ha command area, water control by 
closing the sluices on rainy dtlys will reduce the 
number of years during which the tank runs dry 
before harvest from 50 years to 40, i.e., the probabil-
ity of crop failure int the command area of this partic-
ular tank will drop from 0.60 ,, 0 5. Assuming an 
increase in the command area of 201.'(, water control 
would bring down the risk of crop failure from 0.73 
to 0.59. Ihese probabilities of crop failure are rela-
tivdl) nigh because of tie small tank size assumed, 
Larger tanks have relatively lower evaporation and 
seepage losses, and therefore would benefit even 
more from water control involving water storage 
over longer periods, 

In summary, water control of the kind described 
will permit irrigation of a command area thrt is 20V. 

Table I. Tank simulation model results (silh irrigation 
1901-1970). 

larger and at a 17% lower risk of crop failure. The 
water left in the tank at the end of the rainy season 
will be 24% above the amount under no water
control conditions in the existing tank. 

Water control will, of course, not be cost-free. An 
organization to employ and supervise tank con
trollers will have to be established. This organization 
has to be planned for individual states in India and in 
such a way to make it fit into the existing structure of 
the respective department responsible for tank 
irrigation. 

For assessing the costs of such a water-control 
system, a study was carried out by an ICRISAT 
consultant (Venkatram 1980). Conditions prevailing 
in the states of Maharashtra, Andhra Pradesh, Kar
nataka, and Tamil Nadu were studied, and the most 
feasible organization was projected. The costs of the 
water-control systems projected for ath state were 
compared with the expected retimis from a 20% 
larger tank-irrigated area. I he.,e comparisons are 
presented in Table 2. For each of the stales icluded 
in the study it shows the expected total returns from 
a water-control systen to farmers and to the state 
governments. [he returns to farmers, of course, 
exceed those to the state governments by a multiple 
of over 15, as tie larmers' average net returns from 
tank-irrigated agriculture exceed the present water 
rates by the same multiple. 

The alternatives for financing the schemes inlthe 
different states and the likely expenditures are also 
piesented in Table 2. It was assumed that for water 
regulators, 20"i of the salary could be borne by the 

on Alfisols) using 70 years of dail) rainfall data (Ilyderabad, 

10-ha command area 12-ha command area 
1000 III, outlet 1200 rn' outlet 

Daily Nonrainy Daily Nonrainy 

Details 

outlet 
without water 

controller 

day outlet 

controller 

outlet 
without water 

controller 

day outlet 
with water 
controller 

Number of ycars the 
tank runs dry at the 

48X70 
(o.69)' 

3970 
(0.56) 

51, 70 
(0.73) 

41,70 
(0.59) 

end of 43rd week 
(27 October) 

Average water stored in 
the tank (in nil) at the 

23800 
(100)" 

330M) 
(139) 

222) 
(10o ) 

29600 
(133) 

end of 43rd week 

1. Probabiitly if tank being dry. 
2. Percentage figure 
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Table 2. Expected returns and expenditures (in million rupees) from improved water-management alternatives in tank-
Irrigated areas of selected states In India. 

Alternative expected expenditures 

Supervision and water regulation 

Government6 

Grant for Inspectors 

Expected returns water regulator & super- Super-

State 	 Farmers' Govt2 Farmers' Govt.' Farmers5 visors visors 

Andhra Pradesh 140.0 6.8 24.0 6.0 30.0 6.24 4.80
 
Karnataka 65.6 5.2 19.2 4.8 24.0 3.12 2.40
 
Maharashtra 19.3 6.2 NA? NA NA NA NA
 
Tainil Nadu 129.7 9.4 9.9 6.6 16.5 4.78 3.67
 

i etinI. 	 1rtil 20' ; ,dditional irrigated area ai ragc laD r 
' 

eltreltrils 

2. U;rtirn 20' addition l irrigated aea at peisent "ailet iltes
 

3 tIarnier l80fi lI salar' (Rs lo) hr Aatvrregulators
p:i 	 iionth) 


ionth)
4. (ij ernnient pa ,2, i salaim (ts25 i lr %kalc regiilators 

vater regulailoi5 	 1aiiiei, pa, lull %alai (Rs 125 in tilI " 

t ,pcial pr lll. lier (a)iispec per 50 liank s) (I per 20 inspectors), or (hi 

(I per 10ll tatks)
 

0 	 (io ertoninet pas. o i st c ItI and super%isors supervisors 

7 NA t wot aj ilable
 
Source Venk,ialhni 19OJ
 

state government and the remaining 80"; by the implement this concept. There may be cases where 
farmers who supervise; or, the farmers could pay the the concept described below is more applicable. 
full water controllers' salary and the governments 
could provide supervision by inspectors and supervi
sors, ot supervisors only. [he expernditure for 
farmers would in all cases be only a fraction of the 
returns from a 20('i additional command area. The System for Alfisol Watersheds 
expenditures for the governments would in no case 
exceed their returns from increased income its Historically, one can observe a nonlinear relation
derived from existing water rates from addi-201:i ship between population density and tank irrigation 
tional irrigated areas, in large parts of India. Tanks tend to be established 

This exercise is indicative of the feasihilit.y of the at population densities of 50-60 persons km-2; higher 
scheme at the aggregate level. 'he schen'- ;, feasible population densities lead to creation of more tanks 
and economically highly profitable to farmers while up :o a maximum ot about 220 persons km- 2. But 
at the time being moderately remunerative to state beyond this point, an increase in population leads to 

governments, 	 a decreased number of tanks (vonOppen and Subbk 
The implementation of the scheme at the village Rao 1980a). This observation is based on the simple 

level may initially pose some problems. Those who truth that, with increased population pressure, the 
now have access to water nay be apprehensive abotit value of the land that a tank occupies rises. Conse
its availability when the command area is extended, quently, the rationale for use and maintenance of a 
But, their experience with more stable water supplies tank asan object of comniti property isincreasingly 
during the first season and 24.' more water during being questioned by farmers and landless people. 
the second season (which has not been accounted for Private claims on the fertile tank land are followed 
in terms of additional irrigated area) should con- by encroachments, which in turn lead to lower water 
vince those reluctant to collaborate, levels and decreased irrigation efficiencies. 

Further study, including experimental research in At the same time, irrigation wells around the tank 
villages, is required to decide how best and where to provide water for irrigation. If tapped and recharged 
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Figure 1. 1Net returns and employment on an Alfisol watershed under alternative water-management systems (results based on a model). 



efficiently, this groundwater can irrigate all or most 
of the land formerly served by the tank, assuming 
favorable hydrogeologic characteristics, 

Research at ICRISAT was initiated in 1981 to 
assess the potential of this concept, keeping in view 
the cost factors listed above and comparing these 
witn the expected advantages in an optimization 
framework (Engelhardt 1983). This research was 
based on field surveys and a discrete stochastic linear 
model. The model allows the user to assess the 
impact of composite watershed management on 
SAT agriculture, which is constrained by the sto-
chastic nature of its water suppl'. Parametric 
changes and sensitivity analysis of critical and 

unknown technical and economical parameters such 
as well density, factor cost, and product prices ena-
ble identification of the natural and socioeconomic 
environment for implementing the new concept. 

Results from the model are summarited in Figure 

I, which shows the benefits front .ater management 
were calculated in net returns (Rs ha-i) and employ-
ment (mian-days hit ). For comparison, the benefits 
of five alternative systems were calculated, ranging 

from rainfed agriculture with no wells to systems 

with wells (at different levels of well detnslties), but 

with no or only limited ground water recharge. 
While rainftd agriculture withoutl wells produces 

net returns of ' s 2(X hIa Iand provides cotploytlent 

for about 30 nan-days hita , well irrigation drasti-
cally intcreases hetefits to double (at 5 %ells 11011ht 

or more than triple (at i0 wells 100 ha) the levels of 

rainfed agriculture. But at higher densities well 

water is restricted by limited grourtndwater. Substan-

tial increases in let returrns an he generated at high 

well densities throuIgh groundwater recharge. At 

ptimunt levels of groutndwater recharge, about 
15- 25t) of tile cultiva ' urea would be submerged 

by percolation tanks a . increase in productivity 

would be about 30Wi at ow well densities of 5 

wells, 100 hat, but 70"'i at densities of 15 wells 100 
ha. 

Conclusions 

The two concepts proposed for improved watershed 
management ott Alfisols are: (1) improved tank 
management with water control, and (2) an alterna
tive ,;ystern of runolf- and erosion-controllijig land 
muna/,,cment for groundwater recharge and sus
tained well irrigation. Fhese two concepts were ana
lyzed at ICRISAT it art exante framework and 

found to have considerable potential. Therefore, 
applied experimental work is justified to confirm 
these results and specify the changes required for 
introducing the new concepts. Research proposals 
are being considered by funding agencies for follow
up experimental work. 
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Implement Development for SAT Alfisols 

R.K. Bansal, N.K. Awadhwal, and V.M. Mayandel 

A bstract 

Field operations in AIfisols and related soils require timeliness and precision for the early 
establishment of a crop in the rainy season. Animal-drawn, multipurlose wheeled tool carriers 
(WTCs) have been found to be the most appropriate machiner.rfor this ulrpose. Three designs 
discussed in this paper covered / ha in 3-4 hour;- for dfferent tillage operations, and could be 
drawn hy a pair o/ oxen o.faverage size. A 1'T' .littedwith a irlanter-and-fertilizerapplicator, 
consisting of an unlined plate for .ced metering ando.cillating nee(hattismns forfertilizermetering 
andadouhle-shoelfarrowopener,ga'e excellent rc'.sits in sowing various crops, and covered I ha 
in 4-5 hours with an average dralt of/1530 N (156 kgf).fi'r lour row.s. A rolling crust breaker, 
developed to enhance seedling energ'ence through the surface crust, gave good results. Intensive 
pritary til'Ae of'.-Ifio/Ls showed advantages it the ear/v .tages ole'rop growth, but they tended 
to disappearlate in the .ea.on. Rerults oltillagestludie.s cond'ted far 4years indicate aneedfjor 
fuirtherresearch to find out the comparative advantages of/d't/irent intensities of primary tillage 
during the crop,',ing sea.son and off-season. 

Introduction 

As discussed elsewhere in this volume, Alfisols and 
related soils in the semi-arid tropics have certain 
inherent characteristics, such as low water-holding 
capacity, high ezodibility, and a potential for exces-
sive runoff, that are constraints in crop production 
under rainfed conditions. Alfisols are often very 
shallow and possess a subsurface layer of compacted 
soil that inhibits root development and water perco-
lation. The loaniv sanl texture of the topsoil and 
predominance of kaolinite among the clay minerals 
make these soils structurally "inert" (Charreau 
1977). Thus the noncracking topsoil becomes very 
hard when dry, making primary tillage possible only 
after good showers before the rainy season. Structur-
al instability of these soils often causes crusting of 
the surface when rain alternates with dry periods. 
The formation of a crust su bsequent to Sowing call 
be a serious problem for the establishment of a crop 
with require(] plant density. 

Alfisols therefore oiler a considerable challenge 

regarding the development of farm machinery 
required for: tillage and seedbed preparation opera
tions that make possible the early sowing of crops; 
the improvement of metering and pIL., ment of seed 
and fertili/er; the enhancement of edling emer
gence in the event of crust formation; and the effec
rive control of interrow weeds. The need to evaluate 
alternative tillage practice and to study the reaction 
of the soil to tillage tools, plant and soil interaction 
during plant establishment and early growth, and 
seedbed requirements were also recognized. This 
paper summarizes farm machinery development, 
and the results of selected experiments conducted on 
Alfisols, at ICRISAT Center. 

Machinery Development 

Multipurpose wheeled tool carriers (WTCs) 

In the SAT, farmers mostly depend on human labor 
and draft animals (usually oxen) in their farm opera
tions. In India a range of ox-drawn implements, 

I, lling SsNSIC1IIIRe.sciich t'togr~rrr ( im%Resource .Mangenmctl Program), I('RISA I. . A';r1nchte Iia,.\P 502 124. 

t('RtSk . I (lltnernanilorul (*rop% Rtewtrd Insrhtilute lot the Scit-A' ld I rtipics 19M7 Allisiols in the %erni-1rit Iropics, 'oceedings ol the 
ctn tsiint' Workshop on the Staeti [tiel t l anagerierit Altrn li I ()ptinii/ing the Prt' ductli, i ot SA I Alirol%and Relaled 
Soils, 1-3 Iccerber 1983. ('RISA I ('entcr, Indii t'aitlrclhtru. AT' 502 324. Inda ttRISAI 



such as acountry plow, ablade harrow, aseeder with 
hand metering for two or three rows, and an inter-
row weeding hoe are common everywhere. These 
implements are attractive to farmers because of their 
low purchase and maintenance costs, easy availabil-
ity from local artisans, and minimal repair require-
ments. But they are slow in operation, are tiring to 
use, and often fail to give the precision required for 
intensive cropping, 

After initial experience with traditional ox-drawn 
implements in farming systems research al ICRI-
SAT Center, efforts were directed to%ards the devel-
opment of multipurpose wheeled tool carriers. As 

the name implies, such a tool carrier, drawn by oxen, 
asses, or mules, is capable of performing various 
field operations by the attachment of appropriate 
implements. The frame and linkages on the WTC 
have proyisions for making vertical and lateral 
adjustments in the position of the implement with 
respect to the soil surface or the crop. An implement 
mounted on the WTC can be raised into a transport 
position, or lowered to operate in the soil, with a 
lever. A W " provides stability in operation, com
fort for the op-rator, and isdesigne6 to maintain the 
correct direction of travel in the field. 

[he first design of a WI C found to he promising 

Figure 1. A Tropiullor with spring lines in use fr seedled prepa.rain., 
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toolbar to which a beam is ttached a: right angles. 
The toolbar is supported on two wheels of 30 cm 
diameter. implements mounted on the toolbar can 
b. raised or lowered by operating a hever at each end 
of the toolbar one by one. Implements for thz 
Agribar are the same as those used with the Tropi-
cultor, ar.d the manner of mounting is identic, I. 

To compare the performance of these three 
WICs, we measured the actual field capacity (the 
area covered in I h; ur), and the draft requirements 
for different operations. To enlarge the scope of the 
experiment, a 20.9 kW (28 hp) TE-type Bouyer trac-
tor was also inc!-ded in the study. Plot sizes varied 
from 271 to 688 m , because of the shape of the field.2 

For all field operations, the Tropicultor had great-
est reliability (ICRISAT 1982). With the Akola Cart 
there were problems of frequent breakdowns 
because of failure of the wooden components. Sim-
ilarly, the Agribar, at that stage in its development, 
was not strong enough to withstand the load of two 
normal-sized 225-mm wide moldboard plows or 
ridgers. Accordingly, smaller plows and ridgers were 
used on the Cart and the Agribar. Results obtained 
for the time r.quired per 'ia for different operations 
(Table I) showed that the Iropicultor w, s the most 
efficien'. Because of the stial!er plows used with the 
Akola Cart and the Agribar, plowkng was done twice 
in the rspective plots. F,.r .itlcr ope,ations the dif-
ference between the treatment in te!rtns of time-
saving was very small, often statistically 
nonsignificant (P -0.05>. "-he tractor did not show 

any advantage over the animal-drawn machinery. 
The tractor time required was influenced by such 

factors as the skill of the uperator, implements used, 
length of run, and turning time. It was observed that 
the tractor required more turning time then a WTC. 
In straight runs, the advantage that could have been 
obtained in the tractor treatment was lost partly 
because of t',e iequiren ent te operate slowly to 
avoid damage iu the implements, which were 
designed for use w::h a WTC, and partly because of 
the small plot size. 

Table 2 gives the range and average figures for pull 
force (draft) measured by a dynamoineter placed in 
the beams of the wrcs. The data showed that it is 
the type of operation and not the type of WTC that 
determines the pull requirement, because ovcr 90% 
of the pull is attributed to the implement used. Plow
ing and ridging are heavy operations. Regardless of 
pull in the range of 1600-2250 N i63-230 kgf), oxen 
were able to perform these operations and work 
continuously for 6 nours a day with normal rest 
periods. Similarly, the effect of the machinery sys
tem was not found to be significant on plant popula
tion ar,d yield of sorghum and pigeonpea crops 
(Table 3). Further :csting of the Tropicultor, Akola 
Cart, and Agribar revealed poor viability and 
transferability of the Akola Cart design. Inappro
priate dimensional control and seasonal swelling 
and shrinking of the wooden components called for 
too much attention every year. As a result of this, no 
further design work with the Akola Cart was done. 

Tuble I. Aierage imacItine-lhour%per ha require~d for sarious operaIions Aiili different miachiner) s)sens used inan Alfisol 
satershed, (RIS, F ('enter, 1979-80. 

Machinery systems 

Animal-drawn WTC
 

,Operations 
 Akola Cart Agribar 'I opicultor Tractor 
Plowing I 1.8 1.8 1.8 3.2 
Cultivation 2.7 2.8 2.6 3.0 
Plowinig II 3.2 3.6 NR NR 
Ridging 3.2 3.6 2.7 3.4 
Bed-sh ping 3.4 3.4 2.4 2.6 
lertili/cr application 3.3 3.2 3.0 2.7 
Planting 1.9 2.7 2.0 2.8 
nt ro%% cultivation I 3.1 2.7 2.5 3.0 
Intcrrow cultivation II 3.7 3.7 2.9 3.0 

[otal 26.3 27.5 19.9 23.7 

NR - Not required. 
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Table 2. Average and range of pull (N) observed for various operations with different machinery systems inan Alfisol 

watershed, ICRISAT Center, 1979-80. 

Machinery system 

Akola Cart Agribar Tropicultor 

Operation Range Average Range Average Range Average 

Plowing 
Cultivation 

1600-2250 
1500-1650 

2000 
1550 

1700-2000 
1300-2000 

1950 
1600 

1800-2000 
1400-1700 

1900 
1551, 

Ridging 
Bed-shaping 

1750-1850 
1250-1600 

1800 
1500 

1700-1800 
1200-1600 

1750 
1450 

1700-1800 
1450-1550 

1750 
1500 

Fertilizer application 1100-1400 1300 1400-1600 1500 1400-1450 1450 
Planting 
Interrow cultivation I 

1150-1200 
1300-1400 

1150 
1350 

1100-1250 
1400-1500 

1200 
1450 

1350-1400 
1400-1700 

1400 
1600 

Interrow cultivation I1 1350-1650 1450 1050-1600 1350 1150-1600 1400 

Table 3. Plant stnd and grain yield obtained using different machinery systems inan Alfisol watershed,ICRISAT Center, 

1979-80.
 

Machinery system 

Animal-drawn WTC 

Crop Factor Akola Cart Agribar Tropicultor Tractor SE (±) 

Sorghum 	 Plant stand ha-' 168000 185000 155000 166000 10760 

Yield (tha-1) 4.0 3.5 3.4 3.6 0.49 
Pigeonpea 	 Plant stand ha-' 68000 62000 69000 67000 4733 

Yield (t ha-') 0.44 0.45 0.45 0.44 0.065 

Sowing and fertilizer application 	 low soil-moisture retention capacities, any delay 
between opening and closing a furrow can adversely 

Traditionally, sowing in India is done by the hand- affect germination and emergence. Finally, ground 

metering of seed into a furrow opened by acountry coverage is slow, and traditional operations require 

plow. A multirow wooden seed drill, called a"gorru" at least two or three people. Thus, for completion of 

or "tippen", is also widely used for sowing. The use sowing of crops early in the rainy season, traditional 

of inorganic fertilizer is relatively new among dry- sowing equipment is not adequate. 
land farmers inIndia, and the sowing techniques For moisture conservation in Alfisols, minimum 

they currently use are inadequate to meet the opera- soil disturbance, quick furrow closing, and proper 

tional requirements if fertilizer is to be drilled at the compaction are essential for seeding. When more 
-


same time as seed. Some multirow hand-meteritig than 10 kg ha of nitrogen fertilizer needs to be 

seed drills have been modified for placing a basal applied at seeding, itshould be placed in a band 

dose of fertilizer along with the seed, e.g., the Royal away from the seed to avoid salt injury (Sanghi et al. 

gorru and Eenati gorru (Venkata Nadachary and 1982). The separation of seed and fertilizer appears 

Kidd 1981). to be more important in Alfisols and related soils 

The traditional systems have several limitations than in clayey soils such as Vertisols, probably 

that result in poor plant stands, even though the because of lower availability of moisture around 

normal rate of seed application is 3 or 4 times more germit.ating seeds in the former case. 

than that recommended (Soman etal. 1981). Tradi- During the early phase of farming systems 

tional systems give uneven distribution of seed, research at ICRISAT Center, fertilizer application 

which means crowding of plants at different loca- preceded sowing as a separate operation in both 

tions in the same row and gaps elsewhere. Another Alfisols and Vertisols. A narrow shoe-furrow opener 

limitation of this system is inappropriate placement (Fig. 3a) was developed for planting on the lines 

of the seed, and delay in covering it. In Alfisols, with where fertilizer was already banded. With the devel
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Figure 3. Furrow openers. (Measurements in mm.) 
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opment of a combined planter-and-fertilizer appli-
cator a change in the furrow-opener design became 
necessary. 

Figure 3b shows a two-chamber single-shoe fur-
row opener designed to cut a narrow slit for min-
imizing draft and soil disturbance. With this furrow 
opener, fertilizer was placed cn one side of the seed 
and at the same level. Two main shortcomings of this 
design were found to be inadequate separation of 
seed and fertilizer, and clogging of the fui row opener 
with soil when lowered into the workni, position. 

Another design (Fig. 3c) attempted to overcome 
these problems. It required fertilizer to be placed 
about 40 mm directly below the seed row. The fur-
row opener was closed at the bottom and had exits 
for seed and fertilizer at the rear. While this design 
got over the problem of clogging, seed and fertilizer 
separation varied from 0 to 20 mm owing to the poor 
flow of moist soil. 

In the third modification (Fig. 3d), the furrow 
opener was made wide and had exits at different 
levels. Fertilizer was expected to fall in a band about 
40 mm below and 30 mm to the side of the seed row, 
separated by a layer of soil. The performance of this 
design was also unsatisfactory because of insuffi
cient seed and fertilizer separation. [he seed tended 
to roll down on to the fertilizer band because the soil 

laver between them was thin. Covering a 60-mu

oped at ICRISAT Center permits seed and fertilizer 
to be metered mechaincally and to be placed at 
required depth. This planter is suitable for a wide 
range of crops grown in the SAT. Seed is metered by 
an inclined-plate mechanism. Metering plates, made 
in aluminium, can be changed easily to suit a particu
lar crop. The fertilizer application rate is controlled 
by an oscillatory mechanism fitted to the bottom of 
the hopper. Both mechanisms are driven front the 
left wheel of the Tropicultor on which the planter is 
mounted. Test results from an ICRISAT Alfisol 
watershed showed that the machine can cover I ha in 
4-5 hours depending on plot size, shape, and other 
operational factors (Table 4). Pull forces required 
for sowing on Vertisols and Alfisols are given in 
Table 5. Sowing of four rows of any crop on Alfisols 
was never found to be difficult because the pull 
requirement was not excessive and the oxen could 
sustain the load for normal working hours. 

Development of a rolling soil-crust breaker 

Soil crusts on Alfisols impede seedling emergence. 
Once a crust forms over a seeded row, itneeds to be 

Tahle 4. Actual field capacits for planting and fertilizer 
widefurow ws e a robem.application in different land-inanagenient practices onaso oundto 

also found be 
Finally, a double-shoe furrow opener (Fig. 3e) 

that keeps seed and fertili/'er well separated was 

developed. It has two identical, narrow shoes bolted 

to an inverted 1-fra me that permits fertilizer to be 

placed 40-50 mm to the side and below the seed. 
Furrows opened by the fertili/er shoe are partially 
closed by the seed shoe. The seed row is covered and 

compacted by
d 

floating arms and a press wheel. The 

double-shoe furrow opener design gave adequate 
separation between seed and fertilizer, and per-
formed without any problem of blockage in both 
Vertisols and Alfisols (ICRISAT 1984). 

A four-row planter-and-fertilizer applicator devel-

wide furrow w.,as to a problem. Afiols, ICRISA I (enter, 1980-81. 

Watershed 
no. 
-
R\V-31) 
RW-31) 
RV-31) 
R\ -31)
R\V-31) 


R\W-31) 

Actual
 
field 

Land capacity 
tietllent Crop (ha1 hr-) 

BilIF Sorghum pigeonpea 0.25 
I3IF Pearl millet, pigeonpea 0.21 
IMF Castor green gram 0.26 
Flat Sorghum rpigeonpea 0.21
FHat Pearl millet pigeonpea 0.29 

Flat C;.stor green grain 0.26 
Average 0.22 

and lurro"%s.BlO l roatlhcls 

Table 5. Pull requirement for planting and fertiliter application. 

Soil Crop 

Vertisol Maize 
Vertisol Sorghum Jpigeonpea 
Alfisol Pearl millet 
Alfisol Cowpea 

No, of rows 
Pull IN) 

per pass Range Mean CV (%) SE (±) 

2 900-1400 1118(0 II 24 
3 1400-1700 1470 6 18 
3 1000-1400 1240 13 33 
4 1300-17(1) 1530 8 25 
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wett.ed frequently or broken mechanically for satis-

facr'ory seedling emergence. 


During rainless periods, application of water in 
the SAT is impractical, however, because of its 
limited availability; labor requirements and equip-
ment cost are the otherconstraints. Farmers have no 
traditional equipment for breaking soil crusts, 
Therefore, a rolling breaker wascrt-i't developed 
that can be used on seeded rows (Awadhwal and 
Thierstein 1983). The manually-operated rolling 
crust breaker (Fig. 4), which can also be attached to 
a WTC, has two 150-mm diameter rollers with 16 
rows of spikes 25 mm long. Spacing between the 
rows and the length of spike were selected to ensure 
that no crust was left undisturbed. Thecrust breaker 
covers a 180-mm wide strip over the seed row. 

Performance of the rolling crust breaker was eval-
uated on Alfisol fields with sandy, sandy loam, and 

S~Tillage 

i 

. 

"' 

sandy clay soils. We examined the effect ofbreaking 
surface crusts on different pearl millet and sorghum 
genotypes. The pearl millet and sorghum genotypes 
were planted manually; about 35 mm of water was 
applied, by sprinkler from a height of 2 m, to pro
duce a reasonably uniform and hard crust. A day 
before expected emergence, the crust surface was dry 
and its strength, rreasured with apocket penetrome
ter, was in the range of 196 to 245 kPa (2.0 to 2.5 kg 
c1- 2). 

The rolling crust breaker was used to break the 
soil crust on the seeded rows I day prior to the day of 
expected emergence. The emergence count was 
taken I week after the breaking of thc crust. Seedling 
emergence under crusted conditions was very poor, 
and the use of thc crust breaker increased the emer
gence significantly when soil moisture was not a 
limiting factor (Awadhwal and Thierstein 1983). 

Studies on Alfisols 

Tillage experiments were conducted on Alfisols for4 
years from 1978 (Klaij 1983, Awadhwal and Thier
stein 1984). The objectives of the studies were to 
evaluate alternative primary tillage practices and 
their effect on crop production, in terms of soil 
reaction to tillage tools, plant and soil interaction 
during plant establishment and early growth, and to 
evaluate seedbed requirements. 

Tillage operations consume a large proportion of 
the total energy expenditure in all field operations. 
Hence the study also aimed to provide an under
standing of the factors that can lead to the saving of 
energy. The experiments were conducted on a 
broadbed-and-furrow configuration where the traf
fic zone (furrow) is clearly separated from the crop
ping zone (broadbed). Four primary-tillage 
treatments evaluated, shown in Figure 5, were split
strip tillage covering the entire width of the 
broadbed in three successive passes of the WTC; 
strip plowing with right- and left-hand moldboard 
plows; chiseling to 120 mm depth at locations where 
crop rows were to follow; and shallowcultival:ion by 
duckfoot sweeps. The treatments were performed by
using respective implements in conjuction with a 
WTC. 

Variation in the rainfall pattern from one year toa.11'1 another, which affected moisture availability, had a 
greater effect on crop growth than the intensity of 

.... primary tillage. Intensive tillage by the split-strp 
Figure 4. A manually-operated rolling soil-crust method tended to make better seedbeds by turning
breaker, and mixing the soil across the entire width of the 
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broaebed, thus covering weeds properly. When 
compared with other treatments, weed intensity in 

split-strip tillage plots was less up to 22 days after 
planting, even though data were significant only at 

!he 10% probability level (Klaij 1983) Tillage treat-

SCross section of cut
 

Surface relief before and
 

after tillage 


1. Split-strip tillage to 6-8 cm depth.
 
Sequence of operations.
 

a. Splits the bed
 

b. Strip plowing
 

ment did not affect weed development late in the 
season. 

The major effect of tillage treatments was 
expected to be on availability of soil moisture during 
crop growth. Table 6 shows trends of soil moisture 

2. Strip plowing to 4-7 c,i depth.
 

3. Chiseling to 12-cm depth at
 
45-cm spacing.
 

4. Shallow cultivation to 2-3 cm
 
depth.
 

c. Strip plowing 

1.5 m 1.5 m 

Figure 5. Four primary tillage methods for a broadbed-and-furrow system on Alfisols. 
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Yole 6. Effect of tillage methods on soil moisture on an Alfisol during no-ain periods, JCRISAT ('enter, rainy season 

Iillagemethods 
No. of Split-strip Strip Shallowdry days ploss ing plowing Chiseling cultivation Mean SE. (t) 

---- ------------Soil moisture (mim)in top 20-cm layer------------0 45 
2 31 
4 2 
9 22 

43 
29 
29 
25 

Source A'aidhual and I lictlirs 1984 

depletion in the top 20-cm layer during the early
growth of the sorghum crop. Split-strip tillage holds 
marginally more of "ater, but moisture depletion
during stress is faster. Consequently. at thie end ol 
dry spells moisture in intensive tillage is less thati in 
shallow-tillage treatments. 

There can be two hypotheses to explain differen
ces in soil moisture in different tillage plots. First, 
the intensive-tillage treatment provided a better 
environment for plant gro wth and root develhopient 

resulting ii,higher rates of transpiration that led to 
faster dopletion of soil mo(isture. Seco(ndlv, in shal-
low tillage the soil is stratified in two layers: a top-
tilled layer and a subsurface-untilled layer. This
stratification caused discontinuity of pores, result-
ing in increased resistance to moisture migration. In 
the case of the nmldboard-plowed soil the entire 
plowed zone was in one layer with better continuity 
of pores, which, coupled with higher porosity, 
enhanced moisture loss through evaporation. These 
hypotheses require validation by further research 
(Awadhwal and Thierstein 1984). 

Effect of tillage treatments on crop yield was not 
consistent (Table 7)and thus there is no conclusive 
evidence to suggest that any one treatment was bet-
ter. However, split-strip tillage gave significantly (P 
-0.05) more -
yield (2460 kg ha ')in a year of low 
rainfall (1979) than in field RA-14 which contains a 
fair proportion of gravel in the top layer (1120 kg
ha-'). Apparently soil moisture was greater only in 
RA-14 where the crop responded well to the
increased tillage because of enhanced infiltration. In 
the following year the same field gave much lower 
yields across all treatments. Sorghum grain yield
varied considerably from year to year in RW-2B, 
where the clay content was greater. rhe results did 
not have significant differences, 

Energy expenditure in primary tillage was esti-

44 43 44 0.6 
34 35 32 0.7 
30 33 30 0.5
 
28 32 
 27 0.5 

Tahle 7. Effect of priniar) tillage ol sorghun grain ield 
"
(kg ha )in Alfikol field, I('lSAT ('enter, 1979-81. 

Ilettmcnt 


Split-strip plowing 

Strip plhoing 

('hiseliug 
.Nhalh)\,c1ltiali()n 


Meani 


SlI±) 


Field identilication and Year
 
RA-14 R\W-21
 

1979 19N111979 198O 1981 

24601 1131 2970) 1800 310811 
2140 11211 30S0 1750 .31111 
1971 910 2870 1450 26801 
1950 1000 3040 1910 2870 

2131 11051 2990 1740 29111 
90 110 IlI 120 260 

S)Jrcc KIlip 19I. .\adIhhj and Ihitietesin 19S4 

mated by measuring the draft and the travel distance 
required to cover I hectare. As expected split-strip 
plowing consumed a much higher level of energy
(28.2 MJ ha-1) as compared with strip plowing (II 
MJ ha-i), chiseling (9.6 MJ ha-'), and shallow culti
vation (7.7 MJ ha-'). Part of theexcessive amount of 
energy used in the first case could be compensated 
for by saving one secondary tillage operation for 
seedbed preparation, which was otherwise necessary 
for effective weed control. 

Conclusions 

Improved, ox-drawn wheeled tool carriers and 
implements developed so far have shown consider
able advantages in terms of the timeliness and qual
ity of operations. The highest draft requirement was 
recorded for plowing with a set of left- and right
hand moldboard plows operating on a broadbed in 
the range of 1600 to 2250 N, with an average of 2000 
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N. For a single right-hand moldboard plow opera. Charreau, C. 1977. Sonre controsersial technical aspects 

tion on flat land the draft values were in the range of of farming systems in seni-arid West Ahica. 'ages 313-360 

N, with an average of 1470 N. For other in Proceedings ofan Int:rnational Symposium on Rainfed1180-1670 
were far less. Agriculture in Semi-Ar d 1rpics, 17-22 April 1972. River

operations the draft values recorded 
able to sustain these side, California. USA: I niersitv tf (alitozni:t

An average pair of oxen was 

loads for a usual working period in a day. For sow- ICRISATI (International (.ops Research Insttute for tne 

ing all common crops in Alfisols and Vertisols a Seni-Arid Iropics). 1982 Annual report 1981. Platan
cheru, A.P. 5(2 324, India: IWR ISA I. 2-1h pp.planter-and-fertilizer applicator gave good results. 

It could sow sole crops as well as intercrops, and ICRISAT International Crops Research Institute for thil 
place seed and fertilizer with required pre!cision. All Semi-Arid Itopics). 1984. Annual repot 1983. Patan

these machines were drawn by a pair of oxen of cheru, A.P. 502 324, India: I(RISA I. 271 pp. 

average size. Klaij, M.C. 1983. Anal\sis and ealtition of tillage on an 

A crust breaker, used either as an attachmettt to at Allisol in a semi-arid trmi:pic.l rgion ol Indi.I'h.). thesis, 

WTC or as a hand-pushed impletnent, facilitated the Soil Iillage Lahorator\ . Wag,-niiigv'. I lie Netherlands. 

emergence ol seedlings and improved the stands of Sonman, P.. Bidingcr, F.., Itacock, I.'...and W\alker, 
sorghuti and pearl millet in fields where a surface T.S. 1981. Seedling stablisfont a preininai\ surse 

crust was formed b. natural drying processes. Primn- taken tip in Atircpali. dolting khatlil 19N]. IPataricherui. 

ary tillage studies on Alfisols conducted for 4 years Al' .02 324. Iidii: tnei nationa (mops Rearch Insti

revealed that intensive tillage improsed the p(ic- tile for the Scmi-Aid I iopik. (I inited distribution.) 

space and water-retention capacities of these soils, Sanghi, N.K., Prabianjan im, .t., anrd llhaskar Ra.j. 

and reduced \%,eCd VALinfestation in the early stages of 1982, /ginonlili" lutattm Cntiol of pests 

crop gro th. It alsoi enhanced the risk of soil erosion aeasestudy. 'ages 168-181 uticit l 

in the absence of adequate crop co~ei. Advantages rural research in Itlita 1971-8(1 I .detabad. Itdia: All 

accruing from intensive tillage can therefore be real- htidia Coordiniated Rescaich Project for D)rtland 

ized otnlv in conjunction with siil-conseration prac- Agriculture. 

tices. In the -'ears ofnortal and better-than-average Venkata Nadachar., G., and Kidd, DA.. 1981. Ienati 

rainfall, shtlto\s tillage treatnents gave comparable gorru: a stoodcni tertili/er seed drill. Indiatn Farming
 

yields. It is thus clear that defining the best tillage 3141:33-35.
 

techniques for Alfisols is a subject 'or further
 

studies.
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Soil Management for Increasing Productivity in Semi-Arid
 
Red Soils: Physical Aspects 

K. Vijayalakshmi t 

A bstract 

The physical constraints that limit the production of drYland crops in the semi-arid red soil 

regions of India, and po.ssihe ways to o vercomte these, are described. The main constraints are 

grouped together as factors that cause erosion, low water retentivit 'r, and poor root growth. 

Biological and mechanical controls for soil erosion e.g., crop cover through proper choice of 

crops as well as goer'tr.v and o fl-season tillage. art, descrihed. Similar1', fc)r more moisture 
retention, use ofinulches and nec'hanicalme'asure.s art also described.A long with better in-situ 
moisture conservation. it is necessart, to harvest the runoff and use it judiciouslyat efficient/.i 
for better crop production. Tinting f irrigation, crops that respond to irrigation best, and 
seepage' control methods art' also discussed. Poor root growth is mainlY due to soil profile 

constraints (e.g., compaction). 7iceffects ofdeep -plowingand use ofcrops to efficient-v utilize 

the soil profile are additionally discussel. 

Introduction Table I. Crops yields (tha-') in 9 years under improved 
management on Alfisols, AICRPDA Centre, ilyderabad. 

The red soils of the Deccan plateau are classified as Year Sorghum Castor Pigeonpea 
Alfisols, Inceptisols, and Entisols. Alfisols are found 
in the troughs, while Inceptisols and Entisols occupy 1972 1.36 0.47 0.60 

1.77 1.33
the crests of watesheds. Red soils are extensive in 1973 4.52

1974 3.21 1.95 2.031.92 2.931974 3.21Andhra Pradesh and Karnataka. Two :ubclasses of 
0.56 

the soil --red loamy and red sandy are found. The 1975 3.01 0.30 

red loamy soils generally occur in high rainfall situa- 1977 4.57 0.54 0.52 
tions. The red sandy soils mainly sustain rainfed 1978 4.54 0.72 0.93 
crops and are generally cropped in the rainy season. 1979 0.96 0.29 0.00 

Crop yields vary considerably from year to year 198W 4.23 0.42 0.05 

(Table I) due to variations in rainy-season rainfall. Source. AICRPI)A 1972-80. 

To increase and sustain high production, it is essen
tial to understand the limitations of Alfisols and take 
remedial measures. 

are: (a) high runoff and soil losses; (b) low water 
Physical Constraints retentivity; and (c)poor root growth. 

The factors responsible for these constraints, and 

The main physical features of Alfisols are presented possible ways to mitigate their effects based on 

in Table 2. Three major constraints to production research, are discussed below. 

India. (Now theCentral 

Research Institute for Dr)'land Agriculture. atthe same address.) 

ICRISAT (International Crops Research Institut. loi the Semi-Arid Iropics). 191;7.Alfisols in thescr.ii-arid tropics. Proceedings of the 

Consultants' Workshop on the Stateof the Art and MNanagemient Aliernatises for Optimi/ing theProdur:tivity of SAT Alfisol and Related 

Soils, 1-3 December 1983, ICRISAT Center, India. Platancheru, A.P. 512 324. India: ICRISAT 

I. All India Coordinated Research Project for I)ryland Agriculture. Santhoshnagar, lyderabad, Andhra tPradesh. 
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Table 2. Physical properties of Alfisols at three AICRPDA Centers. 

Hyderabad Anantapur Bangalore 
Characters 0-15 15-30 cm 0-15 15-30 cm 0-15 15-30 cm 
Gravel (%) 22.9 8.8 23.6 60.0 0.00 0.40Sand (%) 83.4 74.4 63.7 24.0 73.50 41.10Silt (%) 5.0 4.0 3.2 2.6 6.20 8.00Clay ( ) 11.6 21.6 9.5 13.4 21.24 50.80Bulk density (g cm-1) 1.43 
Moisture at 0.033 MPa (I/3 bar) 12.31 
Moisture at 1.5 MI'a (15 bar) 5.84 

NA : Not a',ilable. 

High runoff and soil loss 

Soil and water loss are caused by high-intensity 
rains, sloped lands, and the crusting nature of soils. 

The best way to reduce runoff and soil erosion is 
by providing good vegetative cover (Table 3). 
Runoff is maximum in castor because the canopy 
does not offer good cover in tileearly stages. Inter-
cropping with cowpea up to 45 days can provide the 
necessary extra protection, and can even partially 
substitute for commercial fertilizers. Cropping land 
to appropriate land-capability classifications helps 
minimize erosion. -lowever, because of pressure on 
land, class IV lands are also cultivated, and the 
classes beyond IVhave little cover due to the indis-
criminate cutting of trees and overgrazing. There-
fore, a major attempt is now being made to 
introduce agroforestry, and silvipastoral and agro
horticultural systems on these lands. Inlands under 
cultivated crops, the row spacing, plant populations, 
and croppi,, systems are chosen to provide good
cc",,L. 

Multiple, diversified slopes and shallow, light-

Table 3. Effect of crop on runoff and soil loss at Il)der-
abad. (Average of 1976-79.) 

Runoff as % of Soil loss 
Crop annual rainfall (t ha -') 
Sormhul 12.0 3.2 
Ceasto r 15.7 2.0
Grass 9.5 0.6 
Fallow 16.6 5.0 

-

Source: AtCRI'DA 1982. 

1.63 NA NA 1.64 1.42
17.42 NA NA 14.73 18.03 
7.49 NA NA 7.57 13.09 

textured soils also contribute to high erosion. Using
the land under appropriate land capabilities will 
help stabilize and cut down erosion losses. On high 
slopes (:5-8%) planting trees and grass offercan 
adequate vegetative cover to control soil loss, main
tain an ecological balance, and to enhance fuel, 
fiber, and water supplies. Mechanical measures, 
such as bunding and terracing, cati also be employed 
to reduce soil loss. 

In Alfisols runoff and soil loss also occur from 
surface crusting. Even though infiltration is gener
ally high, surface sealing can keep intrinsic infiltra
tion low. This happens especially if the soil dries fast 
after agood shower. Mechanical measures are used 
to break the crust. Also, crusting just after seeding 
leads to poor seedling emergence. 

Moisture retentivity 

The shallow, light-textured soils generally have poor 
water-holding capacity. Moisture in the soil profile 
can be increased by reducing direct evaporation
losses and by increasing intake rates. For this,
mechanical techniques such as tillage, and biological 
measures, are employed. 
The disturbed soil %%ill act as a mulch and reduce 

evaporation losses. M ulching increases water intake 
rates, pore space, and moisture storage (Table 4).
Surface muiches have been found effective to someextent in increasing crop yields (Table 5). Organic 

mulches are effective but their use is limited since 
most organic residues are used as cattle feed. 

One of tie main factors contributing to low yields
in SAT Alfisols is poor stands, primarily due to theextremely short seeding time available. Mulching 
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helps conserve moisture in the seeding zone, thereby 
extending the seeding time. For example, off-season 
tillage provides soil mulch and extends the sowing 
time beyond a week, while direct sowing is possible 

Table 4. Effect of alternative mulches on physical proper-
ties of the soil. 

Physical property mulch 

Water intake rate (cm h-1) 
Initial 
Final 

3.9 
5.1 

Hydraulic conductivity at 
computed minimum bulk 
density (cm h-1) 
Initial 
Final 

3.2 
4.8 

Pore space (% of volume) 
Initial 
Final 

37.4 
39.6 

Soil moisture (mm) 24 

Source: AtCRI)A 1972-76. 

mulch mulch 

4.8 4.2 
6.6 5.7 

3.5 3.7 
5.5 5.9 

45.4 40.8 
48.2 42.6 

31 28 

Table 5. Effect of alternative mulches on pearl millet -yield 
(t ha-'). 

Treatments 1973-74 

Soil mulch 0.34 
Pearl millet mulch 0.37 
No mulch 0.19 

Source: AICRPDA t972.76. 

1974-75 

(I month 


before sowing) 


1.74 
1.41 

0.87 

only for a day or two after adequate rainfall (>25 
mm). 

Shallow cultivation is necessary both during the 
cropping season and the off-season. Cultivation dur
ing the off-season is more beneficial in years of low 
rainfall. For 3 years (1978-80), sorghum yielded 2.5 t 
ha-' of grain using off-season tillage, compared with 

1.87 	t ha-' without such tillage. 
In earlier times, bunding was considered a soil

and water-conservation measure. It is now recog

nized that, for better moisture conservation, land 
treatments are essential. Cultivation on grade will 
help provide miniature bunds to check water flow, 
and provide more opportunity for water to infiltrate. 
Depending on the rainfall received, different land 

treatment practices are recommended. 
At Anantapur, Andhra Pradesh, India, dead fur

rows at 3.6-m intervals helped conserve moisture 
more than sowing on flat land, increasing yield 
slightly (0.04 t ha-') over 0.56 t ha-' without the 

furrows. 
At Hyderabad, Andhra Pradesh, India, keyline 

cultivation on grade at vertical intervals of 0.5 m was 

found to be beneficial. In a sorghum/pigeonpea 
intercrop the sorghum yield with keyline cultivation 
was 2.81 t ha-' over 2.42 t ha-' in control plots. The 

pigeonpea yield was almost the same. The keylines 
can eventually be strengthened to become bunds. 

The benefits from such land treatments are not 
spectacular, but they do aid sustained crop produc
tion over the years. For in-situ conservation, ridges 

and furrows may be formed later through intercul
ture operations after 3 wreks of crop growth. This 
has been found effecti'e in increasing crop yields 

(Table 6). This treatment also provides row drainage 

and helps harvest excess runoff, apart from provid
ing more opportunity time for water to infiltrate. 

In Bangalore, Karnataka, India, in narrow
spaced crops, a dead furrow can be provided at 2 

Table 6. Crop yields (t ha-') under different land treatments. 

Land treatments 

1977 1978 1979 1980 

Cropping system 1BBF FRt2 I3BF FR BBF FR Bill: FR 

Sorghum/ 1.63, 2.73/ 1.97/ 1.81; 0.64/ 0.75/ 2.23/ 2.561 
pigeonpea 0.56 1.40 0.10 0.10 0.12 0.08 0.00 0.00 

Sole castor 1.07 1.58 1.03 1.06 0.35 0.41 0.22 0.31 

1. t311F ttroadheds and furrow% 
2. FR Flat with ridging alter 3 weeks o! germination. 
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seed-drill width intervals (i.e., at 3-m intervals). The 
yields of finger millet then increased from 1.12 to 
1.21 t ha-i. 

The effect of slope and furrow length on moisture 
conservation, runoff soil loss, and crop yield under 
rainfed conditions were studied. A 60-m furrow with 
a grade of 0.2-0.4% is optimal from je point of view 
of runoff, soil loss, and yield (AICR PDA 1981- 82). 
In soils more than 90 cm deep, graded border strips
with a gradient of 0.2-0.5%, across the major slope, 
and II m wide, are recommended as an alternative in 
the Bangalore region (Table 7). This system of land 
development does not require anv special interter-
race land treatment and is a permanent improvement. 

Even though better in-siltu moisture conservation 
is achieved through tillage and biological measures,
runolT is inevitable due to high-intensity rainflall. 
This runoff can be harvested into dug-out ponds. A 
major Constraint of this water-harvesting system is
high seepage losses. Traditional tanks are sealed. over years, with fine fractions of soil, but this 
method is of no practical importance in small ponds.
l)iffcrent sealant materials were tried and tlie ones 
found suitable are listed in Table 8. 

Because the "ater collectcd is limited, application
efficiency has to be high. Existing efficient methods 
of irrigation, e.g., sprinkler and drip systems, need to 
he modified and made economicall viable. At 

Iyderabad, Andhra Pradesh, India, skater applica
tion through alternate confined fuirrows 
was advan
tageous. It is also essential to time supplemental

watering to match the most critical stage of crop. 
For sorghum, heading to grain filling has been iden
tified as the most critical phase, and watering at this 
time substantially increases yields ( Iable 9). 

Water can also be used to increase cropping inten-
sity. Depending on late rainfall, a second croap of 
fodder or grain can be harvested. This water could 
also be utilized for raising vegetable crops ot a 
limited area, since vegetables do not generally for it a 
major portion of farmers' diets (Table 10). 

Table 7. Runoff loss in land treatments. 

Runoff as % of 
Treatments seasonal rainfall 

Border strip 10.89 
Graded bunds 26.40 
Contour bunds 14.25 
Broadbeds and furrows 25.97 

Table N. Promising sealant materials. 

Seepage
Research as % of 
('enter Material use control 
Bangalore Clay +sodium 

chloride i sodium 
carbonate (20:5: 1) 19 
Soil cement (5:1) 30 
Soil cement (10:1) 42 

Hderabad Plastic lining with 
btick o ierlav 0 
Brick lining with 

cement plastering 0 
Asphalt 13 

Soiie .I(Rt't)..\ i1
9s2i. 

lable 9. Effect of critical irrigation on sorghum yield 
(I t' ). 
Stage i cop Sorgh i ield 

ta ct__p _1 Sorghum yield 
No irii1a , 1.39 
\egetai%,: phase 1.74 

I-oeigphase- _,__p__. 1.92 
', I I-,It 1 92. 

Table 0. Minimal irrigation of vegelables. 

Irrigation Yield 
(top (ciii) It ha I ('enter 
Chillies 0 0.21 ll:L.gilore 

5 0.45 
Ieans 0 1.11 I lyderabad 

1 1.43 

Source: AICRPDA 1982. 

Root growth 

When the soil profile contains little water, roots 
grow poorly. High bulk densities and subsoil corn

paction often limit the rooting profile, thereby re
stricting the soil use. If there is a hardpan, chiselling
is generally advocated to break it. Deep-plowing
with inversion is useful in areas where the subsoil is 
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heavier and rich in nutrients. Since mechanical ica-
sures are generally costly, biological measures such 
as crop rotation and stubble mulching are 
preferable. 

At I-lVderabad, root Lrowth in cereals is seriously 
hampered by the compac. subsoil. Deep-plowing 
with inversion increased yields in the tillage year 

(Table II). The data clearly show that deep-plowing 
is advantageous to sorghom in normal rainfall years, 

and to castor in normal and above-normal rainfall 
years. Therefore, in sorghUr -castor rotation, it is 
better to deep-plow for castor. The effect of plowing 
is. however. transitory. 

At Anantapur, deep-plowing wits beneficial and, 
because the advantages persist for three subsequent 
years, it is economically viable. At Bangalore also, 
decp-plo%%ing gae a beneficial elfect (Table 12). 

Thus. by modilying and making the best use of the 
natural resources ol soil and water, it is possible to 

achieve fairl good and sustained productivity in 

S k I Allisols and related soils. 
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(rain 

Shalhlo 

1.74 
0. 10 
0.38 
0.38 
0.81 
0.25 

2.66 
1.94 

0.78 

2.61 
1.60 

0.96 

)yield (I ha- Rainfal 

l)eep (mm) Year 

1.81 264 1979 
0.15 125 1980 
0.43 264 1979 
0.28 269 1980 
0.81 149 1972 
0.29 149 1972 

2.95 259 19810 
2.23 399 1973 
1.27 622 1978 

2.65 610 1978 
1.63 530 1973 
1.27 884 1973 
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Soil Fertility Management of Red Soils 

J. Venkateswarlu' 

A bstract 

The setni-arid red soils are ver defich'ient in nitrogen and phosi)horus. Zin becomes limitingat 
higher production levels, attdpotassitint is less than adequate where kaolinite is the dominant c/ay 
mineral. 7he critical values ofsoil./t'rtility helowi which responses to added./frtilizer woull he 
economical art' 70 pltn for e.chatngeah,h'KO (NIl 4 0lAc extraction method), 48 .0rPpiI, 
(NA ,COfiision method), and0.831 1)0m (1)TPA extraction method).fir zinc. Cereals respond to 
both N and P, oillweds more to N, and le'utme. more to P. Svnergi.ml i. (oniicttotisbetween N 
and P ./r cereal.%. llatenent imirov.%the tIfitcien ' ol /i'rtilizer uste, beta ust' . otsmoil.%are 

generall/ in/irtile. 1% N.V mixed with in thctlte broad'bih .%eeding, not more than 10 Ag ha can 
furrows. Split aptlication oflnitrogen is tnece.,.ary t) cover the risk o/ at'rrtutweather. Organic 
residtte imtcorporation int r't'.i and sintaints 1r) prodttlt liott. 

Introduction rainfall and deep-soil environments.
This paper reports several soil fertility experi-

The red soils cover 59.6 million ha in India. They ments conducted in SAl regions. 
occur both in the semi-arid tropics (SAT) and in 
subhunid regions. In the SA. red soils are found 
mostly in southern India. Ihese soils are \weathered, Chemical Environment 
with a low clay content, varying frot 10 to 20(*' . lhe 
predominance ol kaolinite tllowed by illite in these Ihe typical characteristics of'sonie red soils collected 
soils keeps their nutrient-holding capacit\ loss. Red fron the 0-15 cni layer are shown in Fahle I. Avail
soils arc generally neutral tt acidic ant salt-tree. lie able 1',(), was determined by()lscn's method, avail
water intake is high unless the soil sudrhcc is crustcd. able K,() by tile IN NII4()Ac extraction method,

Ihie soils are shallo, it niciuin., and their clay while tnicronutrieras ikerc estimated bN the I)TPA 
content increases itli depth, I lie ssoilbst, iterspersed extraction nictlitd. 
with "inurrt''I", is rclatively mler compact. I lie Anantapur rescaich tritn represetits tile
 

The red soils in the SAI are Utiisersallk deficient Rayalaseenia region and the oic at lhrahiipatanan
 
in nitrogen, and olten have a low phosphorus con- the lelengana region of Aidlhra Pradeish, India. lie
 
tent. lack of potassiutItll night pose a probletti ill Rayalaseetia region is unique iti that the soils are
 

light soils where the dominant clay mineral is kaoli- deficient in K, with the soil clays being predotni
nite. In continuous sole cropping (e.g.. %%itliground- tiantly kaolitiitic (AonynloUS 1954). 1lie I elengana
 
nut), sublethal deficiencies of Zn, S.,and 'a occur, region is fairly %vellsupplied with K, arid the soil
 

Ihese soils are generally cropped in the rainy sea- clays are niosdl. illitic (l)esai 1942). twever, thie 
soi: atn early single crop in shallow soils. intercrop- red soils Of both tihe regions are neutral in soil reac

ping itt mediun rainfall reitions, and sequence tion, salt-trec, lo\ in clay, and e\xtreinelv deficie:it it 

cropping \%ith an early catch crop iii relatikely high- phosphates with it sublethal deliciency ol line. 

I ANl 1111;.] ( o 1t,1ttd kcs'caltlh Pl cltI.' l h l I )l, A gid clu' itcl ll I,delat"Id..-1111hh. I.I~dt'lh. Irndia ( vtl.('t2nllidl1rd . Saillto0:11hg~ 

:\j jtt. th l ti ct i i ', t v id l I t t 1 tlt. u
,tt I It 1 lht i I 

llt ' tlt lt Se, t id r1 p0tt11 t7 l' tlll-tid tlll, r ti ngs ofite 
('lllill,* Wol kshop on tire"%l'lieof the All anld Manageme'nt mitcinatiwNe fort i~nwing tilt( PiodUCtm'it. of S"A I Alhtlo ,lsand Related 

I('Itti.t', SI u li l ( I Rtlse h Si4ti ittIhtg l ti-Ar1 19 tIi, ill tite t Protli 

Soilk, 1- 1 )em'llhefi 1981, R( ' Al[ enicrlt. India P~atantcherij. A P 502 3124. Ind0ial I( RIS.,A I 

" . ' '.' .. '" . . " ,: ' ' '* " 115" ... ' " ' :' 
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Table I. Characters of some red soils. 
-E.C. - 101 

Soil mmhos c n-' 
Sou-ce no. pll (1:2.5) 

Anantapur I 7.3 1.3 
research farm 2 6.7 0.6 

3 6.8 1.0 
4 7.2 1.6 
5 6.6 0.9 

Ibrahimpatanam I 6.6 0.9 
research farm 2 6.9 0.6 

3 6.9 1.1 
4 7.2 1.3 
5 6.6 0.8 
6 7.1 0.8 

Critical values for available PfD, and K20 

Pot experiments were conducted by Tata Rao and 
Venkateswarlu (1970) and Mastan Rao (1978) to 

assess the soil critica! values f"or available P,0.5 and 
KO below which responses would be economical 
(Waugh and Fitts 1966). The results inlicate tile 
following values: 

Soil critical v'lues (ppm) 

1'20 K,0 
(N, I1(O,. (Ml. O.. 
(rop pll 8.5) nil 7.01) 

Sorghum 43 
'earl millet 70 
Maite 52 -

The soil critical value (SCV) suggests a value of 
available nutrients below which economic responscs 
are possible. SCVs were irrespective of productivity 
levels and are based on the "soil fertili/ation" 
concept. 

Most of the red soils were below this critical value 
for phosphorus. Such soils were found in Rayala-
seema with references to K. Ihererore. all red soils 
need adequate supplies of 1P,while K isneeded in the 
light red soils )f Rayalaseema to produce higher 
yields. 

"Minimal" exchangeable K 

Twelve soils from the Telengana region (where ilhte 
is the dominant clay mineral) were sampled for 

Clay A~ailable nutrients (ppm) 
("'i) POQ KO Zn Cu Fe Mn 

14.8 5.7 54.5 1.0 1.0 27.6 31.6 
13.8 15.0 54.5 0.9 1.0 6.2 24.3 
24.8 5.2 59.5 0.8 1.2 10.3 26.7 
10.8 2.2 50.0 0.7 0.5 6.9 14.6 
12.8 10.7 50.0 0.7 0.8 6.2 29.2 
10.8 6.5 I11.8 I. I 0.8 9.0 65.6 
21.8 2.5 121.4 0.9 0.5 55.2 68.0 
12.8 1.7 88.1 1.0 0.7 74.1 53.5 
12.8 3.7 69.0 1.3 0.3 49.7 31.6 
29.8 4.7 102.3 0.8 0.6 20.7 53.5 
13.8 6.0 83.3 0.7 0.7 25.5 60.7 

detailed study of the dynamics of K availability. 
These soils had the following characteristics: 

Characteristics Range Mean 
Clay (%) 8.1- 15.7 10.0 
CEC (meq 100 g-1) 5.0- 9.4 8.0 
Exchangeable K (ppm) 48 -226 130 

Pot experiments were used to exhaust exchange

able K to a "minimal" level. The procedure sug
gested by Waugh and Fitts (1966) was adopted, 
using pearl millet as the test crop. The depletion 
patterns are given in Table 2.

The constant "minimal" level of exchangeable K 
on continuous depletion dropped from 130 ppm to 
23 ppm, a level much lower than the soil critical 
value identified earlier. Tabatavai and Harway 
(1969) suggested that there would be a high correla
tion between constant "minimal" exchangeable K 
and clay percentage in Ho!"jnd soils. Similarly, in 
the present study tile relationship between these 
paraneters was: 

Y 6.97 + 1.46 X (r 0.675x)
where Y mean "minimal" level of exchangeable KX = clay content. Similar relatior ' *ps were worked 
out by '.egg and Beacher (195", in U.S. soils. 

Yield of K (mg kg-1 soil) from 
nonexchangeable source 

The K from nonexchangeable source was calculated 
at the "minimal" level in exhaustion studies bydcter
mining tile uptake of K and calculating in mg kg- f 

soil. It was 26 mg kg-' K in these red soils, not 
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Table 2. Exchangeable K (ppm) in different soil samples ing fairly widespread zinc deficiency in the Telen
with successive cropping using pearl millet as the test crop. gana region. 

Exchangeable K 
(mean values 

Crop of 12 soils) Fertilizer Management in the Red 
Initial 130 Soils 
First crop 110 
Second crop 68 Responses 
Third crop 54
Fourth crop 39Fifth crop 33 The responses ofdifferent crops to graded levels of NSixth crop 23 and P (Venkateswarlu and Bhaskara Rao 1979) are 
Seventh crop 23 given in Table 3. 
Eighth crop 23 

Table 3. Differential responses to nutrients by grain yield (t 
calculated after each exhausting crop, but estimated ha-i). 
only after the soils come to a constant "minimal" Nutrient level (kg ha-') 
level. 

Nutrient 0 40 80 CD (0.05) 

K-supplying power of soils Sorghum 
N 0.98 1.67 3.02 0.196 
PO. 0.67 2.18 3.035 


et al. (1974) suggested that the K-
Vimpany 
supplying power of soil: Castor 

=Exchangeable K-"Minimal" level of exchange- N 0.83 1.32 1.58 0.073 

able K + K supply from nonexchangeable K at P:O, 0.89 1.28 1.29 

the exhausted ("minimal") level of K. Cowpea 
In the present case the average K-supplying power N 0.48 0.481 - 0.052 

oi red soils of Telengana: P:O 0.34 0.57 0.56 
* (130-23) 1. lc.sted NIvd.+ 26 at 20 kg ha-' 

* 133 ppm. 
In other words, the K-supplying power of red soils 

of Telengana is almost equivalent to the exchangea
ble K values. The data suggest the need, in general, for moder

ate levels of fertilizers. Further, it indicates that 
cereals respond both to N and P, oilseeds respond 

Critical value for available zinc more to N, and pulses respond more to P. 

Shankar (1971) studied the Zn availability in the red 
soils of both Telengana and Rayalaseema in Andhra Synergism 
Pradesh. The DTPA-extractable zinc was: 

The synergism between N and P, in the case of 

DTPA-extractable zinc (ppm) cereals, was clear: 

Zone Range Mean Treatment Yield of sorghum (ha -') 

Rayalaseema 0.83-1.11 0.95 Control 0.67 
-
Telengana 0.50-1.53 0.91 40 kg ha N 0.78 

30 kg ha-' P205 1.16 
The soil critical value, asdeterined by the proce- 40 kg ha -' N + 30 kg ha-' 

dure of Waugh and Fitts (1966), was 0.83. Of the 25 2.24 
soils tested, 16 were below the critical value, indicat- 205 
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Placement 


The subsoils of the red soil region are generally not 
f.:rtile. Vijayalakshmi and Venkateswarlu (1974) 
showed the need to plow in applied fertilizers so that 
the roots could encompass more soil volume and 


hive better availability of both nutrients and water, 
thereby leading to higher yields (Table 4). 

Studies on placement have indicated better use
efficiency of applied fertilizers. However, in real 
farm situations, placement has to be done in the 
same furrow because many farmers have only one 
seeding implement, either fixed behind the country 
plow, or a single-bowl seed drill with two or three 
tines. The former creates wide furrows and the latter 
narrow ones. Experiments were conducted by And-
e:son (personal communication 1974) with graded 
'vels of N fertilizer, using sunflower as the test crop 
btcause it is more sensitive to salt injury thanimany 
other crop: (Table 5). 

The study was done ;rian Alfisol (sandy loam). 
JIhe crop was sown following 22 turn rainfall the 
previous day. 

The data suggest that in the broad-furrow method 
-(behind a country plow) up to 10 kg ha ' N can be 

mixed with seed, while with narrow furrow (tined 
seed drill) method only 5 kg ha - N can be mixed 
without detriment to seedling emergence. 

Split Application 

Split application of nitrogen (75 kg ha-I N) was 
tested on several crops in an Alfisol (sandy loam), 
The results are given in lable 6. The rainfall during 
the farming season was 665 mm for sorghum, 325 
mm for pearl millet, 700 mm for sunflower and 925 
mm for castor. 

Table 4. Effect of lheplo,,ing in of fertili,er, on crop )iclds. 

Yield of clops (kIha 

Ireatnent 
I'igCon-

pea: 
Stl-

H o tter' 
stll-

flowerl 

l)eep-plossingl and 0.29 0.59 0.81 
,ubsequent fcrtilicr 
application 

Application of fertihieis 0.38 0.87 1.15 
hefore deepplots ing 

I Deep-p., tipto 25 cii. 

2. 21 kg ha * an.d 40) kg ha i '. 
3. i0 k L ha N ani 40 kg hai 1i. 

'able 5.Effect of mixing Nfertilizer with sunflower seed. 

0N 5 N 10 N 20 N
 

Plant counts; 5-rn row 
rboad-based furrow (5cm):applied %kithseed 39 34 40 26 

Narrow-based furrow (1.5 cm): 47 44 19 13 
applied with seed 

Even though there was no yield difference 
between different split applications of nitrogen, 
application of N through splits issuggested to cover 
the possible risk of rainfall aberrations at a late date 
during the cropping period. It also helps the farmer 
meet the fertilizer costs ever a longer period of time. 

Organic-Matter Recycling and
 

Fertilizer Use 

Organic residue incorporation, in any form, should 
be encouraged. Besides supplying nutrients, it also 
improves soil physical properties. As early as 1942, 
Smith reviewed the Sanborn field studies ;nd 
showed that the percentage recovery of applied N 
would be more once organic residues are incorpo
rated into the system. Subsequently Cooke (1977)
showed the need to have alegume inthe rotation or 

cropping system to increase the soil's organic matter 
content. Addition of organic matter does improve 
such physical properties of the soil as infiltration 
(Wischmeier 1966), and reduces erosion (Stewart et 
al. 1975). Krishnamoorthy and Venkateswarlu 
(1976) showed that in-situ decomposition is more 
useful in improving soil aggregation. 

Table 6. Effect of split application (ifN (n crop )ield. 

Grain .ield(tIlaIf 

Application Pearl 
nlethod Sorglun millet Sunfhosser Castor 

All basal 1.54 2.54 1.09 2.73 
I 2 # I 2 1.31 2.33 1.18 2.41 
I 2. I 4- I 4 1.45 2.57 1.39 2.66 
2 3 1 I .3 1.58 2.51 1.13 2.65 
I 3 + 2 3 1.80 2.56 1.28 2.68 

41.3 2 3 1.80 2.56 1.28 2.68 
C'l) (10.05) NS NS NS NS 

I. ('iical dh)crcince. 
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Green manuring of castor Alley cropping 

Chaudhury (personal communication 1976) con-
ducted a study on growing cowpea as an intercrop 
with castor for green manuring at about 45 days. The 
results are given in Table 7. 

The data clearly show that about 30 kg ha-' N 
could be recovered through this practice from the 
3rd year onwards, 

Krishna Prasad Reddy (1978) identified the nitro
gen contribution by cowpeas in a sorghum/cowpea 
intercrop. The results on grain yield of sorghum, the 
grain/fodder yield of cowpeas, and N uptake are 
given in Table 8. 

There was no significant yield difference with 
cowpeas as fodder compared with a sole sorghum 
crop. However, when cowpeas were used as a food 
legume, there was a significant yield reduction, from 
3.30 to 2.35 t ha-'. There was an uptake difference of 

-13.5 kg ha N between the grain and fodder systems. 
These results are in conformity with the findings of 
Dayal et al. (1967), and Singh and Roy Sharma 
(1969). 

Table 7. Yield of castor tnder green ma nuring. 

IrannerntN Ye(1' grain Odd ha 1)I/Table 
N 1j.J) 

(k g h a J) 19 76 19 7 7 19 78 A tragc 
________--. --------.------ _______*---._______ 

0) 0 0.24 o.53 0.49 0.42 

Alley cropping, a method originally developed at the 
IITA (International Institute for Tropical Agricul
ture), is perhaps more suited to the red soil region in 
the SAT. Preliminary trials conducted by Venkates
warlu et al. (1981, p.10) show two advantages of 
having arable crops: no yield reduction (Table 9), 
and a fodder yield of 4 t ha-'. 

Residue incorporation 

Mohd. Shakeel Hameed (1978) studied nutritional 
and physical parameters of the soil before and after 5 
years of organic residue incorporation in both red 
sandy loam and red loamy sand. The organic residue 
incorpo-ated either through cowpea or pearl millet 
was 20 kg ha-' N. Cowpea-pearl millet rotation fol
lowed, and only 20 kg ha-' p,0( or 20 kg ha-' N was 
applied to the respective crops. The soil data are 
given in Table 10. 

All physical parameters improved. There was sig
nificant increase in available N and P,0 5, but avail

9. Effect of leucaena (incro11 )ili. 
Asezage grain yito 

c Am gn gyat d( h 

Cro ppintg %sIse 0EII lra ) 

0(.43
10 40 0.33 0.07 0.80 0.60astol 
4(1 0.47 0.)91 0.98 0.78 (..italr - leui.acnat 0.494(1 

(.81 (.9 (.72 Sorghrtil 2..13t'1) 4( 0.37 
2. t. . . . . . . . . . . . . . . . . S o llg ti nl , leucaena 

. (o% peal o%%nI th11el ell cs,,or ro arnl Ilcorpozated IPial millet 0.63 
at 45 da ,s. 

Table 8. ;rain arnd strawvi 

SyStens 

Co%%pea (grain) 
Cowpea (grain) 
('owpca (grain) 
Cio\%pea Itohtcr) 
(o\%pea (lrdder) 
('s\ pea (lodtr) 
WithouittCOwpelCaI 

Cl) 1(1.(5) 

I. N lo" -,soghtu nl. 

Nall millet , leteacna 0.70 

tlds of sorghum and to,,pea and N uptake b, sorglurn under diffterent inlercroplfing 53selIls. 

Yield 0t ha 1) 
Fertili/cr ud 

(kg ha 1) SorglII Co_pa_ N-uptake 

N l'), (rrlin Fodder (haill -oidder (k Ia) 

0 31 1.93 5.51) 0.24 53.7 
30 3(1 2.35 5.13 (.22 57.9 
310' 30 2.35 5.41 (.25 63.6 
0 31 2.74 5.70 2.99 65.5 

30, 30 3.3 0 5.70 2.71 77.4 
30 310 2.87 6.14 2.82 76.4 
3(0 30 3.311 5.88 -- 69.8 

1.66 NS 12.90 
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Table 10. Physical and chemical soil properties as affected by organic residue incorporation. 

Soil constituent 

Mean weight diameter (mm) 
Hydraulic conductivity (cm h-1) 
Bulk density (g cm-3) 
Soil crusting (penetrometer reading) 
Moisture content at field 
capacity (g 100g-1) 

Available N (kg ha-') 
Available P205 (kg ha -') 
Available K20 (kg ha-') 

I. 20 kg N for ccreal pearl millet) and 20 kg P20 

After 5 years with crop 
Initial value residue + fertilizers' 

Red sandy Red loamy Red sandy Red loamy
loam sand loam sand 

2.63 3.21 3.04 4.19 
4.19 2.34 10.5 8.0 
1.81 1.73 1.69 1.65 

35 40 18 II 

15.7 12.4 19.0 12.9 
284 235 307 286 

5.5 6.6 14.0 14.0 
256 269 254 234 

for pulse (cowpea) in rotation. 

able K was not affected in the sandy loam. However, 
it decreased in the loamy sand by 35 kg ha- t . Bairathi 
et al. (1974) showed similar effects for N, Raheja et 
al. (1971) for P205, and Sahu and Nayak (1971) for 
K20. Soil aggregation and other physical properties 
improve with organic additions (Biswas et al. 1964). 

The grain yield (in t ha-') in the treatments was as 
follows. 

Pearl millet Cowpea 

Control (only fertilizer) 1.52 0.45 
Fertilizer + organic 1.82 0.49 

residue incorporation 

Incorporation of part of the residues ofa previous 
crop helps sustain crop production at low fertility. It 
not only improves the physical properties (e.g., it 
reduces soil surface crusting), but it also maintains 
or increases the levels of major nutrients in the soils. 
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Limitations and Prospects of Crop Production in SAT
 
Alfisols
 

R.P. Singh and S.K. Dast 

A bstract 

The Alfisols of the semi-arid tropics (SA T) of India are generally shallow wit/h compact subsoil 
and undulating topography. They are characterizedby low water- andnutrient-holding capacity. 
Surface soil crusting adversely affects crop stand establishment. Graded bundingfor shallow to 
medium A lfisols and graded border strips for deep soils are appropriate soil and water conserva
lion measures. Sowingflat on grade of0.3-t.5% and ridging later increased the yield ofsorghutn 
by 10-15%. Deep-plowing once in 3 years is a useful practicefor soils having a compact subsoil. 
Improved crop managemnent practicesare required for optimum utilization ofresources. Moder
ate and balanced fertilizer use increases and stahilizes productivity. I:egrated nutrient mnanage
ment for the otherwise nutrient-deficient A Ifisols is needed. Other aspects of improved crop 
management are proper crop stand establishment through timely operations, use of improved 
seeds, precision in fertilizer placement, timely weed control, and effective plant protection 
measures. Future research needs are emphasized. 

Introduction 	 An examination of the problems reveals that they 
fall mainly under three broad categories: 

The semi-arid tropics (SAT) in India have predomi- * land and water management systems, including 
nantly two types of soils: Vertisols and Alfisols. The tillage; 
Alfisols are spread across Andhra Pradesh, Karnat- * nutrient management, including application of 
aka, and Tamil Nadu. In contrast to the Vertisols, amendments; and 
the Alfisols are characterized by low water- and * crop stand establishment. 
nutrient-holding capacities, which limit high and 
stable yields. In fact, a majority of shallow and 
undulating Alfisols are not suitable for crop produc
tion, but population pressure has brought them 
under cultivation, resulting in ecological deteriora- Appropriate land treatments are a prerequisite to 
tion. increasing and stabilizing crop production on Alfis-

The problems of farming Alfisols were identified by ols. In the past, emphasis was on contour bunding as 
a research group of the All India Coordinated Re- a potent tool for effective soil and water conserva
search Project for Dryland Agriculture (AICRPDA) tion. The practice, however, was not adopted by 
in the early 1970s. Some useful research relevant to dryland farmers. Graded bunding with grassed 
site-specific problems has been done, but because waterways leading to a tank was considered a feasi
the problems are varied and comrlex, there is still ble alternative on shallow to medium soils. In deep 
much to be accomplished. Alfisols-like the ones encountered in the Bangalore 

I. 	 All India Coordinated Research Project for Dryland Agriculture. Santoshnagar, Hlydcrabad, Andhra Pradesh, India. (Now the Central
 
Research Institute for Dryland Agriculture, at the same address.)
 

ICRIS.-\I (International Crops Research Institute for the Semi-Arid Iropics). 1987. Alfisols Ti the semi-arid tropics. Proceedings of the 
Consultants' Workshop on the State of the Art and Management Alternatives for Optimiuing the Productivity of SAT Alfisols and Related 
Soils, 1-3 December 1983, ICRISAT Center, India. Platancheru, AP. 502 324. India: ICRISAT 
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region of Karnataka-graded border strips were 
considered a more effective measure for soil and 
water conservation (Hegde et al. 1987). For soils that 
were not too problematic, cheaper methods of soil 
and water conservation were devised, such as sowing 
flat on a grade of 0.3-0.5% and ridging 3 weeks after 
sowing, which increased yields by 10-15%. Keyline 
cultivation was considered a feasible and practical 
proposition. However, this practice by itself did not 
give spectacular results, 

In soils with compact subsoils, like the ones 
encountered in the Anantapur region of Andhra 
Pradesh, nothing worked as effectively as deep-
plowing once in 3 years and making dead furrows at 
intervals of 3 -6 m, depending on the slope (Subba-
rami Reddy et al. 1978). Deep-plowing was instru-
mental in: bringing about a temporary change in 
textural profile; bringing unused nutrients to the 
surface for use by crop plants; better root prolifera-
tion of cereals and deeper root penetration of tap 
root crops (e.g., castor, bean, and pigeonpea); and 
better water intake. 

It is not knos.n how long the effects of deep-
plowing last and whether farmers can afford the 
practice. 

Improving the Moisture- and 

Nutrient-holding Capacity 


The main research consideration should be how best 
to improve the moisture- and nutrient-holding 
capacity of these otherwise shallow, weathered, 
sloped, and degraded soils. Moisture alone does not 
lead to quantum jumps in crop yield; it should be 
coupled with an adequate and timely nutrient 
supply. Since the moisture- and nutrient-holding 
capacity of these soils is limited, even with moderate 
doses of nutrients,yieldsareolten increased. What is 
perhaps required is more frequent application of 
nitrogen at the appropriate time. It is recommended 
to apply the lull dose of phosphorus ani potash, and 
at least half the recommended dose of nitrogen at 
sowing. Deep placement of the fertilier mixture 
pays rich dividends. Fertilier plhcement at sowing 
imparts early seedling vigor to plants and offsets pest 
incidence. 1o be elfective, the top dressing of nitro-
gen should follow effective weed control. Very few 
studies to date seem to have to brought out the 
precise relationsAips between weed control and nut-
rient supply, and between moisture availability and 
fertilizer use. 

Application of nutrients (nitrogen, phosphorus, 

and potash) to acidic soils is of little use unless the 
main malady is addressed. Studies show that appli
cation of lime is a prerequisite for getting the best out 
of the nutrients applied. At times, micronutrients 
such as zinc, sulfur, etc., hold the key to increased 
crop production. 

Scientific nutrient management, therefore, is the 
prime factor in bringing about major and percepti
ble changes in crop productivity. Since the soils are 
shallow, and have a poor nutrient-supply base, some 
effective and far-reaching steps need to be taken to 
improve the base. The remedy seems to lie in site
specific residue management. 

The work carried out at the Bangalore AICRPDA 
center has conclusively proved that application of 
maize residues at the rate of 4 t ha - 1increased the 
yield of linger millet 25"j after maize in the 2nd year. 
The practice increased the organic matter in the soil. 
After 5 years the organic matter of the soil increased 
from 0.55% in the control plot to 0.90% in the plot 
receiving maize residue at the rate of 4 t ha- 1a- 1 
(Hadimani et al. 1982). With improvement in the 
organic matter content, the moisture- and nutrient
holding capacity also improved, and problems such 
as surface soil crusting are reduced. The major 
efforts in the future should he to evolve an integrated 
nutrient supply system for the Alfisols that is accep
table to farmers. Inclusion of legumes in the crop
ping systems is vital since organic manures are 
becoming increasingly scarce. 

We have yet to understand the microflora found 
in these soils. Understandably, these soils will have a 
poor microbiological base because of limited mois
ture and low organic mattercontent. This important
 
aspect calls for immediate attention and concerted
 
research effort.
 

Crop Stand Establishment 

Poor crop stands are common on Alfisols as a result 
of characteristic surface crusting. Crop stand is also 
directly related to moisture availability in the soil 
profile, more particularly in the seeding zone. These 
soils becon..' charged quicker because of better 
water absorption, but they dry out even faster. This 
phenomenon adversely affects both shoot and root 
growth, further, because of the predominance of 
kaolinite in the soil complex, moisture release from 
the soil is faster, as are transpiration losses. Timely 
sowing of rainy-season crops, capitalizing on the 
most opportune moisture availability period, is 
important. Advancing the sowing time of postrainy 
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season crops ::; also an important component of 
increased crop productivity. While this is more rele-
vant to black soils, it is nonetheless crucial in such a 
doi!51c-crop system as cowpea/finger millet in the 
deep Alfisols of the Bangalore region. 

Timely sowing is essential, as is the use of dri!k 
that ensure more coverage and uniform and precise 
placement of both seeds and fertilizer in the moist 
zone. Even with an optimal crop stand, many natural 

factors work against the crops. A short dry spell at 

seedling stage, soil pest infestations (termites, white 
crop, can prevent an 

or a nonfertilimedgrubs, etc.) 

initial optimal plant stand from reaching maturity. 

During the lile cycle o1 the crop, many such factors 

continue to operate. These have to be kept in check.
contnueto oerae. e kpt i chck.Tesehav to 

The improved crop management practices dis
cussed provide reasonable insurance against many 
risks. There is no short cut to the package of 

improved agronomic practices. Each component of 

the package has a role to play, depending on the crop 

and the environment. Experience has shown that 

improved seeds, optimal fertili/er levels, and timely 
and effective plant protection measures are the 
strong links in the chain. 

Future Research Thrusts 

A research group such as AICRPI)A should address 
itself to the following research mandate: 

* 	 Dovetailing la.nd use with the moisture- and 
nutrient-holding capacities of the soil. Alternate 
land-use systems seem to he more promising than 
annual cropping on shallow, weathered, and 
degraded Alfisols. 

* 	 .and treatments commensurate with the rainfall 
pattern, topographv, and moisture-storage 
capacity of the soil. 

* 	 An integrated nutrient supply system that 
impro es the moisture- and nutrient-holding 
capacities of the soil. 

* 	 An integrated pest management system condu
cive to the environment and the ecosysterm. 

* 	 A technically sound, and economically feasible 
water-harvesting and recycling system to stabil
iie dryland crop yields in general, and cash crops 
(e.g., groundnut) in par:iculIa. 

* 	 The design and labricalion of nore efficient agri
cultural implements, ensuring tineliness and pre
cision in field operations. 

* 	 A more promising postharvest technology for 
dry regions. 
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Some Aspects of Crust Formation on Soils in Semi-Arid
 
Regions 

Willem B. Hoogmoed t 

Abstract 

Literature on the effect of crust or sealformation on infiltration under rainfall is reviewed. A 
research approach isdescribed to anal),:e data on the rainfall intensity ofnatural rain showers in 
combination with data on infiltration through sealing soil surfaces under simulated rainfall in a 
computer model. The effect oftillage and surface configuration may bepredicted with this model. 

Some results offieldwork in Israel and Mali are presented. 

Introduction 

Extensive areas in semi-arid regions have soils of low 

structural stability, particularly Alfisols that are 
known for their tendency to form seals and crusts at 
the surface. This sealing problem is generally aggra-
vated by heavy and intensive rainfall in the semi-arid 
tropics (SAT). Soil-crusting problems are reported 
by Jones and Wild (1975) in an extensive review on 
the soils of West Africa. They quote, among many 

others, reports of Charreau and Tourte (1967), 
Lawes (1961), Evelyn and Thornton (1964), and 
Kowal (1968) on crust formation that leads to infil-

tration and aeration problems. The negative effects 

of continuous cultivation, resulting in the formation 
of a "single-grained" soil structure that increases the 
risk of erosion are mentioned by Martin (1963) and 
Siband (1972). Agnew (1982), did not find any crust-

ing on typical Sahelian soil rear Niamey in Niger. 
Crust formation in U.S. soils is discussed in detail by 

Cary and Evans (1974). In this report, Kemper and 
Miller list a number !possible approachcs for man-
agement of crusting soils. Crust formation on Israeli 
soils is reported by Hillel (1960) and Rawitz et al. 
(1981). 

Crusts may impede seedling emergence and 
reduce water infiltration, and possibly air move-
ment. In this respect, two main types of crusts should 
be distinguished. 

Laboratory, Agricultural University. Wageningen, TheI. Tillage 

I. A crust that is easily visible, with athickness of at 

least a few millimeters, created by the destruction 

of aggregates by direct raindrop impact or 
immersion. This crust will reduce infiltration 
and, when dry, form a barrier against seedling 
emergence. This type of crust is formed on an 
aggregated (loamy, clayey) soil. A subdivision 
may be made immediately below the dispersed 
layer (seal) at the surface where, a "washed-in" 
layer of fine material from the surface fills up 
voids between aggregates; or, the voids may 
remaih, open, but the aggregates will be cemented 
to each other by the wetting and drying cycle 
(Fig. 1).Compaction of the surface (e.g., by a 

planter press-wheel) may intensify the crusting 
process. 

2. A crust (or seal) that is hardly noticeable and 

having an effective thickness of less than 0.1 mm. 
This crust does not hinder seedling emergence, 
but may seriously impede infiltration. Even on 
fine sandy soils with only a small percentage of 
clay or silt (5%of particles < 50 pm) this type of 
crust is observed. The impact of raindrops separ
ates clay and silt particles which are then trans
ported by the infiltrating water. During this 
process the small particles clog the pores. 

Crusts of the first type will generally impedeemer-

Netherlands. 

ICRISAT (International Crops Research Institute foitheSemi-Arid Tropics). 1987. Alfisols in the semi-arid tropics. Proceedings of the
 

Consultants' Workshop on theState of the Art and Management Alternatives for Optimizing the Productivity of SAT Allisols and Related
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Nonaggregated soil 


- impedes only infiltration 


- active when wet 

- effective layer: < 0.1 
mm 


Aggregated soil 


- impedes both infiltration (wet) and

seedl ing emergence (dry) 


Seal : some 
"Washed-in" 
a few cm 

mm or mere. 
layers: 

Seal : some imimor 
m1lore. 

Cemented layer: 
some cm, caused 
by impact and 
immersion 

Figure i. l)iirerent types of seals or crusts. 

gence when they lave dried and strengthened. The 
second type of crusts are effectise inreducing infil-
tration when %%ct. 

Ibis paper locuses only on the effects on inlilhra-
tion; tie effects on seedling emergence have been 
reviewed by (juval (1982). flasic research ott crust 
formation \iats outcarried b\ McIntyre (1958) and 
licket and Pearsoin (1905). Ihey found the conduc-
tivitv of a ealI 1-2 mm) at the surface to he seceral 
tine,,loer than that of the lavers underneath. I lie 
quick decrease in infiltration rate hecause of crusting 
was also found by Schmidt ct ilt. (1964). (hen etal. 
(1980) found that a harrier may torn even on very
light soils. 

I he efteect of the length of exposure and tilewet-
ling and drying cvees on infiltration were inoesti-
gated and reported by IIillel (I960)and Idwards and 
L.arson (1969). Hillcl found that the degree of vetting

determines the changes inporosity of the surface 

layer, whrich is highest insatturated conditions. I heactual densilicatiori occurs in the shrinking phase
during drying. Edmarfs and klrson found that,
although conductivitv of a seal drops ,onsiderablv, 
an increased suction gradient in the ,,an laver par-
tiallv
offsets the decrease in infiltration rate. Mol-
denhauier andIoung (1964) siowed that the effect of 
rainfall energy (in infiltration rate oscr a rinige of 
textures isrelatively low, hut the effect on soil loss 
Was strongly correlated witf, texture. Mannering 


(1967) found that the surface sealing on different 
soils could be explained, for the most part, by prim
ary variables (texture,pH, etc.).

Although itis generally assumed that rain energyis the prime factor incrust formation, Farres (1978, 
1980) found the intensity or frequency of impacts of 
the raindrops to be very important. Kinnell (1982)
reports possible effects due to drops ofdifferent sizes 
on aggregate breakdown. 

Modeling techniques incorporating trust forma
tion were used by Edwards et al.(1980), Moore 
(198 la, b), and Whisler etal. (1979). Models may be 
based on steady-state condition of tileseal, or take 
into account the formation of a seal during infiltra
tion. A major problem isa measuring technique to
obtain reliable data for use in the models.
 

An integrated 
 approach on small watersheds,
including the 41fects of cultivation on microrelief, 
crust formation, and runoff, was presented by
Moore et al. (1980). 

Methodology 

From 1976 to 1981, experiments were carried out in 
a Dutch-Israeli project on improvement of tillage
and soil-management practices in semi-arid regions
(Rawit/ et al. 1981). One of the principal aims of this 
project was to identify major constraints in tillage
practices as well as in related research. 

[he most important objective of tillage in the SAT
 
is probably improvement of water availability to the
 
crop. [lie low infiltration rates of unstable, sandy

soils tile
result of crusting and sealing.--can be 
improsed bY appropriate soil-tillage measures. Field 
experiments inIsrael and Mali (West Africa), stu
died changes in the hydrological properties of the
 
soil as a result of tillage, and crop response to tillage.

[he approaches to investigate and analyze the prob

lemns are described.
 

Rainfall simlulation 

Field experiments using natural rain showers can be 
designed to investigate the elfect of rainfall on water 
balance. fut rainfall is very erratic and unpredicta
ble inthe SAT.A rainfall simulator is a powerful 
research tool, and allows many experiments to be 
conducted, particularly in periods of' low farming
activity. lIhe simulator used in our experiments was 
designed in Israel by Morin etal. (1967). Afterelabo
rate testing, a simulator capable of producing rain
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= 

fall with realistic energy was developed. Crusts are li Infiltration rate at t = 0 (mm min-'); 

formed by simulated rain, and the effect on the If =Infiltration rate at t = w(mm min-'); 

by monitoring the z5=Empirical constant;infiltration rate is measured 
= 


runoff rate from the plots. The maximum plot size p Rainfall intensity (mm min-'); and 

with this simulator is 1.5 x 1.5 m. Because of its t = Time (min). 

dimensions, the machine is easily transportable. 
For a certain soil type, curves can be determined 

for typical situations: tillage history, degree of crust
ing, moisture content, etc. Morin and BenzaminiInfiltration measurements 
(1977) distinguish three typical curves: a dry 

The infiltration rate ofacrusting soil under uniform- uncrusted soil, adry crusted soil, and a wet crusted 

intensity rainfall shows a typical curve in time (Fig. soil. 

2a). Morin and Benzamini (1977) found that, when 
the infiltration rate was plotted against rainfall 
depth, the curves were closely similar for different Rainfall analysis 

rainfall intensities. This phenomenon is valid only 
The actual occurrence of runoff isdetermined by thewhen crust formation is by actual impact of rain-

drops, not by immersion. Under these conditions, rainfall depth and intensity. When rainfall distribu

governs crust tion in a rain shower isknown, infiltration andthe assumption that rainfall depth 
formation would mean considerable savings in the runoff can be calculated using curves produced by 

the simulator work. Rainfall can be accurately ananumber of simulator runs required; use of just one 
(characteristic) rainfall intensity may suffice. The lyed by processing charts fron reco-rding rainfall 

general equation of infiltration rate in relation to gauges using acomputer model developed by Morin 

rainfall depth is a Htorton-type equation: and Jarosch (1977) and extended by the author. 
From this analysis, two major types of data become 

= available: (a)rain characteristics, with information).e- d 
= on intensity distribution and related energies,allow

I(t) 	 (I,-Il ,,+ 11,where 
i(t) 	 infiltration rate as a function of time (mm 

min-I); ing calculation of various erosivity indices: and (b) 

1.0-	 1.0 * Dry 

a. 	 b. A Wet (1 day later) 
oMoist (dry crust, 
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Figure 2. Infiltration rate in relation to time for an undisturbed soil (a) and the same soil with the crust 

removed superficially (b). 
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runoff that may be expected under various tillage or Infiltration and redistribution
soil-management systems. Use of rainfall simulators 
necessitates employing a scaling factor, to extend the Although this may be of secondary interest, moisresults from small plots to field-scale plots. This is ture 	movement and distribution in the soil profiledone for runoff by assuming values for surface stor- can be calculated with the aid of a digital computerage and detention (SS), a parameter caused by sur- simulaton program (Hoogmoed 1974). This is aface roughness and slope. In the computer program, model that uses the Darcy equation for water moverunoff is calculated for a range of SS values. These ment 	between layers, dividing the profile in depth.values may be obtained from relief-meter measure- The input required, apart from the infiltration andments or from an extra simulator run. evaporation data, is the retention curve (moisture 

Table I. Soil anal)sis of the Israeli soil, used in the experiments. 
The soil is a buff-colored loessial Siero,en, typical of the northern Ncgev Plains. [he profile is deep and fairly uniform, withsoft lime concretion in tie lower horions. The text tire is a tine sandv loam or loam. Ihe soil is calcareous, slightly alkaline,
and of low structural stahilitv. 

A. Soil physical properties (0 50 cut layer) 
I. 	 Mechanical composition (IUS)A ('lassilication):
 

Coarse sand 5"i (containing 8.41; lime)
 
Fine sand 471 (containing 12.3"1 lime)
 
Silt 301) (containing 29.5'; lime)
 
Clay 18"i (containing 14.3"ilime)
 
the soil contains ni gra 'el or stones.
 

2. Particle density: 2.66 g cm . 
3. Hydraulic conducti%its'. I lie relation of K to malric suction head hIcan he represented empirically as: 

4800K 

h + 700 
4. 	 Field bulk density (mean values for 0-50 cm depth):
 

by core sampler 1.41 g cut
 
by ganima-ray gauge: 1.43 g 
cm 

5. 	 Field infiltration rate (hyr ring and sprinkler tests):
 
"final" rate 5 8 mm I 1
 

6. 	 Field capacity (approximate):
 
18% by mass (251j by volume).
 

7. Permanent wilting per, entage (approximate):
 
7-8.51T by mass (10 12"; by ,oluiie).
 

8. 	 Structural stability:

The soil, being 
 of desert dut origin and containing little organic matter, is normally of unstable structure.Wet-sieving tests showed that in ire 0-20 cm layer tie percentage of stable aggregates > 0.25 mm is below 15%. 

B. Soil chemical properties (0 50 cm depth, unless otherwise stated) 

.	 il of saturated paste (38"; ,,ater by mass): 7.5 8.2. 
2. Cation exchange capacity (illictiialcnts per 100 g): 26 30. 
3. 	 Exchangeable sodioin percentage:
 

6.51' in surface crust (0 2 cut);
 
5.5U; in soil below.
 

4. Calcium carbonate content: 17"i in upper horizon, increasing to about 25% at a depth of 150 cm.5. Organic matter content: In the upper 20 cm: t).8"; at depths greater than 40 cm: ± 0.5%. 
6. 	 Total soluble salls: 

± 0. 1061r;: in surface crust (0-2 cm);
 
± 0.086,% below tire crust.
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content-tension) and the relation between tors-
ture content or tension, and hydraulic conductivity 
(K). Determination of the K values for sandy soils is 
particularly difficult although the "hot-air" labora-
tory method, as described by Arya et al. (1975), gave 
reasonable results when sufficient replications were 
done. 

Field Experiments 

Israel 

Experiments were carried out mainly on a loessial 
soil (Table I) located in tile northern part of tile 
Negev. A number of experiments inves:igated tle 
effect of tillage svstems and surfhicc configuration on 
the water balance and yields of wheat and sorghunl. 
Results are gisen in the linal report of the project 
(Rawit, et al. 1981 ). and are surnmari/ed in Rias it/ 
et al. (1983) ald Morin et al. (1984). Some of the 
main results olthe eltect of surlaceconfigurationt on 

Table 2. Stme re,,ults froiti ep\1rinicnls in Isral. 

IRtllotll andlt ,sIIll 'l on~ll [ltl 

.Stol I Iof l-12-O 
tlRa iI 6-1'n*+|1111) 

5I!! 

I cttilictlls 	 (1ini0( (kjkg" 

(ontiol. So o i1 lilt 	 141 225 
0 8 1o 

Ialll [plots 	 15.01 30 1 1 

0.7 52 
1.6-111 %kit heds 	 6.7 I2(1 

(is Is 
WS 

1)9 25 
0.-Ime hcds (,5 1.5 

I'tlcl oll ulace coiu 

I atl Ill 

runoff are shown in Table 2. In the Mediterranean 
climate of Israel tile tied-ridging system performed 
very well in terms of moisture conservation in below
average rait,;11 seasons. 

Mali 

The soils under investigation in 	Mali were classified 
as Alfisols (Table 3). The magnitude of the crusting 
(sealing) on this soil ssas determined. Visutal obser
vation during rainfall showcd that. immediately 
after the start of rainfill. vater collected at the sur
lace. One of tile possible Causes was considered to be 
the hydrophobic chatracter of the surface, a repel
lenc caused by algae living at 	 tile soil surface of 
natural pastures in particular. In laboratory trials it 
was found that, alter a lew% minutes. this laver 
becomes saturatted with \\ater and does not impede 
\kaler inoement. Rulloll iscaused by a truly physi
cal seal. Ibis seal is clearly of tile second type des
cribcd carlict. For quantilication, various 

I M ihcal Vt ' L ll t. kll III(t 19SO-,NI 

"to lII I l I -S
10 1111,111l IS 11111i) "Ci' S0, 11hthIOIA 

S I 	 Soil 

If 011011k I (kgv1 I 

5 ,5 I7. 293 
(.ol I) 

0.6 96 21.6 397 

0.I 32 
1,2 t 7.t) 156 
0.3 11 
09 27 7.4 72 

((4 20 

w It hat iin ill Mhcas iolel I) 

(hased lil 

hif\illra liCallilleti 

Cotnltrol: ,,o\
, 

i il flat 01.892 1l017 o).975 t).975 

tied lidges I,0-11t \ .lth hed 

Iledl idgcs. (.6-t1- \%11111heid 

1.242 

08(18 

1,183 

0I792 

1.483 

1.292 

.11 3 
0,964 

22.3** 
0 14 NS 

* glillicalit ,1 tile 11(11 hecl 
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Table 3. Soil analysis of the Mali soils (data as in source document). The rainfall simulato r Work %as carried out on the SI soil. 
Sable SIClassification: Sahl- S2 Argile DI Limon L 

Soil survey staff (1975) Uhic Hap!ustalf Udic Ustochrepts Aeric HaplaqueptFAO-Unescc (1977) Ustalfic UstochreptEutric Nitosol Chromic Camhisol Gleyic Cambisol Chromic CambisolAubert etDuchjufour (1956) Sols fersialliniques Sols Ic:rugineux Sols hydromorphes min6rau, Sol ferrugineuxNom local Sdno S~no Moursi Danga
Profondeur cro,'te 0-10 30 80 150 350 5-15 60 150 0-1 0-5 10-15 40 130 5-15 40 60 100 
Argile <2 pam - 5.9 12.7 8.7 10.0 - 3.7 8.3 9.5 18.7 20.4 41.2 40.8 37.3 9.8 23.2 23.0 35.8Limon fin 2-16 pm - 0. 1.0 2.5 1.0 - 0.8 1.8 1.2 9.3 8.2 4.5 4.0 5.1 3 3 3.5 4.2 3.7Limon grossier 16-50 ;Am 19.4 17.5 13.0 13.3 - 13.8 15.6 13.7 29.5 31.5 24.5 24.5 26.8 26.8 26.0 24.5 22.5Sable tr~s fin 50-105 m - 60.6 56.1 64.2 65.4 - 29.2 27.7 27.8 20.1 20.4 13.7 14.9 14.0 24.9 15.9 16.8 14.0Sable fin 105-200 pm 

7.3Sable grossier >200 um - 13.8 12.7 i1.6 10.3 - 52.5 46.6 47.8 14.9 19.5 16.1 15.8 16.8 35.2 31.4 31.5Classification texturale 24.G - La Ls SI Ls - SI SI Ls L L A A La Ls L L La
pH-eau 6.3 6.1 5.5 5.8 5.4 8.8 6.1 5.5 5.4 5.7 5.8 6.1 6.4pH-KCI 5.8 5.8 5.8 6.05.9 5.3 4.0 4.0 4.4 7.4 5.1 4.1 4.2 4.2 3.9 
 3.9 4.1 4.3 3.9 3.8 3.9
 
Carbone (C) (g kg-') - 5.6 2.6 1.9 1.6 1.4 2.5 1.9 1.2 3.9 2.8 1.3 1.5 3.5 4.0Acote (N) (gkg-') 0.6 1.0- 0.17 0.10 0.03 0.03 0.32 0.07 0.04 0.04 0.29 
 0.24 0.11 0.06 0.21 0.13 0.10 0.11
Rapport de masse C N - 33 26 63 53 4 36 48 30 13 12 12 25 17 31 6P-total (mgkg-J) 9- 135 218 201 223 100 65 87 96 127 118 100 83 79 92 87 92P-BrayI (mg kg-1) 7 6 17 24 2 3 I I - 3 I 0 1 I 1 I 0K-assimilable (mgkg-J) - 78 105 78 78 - 43 20 31 - 148 94 109 121 47 51 62 94 
CEC du sol (pH = 7) (meq kg-') - 23 36 31 33 31 I1 18 20 - 60 109 0.122 0.130 0.036Rapport Na, CEC 0.064 0.070 0.119 

- - -Rapport K'CEC 
-

- 0.08 
-
0.08 0.07 0.06 

- - 0.06 0.10 0.03 
-

0.04 - 0.06 0.02 0.02 0.02 0.03
Rapport Ca CEC 0.02 0.02 0.02 - 0.66 0.29 0.29 0.35 0.67 0.61 0.35 0.21 - 0.46 0.38 0.48 0.61
Rapport Mg CEC 0.54 0.43 0.47 0.65- 0.26 0.26 0.24 0.15 0.30 0.27 0.23 0.28 - 0.31 0.35 0.31 0.25 0.23Saturation en bases 0.26 0.24 0.17- 1.00 0.63 0.60 0.56 1.03 0.98 0.61 0.53 - 0.83 0.75 0.81 0.88 0.80 0.71 0.73 0.84 
EC(15) fi25°C(mSm-1) - 3 0.3 3 3 6 2 3 3 3 3 3 3 3 3 7 3Densit apparente (kg m-1) !.480 1.380 1.350 1.580 1.530 1.440 1.270 1.560 1.550 1.650 
*SI = Sa',:climoneux. Ls = Limon sableux. L z Limon. La Limon argileux. A = Argile; loam- sand. Ls = sandy loan.SI = = lo6am, za = clavey loam. A = clay.Soure: UL ite Ic sol(suiant carc Saroosi~ider ctal 1977). 



infiltration/runoff measurements were done using a 
double-ring infiltromeker, asimpledrip-type simula-
tor, and an elaborate rotating-disk simulator, 

The reason for using all these systems was a corn-
bination of logistics and a growing understanding of 
the mechanism of seal formation. Comparison of 
infiltration rates, as determined by the double-ring 
system, with the infiltration rates deduced from 
field-scale water-balance studies, showed large dif-
ferences. The rates determined with the rings were 
higher by some orders of magnitude. When the 
rotating-disk simulator was used, the infiltration 
rates were comparable with those deduced from 
water-balance studies. The differences between the 
systems, shown in Figure 3, are explained by the 
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Figure 3. Infiltration under three different 

iufiltrometers. 

a = double-ring infiltrometer (if , 100 mm h-'); b = 

drip-type rain simulator (If approx. 35 mm h-1);c = 

rotating-disk type rain simulator (ifapprox. 15 mm 

h'1)• 


differences in energy of the irrigation water applied: 
zero in the double-ring system, low using the drip
type simulator (where drops fall from a height of I 
m only), and close to natural rain in the rotating-disk 
type. Clearly, the impact of the raindrops must be 
large enough to cause a detachment of the silt and 
clay particles from the sand grains. These particles in 
the infiltrating water subsequently block the pores 
between the grains immediately underneath. This 
sealing is a fast process. 

Figure 2 shows typical infiltration rate-time 
curves for simulator runs, with rainfall intensity at 
49 mm h-. Par! a of this figure shows infiltration on 
a permanently crusted soil, as may be found under 
natural pastures. There is hardly any difference 
between the various conditions. Part b shows infil
tration rates under the same rain intensity after the 
surface layer of approximately I cm has been care
full), removed (without disturbing the subsoil). Here 
the quick restoration of the curve is shown: after 
three showers, the final infiltration rate is down to 
the initial value. A tillage operation such as plowing 
or ridging will loosen the top 10-15 cm, and therefore 
the infiltration rate will be high. However, this effect 
will also disappear rather quickly, as shown in Fig
ure 4. 

To increa e total volume of water infiltrated 
under rainfall, two options are available: an increase 

of the surface storage, or an increase in the infiltra
tion rate. These two possibilities are worked out for 
a number of years by using the rainfall analysis 
program described earlier. The results are shown in 
Table 4. For this calculation, assumptions were 

(a) The tillage (plowing) operation took place 

"b. Dry
 
20.6 0 soil
 

(pl owed)
 

f0.50 
Wet soil (1 day) 

'- *Moist soil (11 days) 
I I I I I I 

0 40 80 120 160 200 
Timie (ran) 

Figure 4. Effect of tillage (plowing, 10 cm deep) and 
subsequent surface sealing on the infiltration rate. 
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Table 4. Absolule and relaitive aoounts of runoffat iooTardentAbsllaeandratie ailourftstorunoff ate 
(SS), far three growing seasons. 

Runoff (runt) 
Rain Tillage SS = 1.0 m SS == 10.0 mm 

Year mm treatment mm mm c; 

1977 368 1 illage 76 18 II 3No-tillage 155 41 48 13 

1978 271 a.;,ig 49 18 19 7 
,o-tillagc 104 38 33 12 

1979 361 I illage 80 22 38 II 
No-tilkige 141 39 70 19 

after the first shower, hence, for the subsequent 
showers, curves (Fig. 4) were used taking into con-
sideration the restoration of the crust. (b) For the 
"no-tillage" operation, curves as shown in Figure 2 

were used. (c) [he SS values were assuned to last 

during the entire season. 
It is clear that the effect of a permanent storage of 

10 am, and tilling at the beginning of the season, are 
most effective for runoff control. On the other hand, 
a 10-mm storage without tillage (its tiay be possible 
in a permanent tied-ridging system) is still slightly 
better than tillage and subsequent smoothing by the 
weather, given the assumed 10-mm storage. 

[he work reported here was carried ouit in coopera

tive projects. I gratefully acknowledge the contribu-
lions by Prof. E. Rawitz and Dr.l. Morin of the Soils 
and Water Department of the Hebrew University, 
Israel, and Dr L Stroosnijder, Soil Physics Labora-
tory, at Wageningen Agricultural University, The 
Netherlands. 
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Management Alternatives for Increased Productivity of
 
Red Soils: Experience in Karnataka
 

B.R. Hegde, T.C. Channappa, and B.K. Ananda Ram' 

A bstract 

Red soils in Karnataka occupjr more than 50% ofthe cultivatedarea. They are characterized bY 
low moisture retention, low cation exchange capacit.I, andphosphorus content, but a high rate of 
infiltration. Iigh soil erosion and crust formation limit crop production. Cropping is most 
common in the rainy season, especially on shallou soil.. Contour bundsfor low-rainfall areas, 
and graded bundsfor inedium-dee ) soils with seasonal rainh[ll more than 700 mim, are recom
mended; deep red soils are suitabi or border-strip layout. Off-season tillage has been found to 
increase in dt ration and to improve crop pie/ls. No interterrace treatments, e.g., broadheds and 
.firrowsor a.urrowevery,3 i,increased either the moisture status or the crop .ields signi(Icantl.r. 
Beds and furrows were used maitli as disposal systems, whereas a ridge-and-irrow system, 
adopted for mnai:e, reduced runoff losses. Nevertheless, the use of lurrows in changing the 
direction offlow along a less erosivegradient isbenificial in controlling erosion in an interbunded 
area. "xten.sion of/and managementpractices to/arm situations is complicated bjy thefact that 
holdings are small. Developing waterways as communit' works, and restricting other develop
me'ntal activities to existing ho/lings, are suggested as alternatives to current soil-conservation 
tfforts. 

Introdution 	 from 3to 6 tha-'. Bunding isan accepted soil conser
vation practice in Karnataka. By the end of 1982, out 
of the estimated 6.8 million ha in need of soil conser-

Red soils occupy 45% of the geographical area in vation, 3.06 million ha had already bcen covered,
 
Karnataka; 0% ofthisarea has mixed red and black and this included both red and black soils suitable
 
soils, and another 10% laterite soils. Presently, 60% for bunding.
 
of the area in the red soil regions is under cultivation. Systematic studies on the management of red soils
 

Red soils are highly erodible. Nearly 8W4 of the in Karnataka have been few. Intensive studies were 
red soils are considered as requiring some type of possible only after the establishment of AICRPDA 
conservation measure (Anonymous 1964). During in 1970. Efforts have since been made to evaluate 
normal seasonal rainfall (850 mm), soil loss of bunding systems, interterrace management, tillage 
2.3-7.7 t ha-i and runoff of 260 370 mm have been plaUuiice to impbose infiltration and the retention of 
reported (Krishnamurthy 1971). Research on the moisture, and cropping systems to suit the resources. 
farm at the All India Coordinated Research Project Resource-conservation studies have been taken up 
for Dryland Agriculture (AICRPI)A), Bangalore, on a watershed basis, and the idea extended to on
indicated that 20-35% of seasonal rainfall is lost farm situations. This paper attempts !o highlight the 
annually through runoff, and the soil losses ranged major observations in various fields of study. 

1. All India (oorinated Research Project forl)ryland Agriculture (nos,the Central Research Institute for )ryland Agriculture),
 
iniscrsit of Agrict uralScience. (K VK. Bangalore, Karnataka 560 (65. India.
 

ICRISA I (International Crops Research Institute lr the Semi-Arid Iropics). 1987. Allisols inthe semi-arid tropics. Proceedings of the 
Consultants' Workshop on the State of the Art and Management Alternaties forOptimi,ing [tie Productivity of SATI Alfisols and Related 
Soils. 1-3 t)centher 1983. ICRISA I Center, India. Patancheru, AT.. 502 324, India: ICRISA1. 
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Rainfall and Soil 

The seasonal rainfall at the AICRPDA Centre farm 
is 886 mm, over the period May to November. There 
are two rainfall peaks: the first, of about 110 mm, is 
in May and the second, of 160-200 mm, is in 
September-October. Although the soils are deep,
only rainy-season cropping is common because of 
their moderate moisture-holding capacity. 

The soils in the farm area belong to Vijayapura 
series, and are classified as Oxic Ilaplutalf. Accord-
ing to the FAO classification, these soils are Ferric 
Luvisols. They are reddish-brown lateritic soils 
derived from granite gneiss under a subtropical 
semi-arid climate. [hcyare sandy loan to sandy clay 
loam in texture, becoming finer with depth. These 
soils are deep, and possess good drainage. Htv have 
moderate moisture-holding capacity. Surface seal-
ing and crusting are quite common. lhv are slightly 
acidic, low in organic matterand available P,05,and 
espond well to P application. The P-fixation capac-
y of the soils is about 40e. 

Runoff and Soil Loss Under 

Different Crop Canopies and 

Management 


The average runoff under cultiv:4 ted conditions was 
found to be 20 351"1 of rainfall during the cropping 
season. Crops such as maize were more efficient in 
reducing runoff and soil loss compared with crops 
such as groundnut and linger millet (Fig. 1). lhe 
practi-:e of earthing-up in maize might hase also 
contributed to this phenomenon. ly comparison, 
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Figure 1. Runoff and soil loss under different crop
canopies (AICRIPDA (Centlre farm, Bangalore),
1978-82. 

runoff of only 7-12% was recorded from an adjacent 
forest area (a eucalyptus plantation). 

Mechanical Structures for Soil and 
Moisture Conservation 

Contour bunds of 0.6-0.8 m2 cross section are very 
common in red soils (Joshi 1976). The bunding pro
grain sponsored by the Karnataka government is, 
primarily, contour bunding. But the system has not 
been fully accepted by farmers because it poses sev
eral problems, e.g.: (I) water stagnation near the 
bund, (2) loss of a substantial area under bunds, (3) 
difficulties in maintenance, and (4) tile small size of 
holdings. During 1971, tudies on various alterna
tives to contour bunds were initiated at the Centre's 
farm. rom 1977, the studies were continued on a 
watershed basis. The results indicate that border 
strips of 10- 12 m width and 100- 15) m length, and 
graded bunds (0.2 04.4% gradient) of a cross section 
of 0.5 m, are suitable alternatives for contour bunds 
on these deep, red soils (Table 1). 

As the cut-and-fill in the border-strip layout is 
retricted to 15 cm, the wiuth is automatically 
decided by the slope of the land. The graded bunds 
cost less titan contour bunds to construct (about Rs
30W ha-'); the estimated cost of border-strip con
:ruction is Rs 1500 ha-'. One of the basic require

ments, both for graded bund and border strips, is a 
protected waterway. Fortunately, in the red soil 
regions of Karnataka, waterwaysalready exist. They 
riced only to be modified to the suitable shape and 
size, and drop structures are required at appropriate 
distances. 

Tillage Operations 
Village operations before the onset of the rainy sea

sons are essential for increasing infiltration and for 
effective weed control (Table 2). In Anantapur, deep 
tillage of shallow red soils with a compact subsurface 
helped open tip the compact murrain layer and 
increased the infiltration front 3.5 to 6.0 cm -1.lThe
depth of root penetra tion increased by 15 20 cm,[lie crop yi eds im proved.
 

G ood land pieparation is essential in 
 r d soils. 
l-ven one additional plowing with atmoldboard plow

to a depth of 15 cin increased tihe finger millet yield
by 44 ; in the villages around Blangalore (Fable 3).
Off-season tillage is practiced whenever opportunli
ties arise to obtain a good seedbed arid effective weed 
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Table I. Effect of land treatment on runoff and finger millet yield on land Aith a 3%slope. 

Land managemen, 
treatment 

Farmers' field bunds along the boundary 
(control) 

Contour bunds 
Graded bunds 
Graded bunds with interterrace management 
(funow at 3 m) 

Graded border strips 
Broadbeds and furrows 

Source: AICRPD)A 1977-82. 

Table 2.Soil moisture as influenced by plosing before the 
onset of the rainy season, 

of soil 
(cm) 

0-15 

15-30) 
30-60 
60-90 
-


Moisture percentage after total 

:t hl mm rainlall it Nla. 

I'losed I nplov.ed 
area area 
10I.7 3.6 

13.2 7.1 
13.3 8.7 
13.4 I)rv 

Souce: AICRlt)A Iq,7-M2 

Table 3.Effect of moldboard plosing on tife %ieldof finger 

millet (kg ha 

System 

L.ocal practice 
(Isooden ploiming 2 3 Inles) 

One additional moldboard 

plomig in July 

Sour'e: At'tItItA 477 82 

o) 

19M1 1982 

1220 1040 

1670 1570 

-

control. Summer tillage usually resulted in increased 
yields. Surface tillage under crusted soil conditions 
is essential for reducing runoff. 

The Crust Problem 

One of the serious problems of crop production in 

Runoff Yield of 
as Q'.of finger 
seasonal millet 
rainfall (kg ha, ) 

28.0 722 

20.6 913 
23.2 960 
22.3 1728 

17.5 1102 
23.8 901 

Percentage of 
yield increase 

over 
control 

26.5 
33.8 
70.0 

52.6 
24.8 

red soils is the formation of asurface crust. Crusting 
just after seeding results in the poor emergence of 
seedlings. The problem is more serious with small

seeded cereals such as finger millet, pearl millet, and 
weak plumule.sometimes with sorghum, that have a 

Tilling with a thorny brush harrow may help over

come this problem if crust formation occurs withinl 

1-2 days after seeding. Seeding on tileside ol a 

ridge -which is less prone to crust formation and 
with organic residues tomulching the seed lines 

minimize the beating action of the rain and increas
ing moisture status, are some of tileother possible 

remedies. 

Efforts are under way at the AICRPIDA Centre 

farm at Bangalore to perfect a rotary-type spiked 

roller that can be used on crusted soil. lhe spikes of 

this roller will penetrate the soil up to adepth of 2cm 
and disturb only the surface soil, without damaging 

the emerging seedlings. Results from experimental 
plots have been quite encouraging. 

Crop residues, partially incorporated into the sur

face soil, have been found to reduce substantially the 

strength of the crust. In 
-
one stud, the crust strength 

dropped to 1.13 kg cm 2 from the original 3.15 kg 

cm-2 in control plots following the application of 4 t 

ha - ' of straw. Straw application also increased the 

soil moisture and germination percentage of finger 

millet (Ranganatha 1976). 
Studies at this research farm indicate that an addi

tion of 4 tha- ' of maize residue hasa beneficial effect 

on the subsequent crop. In 1982, a finger millet crop, 
grown after incorporation of maize residue, yielded 

3528 kg hai in contrast with 2521 kg ha-' without 
such treatment. The soil moisture in the surface 15 
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cm depth was 11.2% in residue-incorporated plots,
but only 8.5%,1 in control plots, 

Interterrace Management 
Studies on interterrace land ,eatments were 
initiated in 1974, when furrowing across tie major
slope was compared with normal cultivation prac-
tices in the region. More systematic comparisons of 
two important crops in the region, namely, linger
millet and maize, were initiated in 1977 as acollabor-
ative project between AICRID)A and I(RISAT.
The specific objecti%cs of the project werc: (I) to 
stud' suitable land treatments to achicve effective 
in-situ soil and water conservation: (2) to devise 
systems for the sale disposal of runofl to avoid 
waterlogging in the terraced area: and (3) to increase 
crop yields through the efficiCnt bsU.of rain water, 
and deelop systerms of raising crops integrated with 
land treatments, 

Experimental area 

I he study area %tas8 ha and] h.:-i a slope of about 
2.51'. (raded btnds of (0.35 ni cross section were
coIistructed at I-in sertical intersals and with agra-
dicnt of (1.2 (.4'; Ihe hunds has e heen maintained 
as permanent structoresald serec as keyli res for all
agriculturaloperations I clicrop %ere alays sown 

to tilepar.a lel build. andltilie crop rowk, maintained 
on t1-e saie gradient as tile buind. I lie area between 

lable 4. Efifct 

the bunds was smoothed and, at the end of the bund,
protected waterways were developed. 

Treatments 

The treatments, imposed in different years, are indi
cated in Ti.ble 4. All the treatments were incidental 
to cultivation, and no permanent structures were 
maintained between the bunds. For finger millet,
broadbeds and furrows, as well as a furrow after two 
seed-drill %%idths,were created, using seed drills spe
cially designed for the purpose and priced within the 
reach of the coinmon cultivator. [he furrows were 
initially opened at the time of sowing, and subse
quently deepened 2 3 times during crop growth.
using either furrow openers or ridgers. With the 
exception of land treatments, all other cultivation 
, ic uncilangea il dfifterent treatments. In 

ithe case of maiie, the traditional practice in the 
region is to sow on flat land and earth up a! 45 days. 
In tlie broadbd-and-furrow system, io%%ever, 
carthing LIp as not doll. 

Ihe influence of land treatments on crop yields in 
different years is sho n in lable 4. The following
broadconclusions were drawn from the obser
vations. 
I. -urro%, .1L11%_'the slope at 3-ni interval were 

beneficial, sshereas furrows at closer intervals 
(1.5 in) reduced the yield.

2. When the broadbed-and-furrow system was 
adopted in finger millet, 20,i of the crop rows 
had to be sacrificed to accommodate one furrow 

of"land treitlluent on crop y iiatA (' I I)A'D( lrefarm. lBanguhore. 

I mdlI it1l1llC'l 

(rup: finger millet 
I lal-on-graoti 
1lil-oi-gtlc biadc u t i g iti g i tt the listint CiitJIhdtlion 
Iuot .ti 2 SLccd-d11il \idlh (0-n1i iltrsal)alitc 

Ilhirii~idhbd-nc-icnit.ll at 1.5 illj
(Itnmhtor 


(iitdcl strip hilnds ih(I itd,.itiI-n itelrals) 

(rop: inaite 
I'l1t-i-gt;idC oildridgiig uiplOCI 

I)ihhling on the i1fc t ,
of th t 
Irioadbed-atfd-LU14
ito Ctom 

Siutcr AI(RI'IA 1,977-2 

Grain yield (kg ha 1) 

1977 1978 1979 1980 1981
Rainfall (ram) 543 1982583 773 321 476 498 

2578 2458 1767 3078 I 115 3638 
2266 2295 - - -

- - 1937 2809 1208 3438 
2332 2669 1697 2786 - 3360 

- - - 949 3678 

3773 2761 2256 2491 2361 
 -
3225 2251  - - -
2789 2547 2435 2258 2499
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after every four rows (one seed-drill width). 
Nevertheless, yield was maintained on close par 
with the flat system. Studies in 1979 showed that 
the loss is compensated by the better growth of 
the crop in rows oneitherside of the furrow. Even 
the rows at the center of the bed contributed more 
to 	 grain yield than rows in the flat-on-grade 
sowing. 

3. 	 Furrows served as efficient water-disposal sys-
tems with finger millet; they were useful in reduc-
ing erosion in the interterraced area. 

4. 	 Construction of small bunds at IlI-m intervals 
(border-strip bunds) was more advantageous in 
the case of finger millet when compared with the 
flat system of cultivation. 

5. 	 For maize. the broadbed-and-furrow system was 
as effective as earthing-up after 45 days. 

Runoff studies 

Runoff studies were made during 1980 and 1981 
with maize and during 1982 with finger millet. 1l-
flumes with automatic liquid-level recorders were 
installed in the miie e, one each in the broadhed-and-
furrow system and the ridge-and-hirros system. lI 
area from which runoff estimates were madc 

about 0.25 ha in each treatment. When the 
broadbcd-and-furrow system with maize was con-
pared with flat-oti-g ade sowing and ridging liater, 
the runoff was higher !n the broadbed-and-furrow 
system (AICRI'l)A 1980-82). [here were similar 
result, or finger millet. 

Soil moisture status 

]in none of the years did land treatments offer any 
distinct advantage; the small --"nces observed 
appeared to bermainlyduetos, ingei rors. Auger 
sampling cannot, however, completely relied 
upon its a method to indicate the small variations 
due to treatments. 

Stability of raised land configurations 

With maize, ridges formed after earthing tip were 
stable, and no breaches w%'ere observed. In the case of 
furrows across the slope in finger millet, they were 
silted up and had to be deepened 2- 3 times during 
the crop-growing period. The small bunds at Il-m 
intervals were not stable and were breached during 
high-intensity rainfall, 

Economics of cultivation 

The land treatments were imposed at sowing or 
shortly thereafter. As such, there was not much dif
ference in the procedure adopted for land prepara
tion. The extra expenditure and labor involved in 
deepening the furrows is very small. But, in the case 
of maize, 12-15 men are required to earth up the 
crop rows manually. 

None of the land treatments brought about 
appreciable changes in either yield or soil-moisture 
status. The red soils have a fairly high infiltration 
rate, and, if the soil surface is kept loose by intercul
tivation, sufficient rainwater can be stored in the soil 
profile. Broadbeds and furrows appear to be mainly 
disposal systems. whereas the ridge-and-furrow sys
ter, adopted for mai/e, reduced runoff. Still, the 
advantage of such furrows in changing the direction 

of flow along a less erosive gradient isof great signif
icance in controlling erosion iii the interbunded 
areas. 

[le studies condu,:ted so far have not provided 
sufficient inlormation on runoff, and observation on 
soil loss was not recorded. Results on soil-moisture 
status are inconclisie, mainly because of'sarpling 
ee oas 

Hydrological Studies 

The specific objectives were as follows. 
I. 	 To derive from the design of small agricultural 

watersheds criteria for improved resource man

agernent that will more cffectisely conserve rain
fall and soil, and. when it is integrated with 
inproved crop production systems, to increase 
productivity and assure dependable crop 
harvests. 

2. 	To obtain qiiantitativc data on runoff, soil
moisture fluctuations and deep-percolation losses 
that occur under different land-development or 
interterrace nianagenlent systems in use for grow
ing crops common iii the iaeil. 

3. 	T1o increase crop yields through the more effec
tivC ultiliiation 0i rainlall by adopting ini-situ 
moistiure-cmnseryation practices, and through 
supplemental irrigation using runoff water, har
vested and stored in farm ponds. 

An agfricultural watershed of 17 ha was laid cut 
into three subwatersheds, comprising contour 
bunds, graded bunds, graded border stips, tradi
tional practices of botindarv bunds and tile interter
race management of broad ridge and furrows. Each 
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subwatershed, comprising one of the treatments, 
was installed with a Parshall or a Cutthroat flume 
for measuring runoff. The runoff was, ultimately, 
led to flow into existing ponds through well
developed grassed waterways. 

The main crop in tiledrylands of the region being
finger millet, that crop was grown each of the 4 years 
of the study (although the varieties were different). 
For sowing, bullock-drawn seed drills or seed-and-
fertilizer drills %%ereused in all the treatments exccpt 
in the broadheds anti furrows, where eithera 'Iropi-
cultor, or seed drills with furrow openers, were used. 

The crop yields iII these stidies varied consider-
ably, arid no definite conclusions could be €tra%%n 
from yield data alone. Ev:en the soil-moistre condi-
tions in various treatients were inconsistent, 
The runolf es!niates lrom 1979 to 19I are pres-

ented in Vable 5. As sho%%n, runoff was last in 
contour bunds lollowed b%graded borderstrips. Hut 
tire Use of contour blinds did not result ii higher 
yield because ti ,*>,ieprohlenms. such as water stag-
nation near the buinds. 

heifollowking gncr;al conclh sions \kerc thase i. 

I.Graded border strips \%fih 02 0.41i gradient 
appear to be the rMM SuitablC laid rmnagCment 
practice for red soils,,kitll siftiCleiltdepth (iriore 
than I In). 

2. Alternaticl\. graded bunds \%filt a gradient of 
1.2 0).41 are prelcrrable \kith interterrace man-
agerrert ,%Sters. 

3. About 201' iaerae) hioss of niinsater has been 

found inevitable, but it is available for harvesting 
in the ponds. 

On-farm Research 

Soil-conservation practices have their limitations 
when implemented on farmers' fields. The size of the 
holdings, being less than 2 ha in over 80% of the 
cases, creates difficulties in the construction of con
tour and graded bunds on a watershed basis. Never
tieless, there is no alternative to constructing 
carefully planned buids and protected waterways 
for the disposal of surplus water. Fortunately, 
waterways exist between most farii boundaries. 
What is needed is an improvement of these water
ways arid developient of the land within tile 
larmers' own boundaries. Such attempts have been 

rmade by the Operational Research 'roject in the 
%illagesnearthe AICRPI)A research farniat langa
lore. Ire existing water%%a.ss bet\%een till bouidar
iesare first widened and stabili/ed by \egetation, as 
%kellas drop structures. Jhiereafter tilelaid \%ithin 
each holding is used for systema tic development. 

I%ko major difficulties are posed even with this 
approach. First, as the bunds and border strips have 
to be planned %ithin the holdings, it isofltendifficult 
to align thein on the required grade, thereby necessi
tating extra cutting and filling. Secondlyv, a farriier 
-ima\ strongly resist the digging of a waterway 
through his holding, even when such alignment is 

Iabh,5. Inniut, t' uliftrtnt land irvuainis on ruiolf :,iAHRI(I).A( t,rt,farm, i tngalore. 

Ill
tofh.d-;a id-
I uifuhl ill (ilfid tl 1111r10%\kt ll iirutfbctl-iItf
pflutut' ( illoll (lil'te holdrt (lingel ill iier rn ,.osmstCeii 

Ifilih blind,')h'undtf huuId, tip1, seed drill) (I ropicull
' Il )I 'l uI;,I11 12 1.'. 15 
I197' 1,)tnl lfll111
Ila (1111n1) 11015
 

H .111L ',M1lull10li111 (h1111) 12 51 6t99 76I0 s4s S5)
kurlill , ,I hof. lih 20 X 19.4 12.7 17.0 15.7 24.4 

19,1 Ion, I,,liI (imul) (54 
IRlliall k.111lIulur I jIIIof urlin ) .312 .. 5X 313 398 3(12 36,7
RIJa0 .1,.', oh)ll urn 14.1 7.3 12.7 6.3 11.3 14.0 

1';sl ,hI' uu[fl)ill 111I 729) 
tallirill, l l I urnI ll 0111111 .1NI 4f)L,..,! 
 432 412 487 408
 
R illmll Is, ' 1loi'i1h uai l,,l 17 1.3.5 7.4 11.9 11.2 

I
II I.1MllltI' /1111 I llI I'tll1. Ml- tIlJ\k Ic II g 1t'l CNL h l ht\ I l , \k.I
IIIJ IttI I I j! 11. flil tla lIn 

12 to itI [ 'ti d 1ii1'lh 11 I rIIl, l I I I II ldm ,11 fill ,C i
p ,l , mm . It I k, 1 I I . IrlljM0\_i I( d%. allld st ii ll- I\iIng 
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unavoidable. The only solution is to compensate 
him suitably for the loss of land. This may call for 
suitable amendment to the existing land-im
provement act. 
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Erosion ana nunoii veasurements irom neml-Arm 
Rangeland in Southwestern USA: an Overview 

Gary W. Frasier and Kenneth G. Renard' 

A bstract 

The research progran at the Souitwest Rangeland Watershed Re.search Center in Tucson, 
Arizona, USA, is aimedat obtaininginformationforassessingpresent antfluture vaterpotential. 
leveloping water-managelnenttechnique.., providing th'sign conce/ts for.fiooti and sedinent 
control, evaluating nonpoint source pollution, dev'eh itng ranigelandrevegetation techniques, 
and water-harvesting!runoif/+-faroingtechnique.s. Currentstudies ar' involved with (i)precipita
lion intensiti anaiarealdistrihution,;(2) infiltrationandchannel lossc.c; (3) hvcrologic halanceof 
sei-aridrange/antiwater.shcd.s; (4) runof iccytiraulics and.lood-wateryielircequent.v relations; 
(5) erosion antl.iclimenttran.Vort' (6 ).%urfact'c antigrountniaterqualitn; (7) vegetation manipula
tion and rangelancirevegetation; and (8)iater harvesting,ani run)f.larin,. Much of the 
researchactivit v is /Jcu.sid temdeveloping concepts atlti collccting tiata /or use in mo A'ling to 
extendi the area of potential applitahilit. of the research results. 

Introduction near Tombstone. and on the Sarta Rita Experimen
tal Range, U.S. Forest Service, south of Tucson. 

Major advances have been made in water resources Watershed studies at Safford, Arizona, as well as 
research in arid and semi-arid regions in the past few Albuquerque, Santa Rosa, and Fort Stanton, New 
decades, due in part to advances in computer tech- Mexico, are now terminated, the immediate 
nology, which permits tilehandling and analysis of research objectives having been achieved. The data 
many data. When matched with parallel develop- obtained from these studies are used to complement 
mient of sophisticated analytical models for various ongoing research. 
hydrologic processes, we arc able to explain past The major research area is the 150-ki Walnut 
events; but more we now able to Gulch watershed, an ephemeral tributary of f.heimportantly, are San 
predict more accurately the hydrologic results, Pledro river. The watershed is basically a high foot
should various land- and water-management practi- hill alluvial facn with medium- to fine-textured soils 
ces be implemented. that are gravelly or stony at the surface. [he area is 

characterized by mild temperatures, limited rainfall 
(= 300 mm a-1) and high evaporation (average pan

Research Facilities evaporation of over 2600 mm a-'). The climax vege

tation is desert plains grasslands. with 601'; of the 
The Southwest Rangeland Watershed Research watershed now supporting desert shrubs, livestock 
Center is a facility of the U.S. Depa' tment of Agri- grazing is the primary land use. 
culture, Agricultural Research Service. The main Stream-flov, is measured with supercritical t lunies 

t
office and laboratory facilities are at Tucson, Ar/- (570 is Icapacity)at I I gauging stations, three on 
ona, with active experimental watersheds in sou- the main channel, and eight on major tributaries. In 
theastern Arizona, on the Walnut Gulch Watershed addition, there are 12 subwatersheds (0.2 60 ha) 

I SoulhvAest R nglaind. Wctershed tSCdA'lh (eoter, I ut.cskoArhonI, tSA 

tIRISA I(Ihiternational('top% Rest'arch Institute Iropic 19X7 A1llsuh he e c'i-irld ocedcg ol thehr tihe Sern-Arld ) it trple,, t 
Consultant%* Woirkhop on the Site oltire Art cit cMariagenAlter [lilt Ie% lor()ptlccicclg the 'rccd tcitcc tlSAI Alicsok,and Retacwdn tn 

Scc]s. 1-3t)ccenthcr India A I' India:1983. t(RISA t ('enter. I'atancher 502 .24. t'IttSA I 
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equipped With a smaller version nluine (2.8 nils-1 
capacity) (Smith el:il.1982) and II subwatershcds 
(34 316 hila)l here runoff and sediment yield are 
measured in earthen stockponds. Sediment tr;ins-
port is measured at most of tie small fluries with 
solar batteries %kIich po%%cr tra%ersing slots or putIFp 
samplers. A nretsork of 95 24-l1 seigiing recording 
rain gauges distributed on tie watershed are used for 
monitoring and recording prcCipitationi amounts. 
Each small subatcsliercd has at least one recording 
rain gauge. 

Ott the Santa Rita Fxperiniental Range, eight 
striall Watersheds (1.1 4.0 ha) are equipped with 
stall supercritical fluries (2.8 Irus-1 capacity) arid 
sola r-pokered tra\ersing -slot sediieit sariplers. 
-aclI\aterslied has a 24-li weighing-type rain gauge 

ftIr ironitioring precipitation. 

Research Mission 

I lie prinal- nissionrr of ti c tr'eter is to study the 
h*ydrologic chatiterristics if arid arid semi-arid ran-
gelarid \%aterslit l aiid the effects of Cthallginl"land 
Uise arlndpractice-, ottf the h'drologic cycle. Enmphasis 
is otn: (I) uiderSta iiding aid ealuatirng the elfects of 
Cllllging laflld
Use. iHiULtditig ralge reittsatiOtrs tnld 
coniersiatiotn practices: aind (2) deloping tIre prin-
ciples for such a111 rIdersM;tnimttg iii order to apply 
lheresultsNitild iLdings iout researc Ilto areaslsshere 

less or no resetrrr da ir iaea\ailable. 
l)dli hon) rI c.peXr)Ciettint) ir.iS are used to 


stid , iltliteti. s ill.plain . chemiticil, aid \\iler rela-

thons fo isouthis\slclerl tti'geltilds, Irifrittitin 

obtained froti the studf\'saet 
 isIsied fordetcr-
mrililinig
preselitateff stltr-r\esourcot il.nt 
dtceloping ssciltr-ntniltil teUttrrl tlotqur, ht cornlll-
letitg \olrel is, pits idllndeigri concepts anld 
cilleria for flood arid serfdintent tltll, ealtati g 

iititlpoill des.lopitig
oUlce pollution. te-hniiqrtes 

lotr nrast-rlg atI s'nli1iiilg forIge irtductitll, arid 
de.'elopinLg \\ater -ulr.esii lllf-fartll tech-iig 
iLliCues lor etlli,,e.'ig antI iluproslng rlngelarid 

\\titer supplie 

Recent Researchi Progress 

Precipitillion intensiiy andi1(areatl distribution 
stu(lies 

Precipitation at Warlnut (lch. representifie lf 
iuch fl nhe soitl.fsernI niied liStates, is highly 

variable in annual quantities, storm amounts and 
intensities, and storm frequency. lhe annual 
amnounts iredistributed between two seasons: 
summer and winter. Flfe summer storms result from 
moisture originating in tile Mexico or from(illof 
tropical storms in the Pacific Ocean off lower Baja, 
Mexico. Ihese stornis are basically high-intensity, 
short-duration. air-mass conective thunderstorms 
of limited areal extent (see example mapped in 
Fig. I). Such intense suiier thunderstorms pro
dice most ol tIre runllrf froit tire Walnut (iulch
Watershed. Il itier storns aire froti Pacific 
Occaln torirli sStellls movin, to the aiifrom the 
riorthwestern Pacific. I hese ire characteristically of 
low intensit\, long duration,i arid large areal extent. 
There is us uall I rontrio lfineasirred fomni these win -
ter storis, huittile\ do ctribute to pro\ iding soil 
water flor plait gros llI. 

A significant lactorcotitributing to tire progress in 
understanding runoff processes ofn tire arid and 
semi-arid \katersheds of tilesomthiwestern United 
States has been the deheloptuent of it better descrip
titn of the thunderstorm processes that dominate 
tileannual precipitatiori total ard produce irost of 
the ruinolf in thre area. 

Itree eleimren s are needed lortil ualnvtic descrip
tioi of thutderstori rainfall: (1)distribution of 
rainfall esents; (2) (istributio of rainfalldepthsat a
 
point; arid (3) itanal distribution patteris (Renard
 
1977). the plissical processe that cause precipita
on ailectiplex ind iot eoiipletely understood.
 

()le siiplifying procedure for chiaracteriiing pre
cipitation is t)iuse probabilistic descriptions for pre
dieting properties of lirture precipitation events as
 
an irput iii hydrologic iottdels. lie work at the 
(_Center has two major research objectives in this 
area: I I itl)de\elop regintial mnodels of point and 
aifl distributions of rainfall (pririarily for Ariona 
aid Ne\ Mexito); and (2) to deselop iodels of 
initrastorit rainfall intensities amounts, ard 
frtquernies. 

('urrenti results are liefilhowing. (I)A stnIlhastic 
model of point precipitatin, using a Markov Chain 
1or daily occurrence (Sillithr lilnd Sehreiber 1973)and 
a nmixed exponiitial distribut init for the daily depths 
(Snitlh 1974), was fundtim o repronduce iist inea
sured precipitation sequeucesCtill hut (iulCh and
 

olther stuiherii tAritolr statioinis. (2)A conveetive 
stoirn tnidel, ildmiudilg tIre areal paittern, has been 
develtped. l)eptt-atrea curses generated by, tile 
nmodel are being used by hydroiltgists and engineers
for flood frrec. stinig. Arid (3),a siiulation program 
flr modeling titie arid space distribution of rainfuall 
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Infiltration and channel lransti:-sion lo": 
studies 

Streami channels in milost arid anrd semi-arid areais are 

usually dry. Norrmally, channel flows occur only 
fron intense rainlfall events. l)urg i runoff event, 

water infiltration into these nurrniallv dry allumial 
streambeCd S is char;lcteristicallv hi1gh,.%kthdirmatic 
effects on the rcsuling lVdrograplh. I ICC lossCs of 

surface runoff itsthe Hi rim cs thiough the chlian-

nel are referred to as transnmissirn losscs Nignilicait 
quantities of tire infiltrating \.ater nria\ . hos\c cr, 

eventually reach the regioral grriutdviter. Munch of 
the groundwater recharge in the seni-arid areas of 
the soutihestern United States results from this 
infiltration into stream beds. I lie ni.ignitude of lhi, 

groundwater recharge is controlled b\ alluvial char-

acteristics, geologv beneath and adjaceni ti re 
channel, frequency of 1o M,arid tite type or quantity 
of vegetation along tre channel which, if mesic, may 

use large quantities (fhr transpiration) of water \khen 
misture is available, 

Seven channel segments within the Walnut (iulcI 

Watershed have been isolated sir that time magnitude 
of transmission losses can be reasured. These seg-

ments have widely dilferent characteristics, and 

facilitate quantifying some oftheactorscontrolling
 
h actual
the magnitude ofs transenmi ssion losses 

magnitude of' loss is determine(] by comparing 

hydrographs atlupstreamn alnd downstream stations 

in a channel reach, for events Mihele there is little or 
no runoff from interx.cning drainage pcis (atIre

quent occurrence \kith air-niass thunderstornms). 

Figure 2 illustratecs these tralnsm~lission losses for itl 

6.4-kn reach of the Walnut Gulch for the storm of 
30 Jul 1966. Results show that the magnitude of 
transnission losses for aia flow evcnt is \ariable and 

related to (I) flow duration. (2)channel length and 
width, (3) antecedent moisture conditions, (4) peak 
discharge, (5)flow sequences. (6) volunes arid char
a retristics if the alluviurn, and (7) amount ofeclay in 
suspension in the runolfl. These studies led to the 

develolirteint of a design procedure for determining 
triansmission losses (lane 1982). 

iHydrologic balance of a semi-arid rangeland 
watershed 

I he relative magnitudes of the various components 
of the hydrologic balance OilWalnut Gulch 
watershed are shown in Figure 3. Over 80;, of the 
annual precipitation leaves the watershed as evapo
ration and transpiration. 
The various water losses from surface runoff have 

a marked effect ott the response of a watershed to a 
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Figure 2. Hydrographs at two flumes for the storm on 30 July 1966, showing channel transmission losses.
(Between flumes II and 8 there is a reach of 6.4 km.) 

precipitation event. On semi-arid watersheds, 
annual water yield significantly decreases with in-
crease in drainage area. In more humid areas, annual 
water yield per unit area may increase with drainage 

area (Fig. 4). 


Runoff hydraulics and flood-water yield 

frequency studies 


In arid and semi-arid environments, it is difficult to 

measure runoffamd sample water quality because of 
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Figure 3. Hydrologic balance at Walnut Gulch. (ET = 

recharge.) 

high runoff velocities, large but infrequent flow 
occurrences, and rapid changes in flow depths 
(Renard 1982). 

Stepwise multiple regression analysis of small plot
data showed that the average runoff for any one 
location-year increased as the precipitation quantity 
increased; it decreased as the vegetative-crownspread increased, and increased as antecedent soil 
moisture increased (Schreiber and Kincaid 1967). 
Many models use precipitation data,which are usu
ally more extensively available and of longer dura
tion than runoff records, as the primary input 
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Figure 4. Mean annualrunoffversussizeofdrainage 
area for several locations. 

variable. These models can give only estimates, the 
accuracy of which depends upon the validity of the 
input data and the degree to which the model emu-
lates the physical system. 

Runoff modeling efforts at the Southwest Range-
land Watershed Research ('enter include the instan-
taneous unit hydrograph approach, a stochastic 
approach, and a physical-based kinematic cascade 
approach (involving planes-and-channels). A doi-
ble triangle unit hydrograph approach has been 
demonstrated to be superior to the single triangle 
unit hydrograph (l)iskin and Lane 1976). The sto-
chastic model developed by l)iskin and Lane (1972) 
has been found to be a good representation of the 
conditions encountered in thunderstorm-dominated 
runoff where each runoff event begins and ends with 
zero flow. This model was incorporated in a 
sediment-transport equation to estimate sediment 
yield as a function of watershed characteristics 
(Renard and Lane 1975). 

Where the momentum equation can be approxi
mated using only terms expressing bottom slope and 
friction slope, the flow is called kinematic. if the 
watershed geometry is represented by a series of 
planes and channels in cascade, and the overland 
flow and/or open channel floware described by tie 

kinematic-wave equations, the resulting mathemati
cal model is called the "kinematic cascade model." 
Given rainfall, runoff, and topographic data for a 
small watershed, it is possible, during simulation, to 
define a kinematic cascade geometry that will pre

serve selected hydrograph characteristics (Lane and 
Woolhiser 1977). 

These surface-water models have progressed from 
modeling subunits of a watershed to combining the 
subunits into more comprehensive models of entire 

Such models have now been extended to 

include partial differential equations for sediment 
detachment and transport (Smith 1977). In the pro
cess, such models have become complex and rela
tively expensive to use (Renard 1977). 

Erosion and sediment transport studies 

Recent emphasis in the United States on water qual
as affected by soil loss/sediment yield, has 

created a need for nonpoint pollution data for con
servation planning aimed at reducing soil erosion. In 
pursuit of this ne.ed, emphasis is placed on collecting 
data for a better understanding of the processes of 
sediment detachment, transport, ard deposition. 

Suspended sediment samples are collected at runoff
measuring sites on two tributaries and lie outlet to 
Walnut Gulch. Automati sampling e4uipment is 
used on several small subwaierzhed;. Precise gully 
measurements are being made on selected small 
watersheds to determine direct and indirect gully 
contribution to watershed erosion and sediment 
transport. Data are used to calibrate a deterministic 
sediment-transport relationship. When used with a 
stochastic runoff model, tile frequency distribution 
of sediment yield has been obtained (Renard and 
l.aursen 1975, Renard and l.ane 1975). The data are 
also used for estimating the parameters of thc uni
versal soil loss equation (USLE) (Wischmeier aad 
Smith 1978). 

Major research emphasis is currently on adapting 
and providing USI.E parameter values for arid and 
semi-arid rangelands. A trailer-mounted rotating
boom rainfall simulator is being used to provide 
JSI.I parameter estimates for rangelands (Siman

ton and Renard 1982). 

Surface and groundwater quality 

Various studies are being conducted to develop 
improved procedures for evaluating the impact of 
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land-use and watershed/river-basin management on 
runoff water qurlitv. Runoff water quality samples, 
collected at selected small subwatersheds and at the 
watershed outlet, are used for determining the influ-
ence of soil type, land use, and vegetative cover on 
water quality (Schreiber and Renard 1978). Samples 
of precipitation are collected. Groundwater samples 
are collected from wells for assessing their variation 
in quality. These data are used as inputs for various 
models of nonpoint source pollution and erosion
productivity research. Some typical models are des-
cribed below. 

CREAMS (Chemical, Runoff, Erosion, and Agri-
cultural Management Systems). This describes a 
mathematical model developed to evaluate non-
point source pollution from field-sized areas. 
CREAMS consists ofthreecomponents: hydrology, 
erosion, sedimentation, and chemistry. he general 
logic of the model is that the hydrologic processes 
provide the transport medium forsediment and agri-
cultural chemicals. Thus the hydrology component 
is the major input to the other model components. 
The erosion sediment yield component provides 
estimates of sediment yield and silt, clay, organic 
matter enrichment to be used in the chemical trans
port cohiponents where absorbed chemi:cils are 
involved (Knisel 1980). 

SWAM (Small Watershed Model). SWAM is 
intended for use on watersheds composed of a 
number of field-siued areas. Ihis model incorporates 
features that faciliiate transition from field-siued 
areas to watersheds of larger size, %kherespatial rain-
fall variability as %kellas variations in topography, 
soils, crops, etc., affect the results. A major feature 
of the model is to route the outputs fromn CR :.AM S-
derived elements to points downstream. [his model, 
which is still being developed, will use a fully 
dynamic version of CREAMS. 

EPIC (Erosion-Productivity Impact Calculator). 
Iis consists of physically-based components for 
simulating erosion, plant growth and related pro-
ces.es, and economic compolents for assessing the 
cost of erosion and determining optimal manage-
ment strategies. Comilonly-used EPIC input data 
(weather, crop, tillage, and soil parameters) are 
available from a computer-filing system assembled 
especially for applying I-PIC throughout the USA. 
EPIC is generally applicable, comiputationally effi-
cient (operates on a daily time step), and capable of 
computing the effects of management changes in 

outputs. The components of EPIC can be grouped 
into major categories that include hydrology, 
weather, erosion, nutrients, plant growth, soil 
temperature, tillage, and economics. The many 
potential uses of this model include its application in 
(a) national-level program planning and evaluation, 
(b) project-level planning and design, (c) field-level 
Itudies to aid technical assistance, and (d) as a 
research tool (Williams et al. 1983). 

SPUR (Simulation of Production and Utilization of 
Rangelands). SPUR is a rangeland simulation 
model based on physical processes developed to aid 
resource managers and researchers. It can be applied 
to a wide range of conditions with a minimum of 
"tuning" or "fitting." As a management tool, it pro
vides a basis for management decisions by predicting 
herbage yields, livestock production, runoff, and 
erosion. SPUR has five basic components: (I) cli
remfte, (2) hydrology, (3) plant, (4) animal (domestic 
and wildlife), and (5) economic (Wight 1983). 

Vegetation manipulation and rangeland 
revegetation 

Studies are being conducted to determine the influ
ence of range renovation and grass seeding on 
runoff, erosion, cattle-grazing potential, and the 
hydrologic consequences of different range 
improvement practices. Typical results from two 
studies are presented in '[able 1. Ripping reduced 
runoff for up to 5years after treatment, but had little 
effect on reducing the density of the existing brush 
vegetation cover. Root-plowing and reseeding did 
not reduce runoff until 4 years after treatment, but 
was effective in converting the vegetation from 
brush to grass (Kincaid and Williams 1966, Siman
ton et al. 1978, and Tromble 1976). 

Water harvesting and runoff farming 

Water-harvesting techniques can be divided into live 
basic approaches: (I) vegetation management, (2) 
natural impervious surfaces, (3) land alternation, (4) 
chemical treatment of the soil, and (5)covering the 
ground with a membrane. The methods vary widely 
in terms of cost, performance, and durability (Fras
ier and Myers 1983). The major objectives of 
research on water harvesting are as follows. 
I. 	 Io determine the feasibility of using water

harvesting methods for augmenting and conserv
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mechanical brush-control treat-

ments on runoff and sediment yield from asemi-arid range-
Table 1. Effects of two 

land watershed. 

Average 
summer Average 
precipi- summer Sediment 

Perind 

Ripped 

Pretreatment 

(1955-64) 


Posttreatment 

(1965-76) 


Posttreatment 

(1965-69, 

Posttreatment 

(1970-76) 


Root-plowed, reseeded 

Pretreatment (brush 
vegetation) (1966-71)) 

Transition 
(1971-73) 

Posttreatment (grass 
vegetation) (1974-76) 

I. nm z not measured. 

tation runoff yield 
(m) (mm) (tha-' a-') 

205 18 nml
 

185 4.7 nm 


191 0.5 nm 


180 7.8 nm 


240 23 3.7 

237 34 2.6 

174 3 0.3 

ing 	water supplies to increase rangeland forage 

production. 
2. 	 To develop and evaluate catchment treatments 

and water-storage facilities for use on water-

harvesting systems in remote areas. 

3. 	 To develop criteria relatingto waterproofingeffi-

ciency and the durability ofwater-repellent treat-

systems for domestic supplies
Water-harvesting 

can employ many of the techniques used for harvest-

ing water for livestock. These techniques are also 

adaptable to runoff-farming applications by increas-

ing precipitation and concentrating runoff on adja

cent strips of cropped land (Schreiber and Frasier 

1978). At present, the cost of water-harvesting treal-

ments developed for livestock is probably too high 

for many runoff-farming applications. 

the quality of water collected by
Information on 

water-harvesting systems is limited. With a few 

exceptions, precipitation is almost pure water; and 

contaminants contained are insufficient to harm 

animals and humans (Ftasier 1983). Water-

harvesting systems could be designed to furnish 

drinking water for both human beings and animals 

plus water for runoff-farming applications. 
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Conventional Cropping Systems for Alfisols and Some
 
Implications for Agroforestry Systems
 

R.W. Willey, M.S. Reddy, and M. Natarajan' 

Abstract 

IC RISA T's work on con ventionalannual croppingsy.i'em.n f A/sol. is summarized, and their 

itnplication. .lor agrofortry si.h'eni. exanined. Tie importane of intercroppinj!systemn is 
emfphasized a. a meanv o"in'rea'in cropping inten.%it r above that if/a .oh/' crop. , )aiafrtn 
Sorghtiniliqeonpea an(Intile't /rcruii..tii r n .' are pre.etedto ithi.utrate ite 

Co(tept.A tf "t'inporail" and "yntial"coml/ettuntarifii'hlitten crtpq.. It is rea.ttied that ot/h 

these contcept are equal/raliiilitahhA'in agrolore.tri. l. o(AAttrf,/iurni grotul%iii LEiJ'rilne. 
nut artr preitittd to i/ltt ate I/u' ihiii/siltt. o lgreater r '.!di Av advatiilagt'A ol i/if rtnropping 

A.i'is e/ns unter oit/til. lirest . But f/u' da/ui'e' ti/flt reaA inl U isto/p/t i/n//al iwisA'toidltlin AIre.sr t 

under ust/i ci ittos (t..., hI admi ut tree A' te'A) at alt ht17h/ht/. /t' htiitafioll oil 

l t i tiiO ',uime ttlhirii/it ant dit a ianitro n it Ai/Itri/il from iia/ il'rai/tl't n il (is in is.w d, I i.% 

sut,f,t~' /td 1 n ih /i l .mth r mut/i greater t t/tri/tilt /i 'tui t .ninou inl f/Tert opt, /i ttin ifree 

ai,rohlireAt Ii I ittim. Iiit p ifti/iftes ofin ro'ed ltisease iomri , an1d ofgreater tield 

Atai/ilit inime' rto/ptint f'stei.are tle.mrtwd, antd a.gain the fin/it atio/i ftir agri irestr 

AIA ft/hA i/ri' i olihfttrt'/. 

Introduction the soil for improvement of nutritional or physical 
properties. 

Drawing largely on I' RISAI's work, this paper ICRISAT has not made anv studies, to date, on 
discu',ses cropping systems of conventional annual agrolorestry systems. Hence, this paper does not 
crops. Ihe wider :iin tf the paper, however, is to directly focus on them. WVhat is attempted here is an 
consider the implications for alternative land-use analysis of some aspects of conventional systems to 
syst ems, i.e., systems incorporating perennial shrub examine how far the basic concepts can be extended 
or tree species. Current interest in these agrotorestry to agrtf'orestry systems. Ihe paperalso tries to high
systems stems mainly frot the fact that they place light those areas in which agroforestry systems may 
greater emphasis on the productiin of fuel and have most to offer. 
fodder-products that are becoming increasingly 
scarce in the deseloping world, hut seldom seriously 
considered In the development of improved consen- Sole-crop or Intercropping Systems 
tional systems. A further feature potentiaily very 
important Io Allistils is that these agrof'orestry With any cropping system a major objective should 
systems cali prtt fie large anitiints of crop material be to provide a continuum otf efficient crop growth 
that can he used fur varitius soil amelioration pur- for as long a cropping period as possible. On the 
poses, its a mulch, for instance, or incorporated into SAT Alfisols. the potential cropping period isdeter

u 
a, mi nl~g s% sic Ins R tIt l Iit rI,lr III f c ' cc l.1 llenill[ Pr~op am 1. R ISA, I, Pd,ila t, t t 1 5112 124, 1ndlil.lo 

A ld Ipt, ,7 t ,IlS 01C rlll-alt I rll roceedings tit the 
( 4,11,11tUll s, %,kol ll ,q lo Ifi t S 1.'i I' lll lict Wso , 

I( R ISA I (Irit t.lh 1"11,1h1 ( lop, Rct",ah 11 11111111JC h1r11 ' 12:NC[711~-. I[ 1PI% 9Skh A I III t¢c 
l ',I I ht.0 \l nd NilJ lahgellicinl A t-t.s ImI ( )1,111lll/ifir PT~ tlltl% SA I AlisoI", and Related 

olk, i- S Iiii 19 , 1( tI ntit. In c, M,tditalach 502 I ii. ndia t t)tttg t- ctr i'g ri 124. ( RHIS i,A I. 
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mined largely by moisture supply. The objective ofa 
cropping system is, therefore, to start crop growth as 
early as feasible at the beginning of the rains and to 
continue itfor as long after the rains as the limited 
soil moisture storage will allow. With conventional 
annuai crops, this potential cropping period for 
most SAT Alfisols is about 120 150 days. 

Traditional crops are usually well adapted to this 
cropping period, flowering towards the end of the 
rainy season and maturing on the stored soil tilos-
ture. But in agricultural terms, growth is not neces
sarily efficient: the traditional cereal genotypes of 
this growing period produce large amounts of veget-
ative material but little grain. Such slower-growing 
crops as pigeonpea and castor which make very 
efficient use of residual moisture make \cry inefh/-
cient use of resources in the carly part of the season. 
Sone of those inefficiencies have been reduced, and 
yields increased with nirprosed early-maturig gen-
otypes. In theory, these early genotypes also pro%ide 
scope for further cropping, hut, with fhie ]inted 
grossing period cn Alfisols, this becomes dificult, 
Sequential s.* of full are,stems ts,\o crops seldom 
possible unless itleast one ot them is a short-season 
catch crop and, thus, ol hosv-veld potential. At 
ICRISA I. it has been possible to gros itcatch crop 
of the hardy horse graim after an early pearl millet, or 
a ,cry early niung bean beh,re a castor crop. But in 
both these systems fle additional returns, compared 
with that from the single crop, have been small 
(Table I). Relay cropping, i.e., sowving of the second 
crop 2 3 weeks before harsest of the first one, may 
improve the probability of producing two crops. At 
ICRISA I both tine previous examples of sequential 
systeris ",ere gros n as relay systems as well (Table 
1).However, relay systems can present considerable 
practical difficulties interms of sowing the second 
crop in the standing first crop, and in hiarsesting the 
first crop while seedlings of the second crop are 
present. With some crops it is possible to harvest a 
shorter season ratoon crop after the main crop. One 
such crop sorghun hoever produrced very poor 
and erratic ratori yields on Alfisols at ICRISAI 
(fable I), but pigeonpea may hold out better 
possibilities 

lo sunirnari/c the difficulties witm sole-crop s s-
terns for Allisols, there may often be more thanl 
enough nmisture to produce one crop but not 
enough to produce two. In this situation, intercrop-
ping systerns can often provide the icans of at least 
increasing the cropping intensity over that of asingle 
crop. Three typica I Allisol intercropping 
comb inat ions sorghurn pigeonpea, millet/ 

groundnut, and pigeonpca/groundnut -- averaged 
over 3 years, produced higher returns compared to 
sole-crop systems (Table 1).The mechanisms where
by these intercrops are able to achieve higher yields 
have considerable implications for agroforestry sys
terns. A brief discttssion on these mechanisms 
follows. 

Intercropping Systems 

Figure la shows the mean dry-matter accumulation 
and yields produced during a 2-year experiment at 
ICRISA I on sorghum, pigeonpea. The sorghum 
was an improved early hybrid ofabout 90 days, and 
the pigeonpea an improved genotype maturing in 
about 170 days on Alfisols. Fertilizer application 
was at a reasonably high level. Sorghum is usually 
regarded is tie main crop in this system. The plant
ing pattern Aas 2 rows sorghum to I row pigeonpea. 
Thelipopulation of each crop was equivalent to its 
lull sole-crop optimum. Growth and yield of the 
intercrop sorghum was atlittle less than that of sole 
sorghum, anrd the final grain yield averaged was 83% 
that ol the sole crop. The slow growth of tie pigeon
pea in the early stages was further suppressed by the 
sorghum in the intercrop, but, at final harvest, it was 
still able to produce quite a large amount of dry 
matter 62(:i of the sole-crop dry matter. Moreover, 
because the early sorghum competition only reduced 
tile
vegetative growth, the harvest index of the inter
crop pigeonpea was higher (30. 1%) than that of the 
sole crop (25.9(7). The net result was that the grain 
yield of intercrop pigeonpea was 72% of the sole
crop yield. Taking sorghum as the main crop, there
fore, a sacrifice of 17% in yield of this crop allowed 
an additional 72 '; in pigeonpea yield. (The 5-year 
average for this combination over several agronomic 
experinients has been an 89% sorghum yield and a 
591' pigeonpea yield.) 

The use of resources in this combination is illus
trated by the light interception pattern shown in Fig. 
lb. Again, compared with sole sorghum, light inter
ception in the intercrop's early stages was only 
slightly reduced by the presence of pigeonpea rows; 
and, after sorghum was harvested, the intercrop 
pigeonpea ensured the interception of more light at 
the end of flie season. lotal dry-matter accumula
tion in the in' -rcrop was directly [rroportional to the 
total aniount of light energy intercepted. Therefore, 
the greater yield of the intercropping system could 
be wholly attributed to its interception of more light. 
Vertisol experinnents with this combination have 
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Table 1. Cropping systems on Alfisols at ICRISAT Center (means of 1978. 1979. and 1980).
 

(rain %ield(kg ha 1) Net monetary returns' (Rs ha-')
 

Cropping s.stems 197s 19-9 9IN0 Mean 1978 1979 1980 Mean 

Sole castor 1462 1144 103, 1215 2039 2814 2305 2386 

Sole groundnut 1236 1173 11(IS 1192 1133 2211 3659 2334 

Sole sorghum 2516 2241 2 26 252> 1402 1406 3628 2145 

Sole pearl millet 1940 2091) '- 971 1158 1915 1781 1618 

Sole pigeonpea - 1221 0113 1117 - 2745 2578 2662 

Sorghum pigeonpea intercrop (2:1) 2169 417 610 S31 2391 634 20(S) 627 1873 2855 4648 3125 

Millet groundnut intercrop (1:3) 849 869 1163 8SS! 1292 '4' 106S 832 1293 2681 3610 2528 

PIgeonpea groundnut intercrop (1:4) 844 84 769 926 S0(7 84 - 3366 4826 4096 

Mung bean - rela. castor 634-885 603--37 57'292 602638 2075 3393 2026 2498 

Mung bean - sequential castor 593*672 569-613 - 5X1 -643 1766 2928 - 2347 

Millet rela% horse cram 1866-594 2099-536 - 1983 565 1412 2181 - 1797 

Millet sequential horse gram 1940-616 - 1875-376 1908o496 1583 - 2166 1875 

Sorghum - ratoon sorghum 2516-505 2826,237 2671-371 1511 - 3689 2600 

LSID (005) 304 399 430 

SE (mean) 103 135 146 

CV (Ii) 11.39 9.04 7.95
 

Ihce aregrm-s return, less the co-t ol seed,. fertilihers. and pesticides. 're, ading mia kct p.acs R, 100 kL I month attcr the harvest tIthe rcspcctise crop' used ior calculating gross returns for 
197?-79. 1979-Sla nd IsO- I serc rcspcctiel%: castor 170. 1N5.and 265. grondnut 1501.25-0. and 375, sorghuni So. 9), and 150 imillet SO.110, and I 1 h pigeonpea 230. 260. and 297: mung bean 
200. 330. anu 342. horecgr-am IX. 112. and 177. 
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Figure I. l)rv-niaIter accumulation (a)and light-interception ())patterns with sorghum and pigeonpea in sole
and intercrop s)stcii, on Alfisols at I(RISAT ('enter (means of 1979 and 1981). 

indicated simi ar eflects for water use and nutrient component that ensures use of later resources. This 
uptake (Natarajan and \Villey 1981). 
 complementarity has considerable implication for

In simple term., therelore, this combination dis- agroforestry systems because it emphasizes that, if
pla's the clasic "teniporal" coniplementarity the growing period can he extended still further,
between an early, last-growing component that with deeper-rooting trees able to tap more moisture,
ensures use of early resources, and a later-maturing there is scope for further increasing overall produc
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b. Grnundnut 
a. Pearl millet 


Sole crop (2.46)
 
Actual intercrop
 
"Expected" intercrop
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Figure' 2. ir -natter acitmulittior coiipared vith sole crop%in a 1:3-roik combination of pearl millet and 

Irouninlit at l(UISA1, (enter (means of 19'7M. 1979, aind 1980). Seed/pod . ields (t (ia-1) are given in 

pi reri Iises. 

tivir tils simple concept o'f greater layston that gis grea ter p od wilit%sitriply by til

rcOllce d tile to tenlporal dificretices hcts\¢¢II iiig inote rcOtiCes, tills millet grotitrdrinit showed 

crops gis¢s no insight into the possible interactions es idencce of greater eliciency of* resollrce Use. This 

that caln occur at tle if the season ihen t\o oi V.s especial]\ s) tol light: each unit of intercepted 

Imlole comIpi)It iIts ale silltiltal'otusl *akillnallg acti\¢ light produced 26b* imore dIV matter than expected 

demands otil resoilcs. Resits millththe ilmllet fro isolc-crop effiiencies. I here \%as also SOIle 

groiindntiit ctmbiiationrl illustiatt soei of these pos- c\ Iuncc if lnpro\ed \ati-tusc efficiency, partly 

sihle effects. because of reduce'd eupuratittn losses and partly 

figure 2 shoi tile dryl-lilattlr accutulation and bcats¢ 10le dr\ llet \\t" produced per unit of 

yields. a¢ieaged o\¢e 3 years, ofia 1:3-iowk cornbtt ia- \\tl tlallspil'd (Vorasoot 1982). Nutrient use, 

tio llif millet alld grotundnutt in \ lich the total pop[]- llo\\s\r. X\a, similar to solglitilli pigeoltpei il that 

latin \t ,ie ¢tluiUilent It)a full ole-crop popultion. tih- highct ield frot initercropping \%as associated 

I lie grotuntnut suffered somle competition duirtig \\ith i coliniestuiately"vhigher uptake of nutrients. 

the peak growth period of the millet. but the linal Insolfr as these millet grotundinlit results cal he 

yield per plant as \cry similar to that ill sole crop- extrapolatedlto othericrops, theyv provide some 
Illpoltillt ptiintcs lot agrofolrestry SystClIS. Ihey'ping. Ihftis. yield per utnit aai \its, closer to t!ole 

"expected" 75"1 sole-crop yicld (l'ig, 21). In C0ti- clcarl\ shmos that a combination ofu different crop 

trast. ield per plant of the highl cottnpetjti\e millet catlopue, Jm. pro\ ide gleater efficiency' of light use. 

more than doubled in uttercropping. Hfence, yield It is possible, of couse, that Ile greater efficicncy in 

pet unit area was well abo\ the "expected" 25('i millet lritndmntl is dle ito the ctmnbination of a C4 

sole-crop yield (Fig. 2a). [ he oserall yild dattage and (3 species, ill \\hI case there might be no 

of intercroppung likas 351 for total dry matter, and luililr itpio\m¢nient hy adding a trce species. Biut it 

25(.; for grain. (I lie aserag • grain yield advailtage isalso possible that file inmproved eficieinc is sitmply 

for this coibination, as revealed by seelal agro- (1C 10 hCitter isipersioni of tie %htolc caillopy, in 

nolnlic experiietits over a 5-year perioid, was 31";). %klch cast- ati addiotional, tallet species might conler 

Unlike the temporal sorghuin pigeonpea conbi- addititual betnelits: indfed thtc is i general belief 
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that more efficient use of light is one of the advan-
tages of "multistorey" systems involving tree species 
(Nelliat et al. 1974). 

There are similar implications for the water 
resource, although the millet/groundnut results sug-
gest that, while there is some improvement in effi-
ciency of water use, at the same time there may be 
greater demand for water in the soil profile. But 
whether this will necessarily result in increased stress 
on the crop components will depend on tile extent to 
which one component may be able to utilize some 
water resource not available to another component. 
Clearly, where an additional tree species is able to 
utilize deeper profile water not accessible to conven-
tional crops, a greater total water demand does not 
necessarily result in commensurately greater water 
stress. To some extent the same reasoning can be 
applied to the exploration of deeper nutrients by tree 
species; indeed, where some of the tree material is 
returned to the soil, its mulch or green manure, for 
instance, this cai, provide a beneficial recycling of 

a. Sole-crop yields 

2< 

4

10- . elative intercr'op yields 
0 

2.00 c. Land equivalent ratio (LER)
 

-. 001 
)390
 

some nutrients for shallower-rooting crops. But, 
where the greater productivity of intercropping or 
agroforestry systems results in greater removal of 
nutrients, it seems inevitable that, sooner or later, 
this greater productivity will only be maintainable 
by higher fertilizer inputs. 

These possibilities of greater demands for water 
and nutrients raise the question of how intercrop
ping systems are likely to perform when water or 
nutrient supply is severely limited--conditions 
which commonly occur on tile SAT Alfisols. The 
effects of moisture stress have been studied at ICRI-
SAT over 3 summer seasons byvarranging treat
ments at different distances from a "line source" of 
closely-spaced irrigation sprinklers. This technique 
allows a very wide range of moisture situations to be 
studied on a very small area. Results with a 1:2-row 
combination of sorghum ind groundnut are shown 
in Figure 3. Under well-watered conditions yields 
were very high, but with increasing moisture stress 
they decreased to a level typical of many f:irms in the 

Sorgum Groundnut 

iJ
 
W'ater appliled (m)3028 

Figure 3. Effects of different moisture regimes on the yield advantages of a 1:2-row sorghum/groundnut
intercrop at i(CRISAT Center (means af 3 dry seasons: 1980, 1981, au! 1982). 
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dry tropics. But for each crop the relative intercrop 
yield increased with increasing stress (Fig. 3b), and 
the overall relative advantage of intercropping thus 
also increased (Fig. 3c); where stress was greatest, 
the advantage was a sizeable 109%. 

These results suggest that, under drought stress, 
even though yield levels are low the relative advan-
tages of intercropping are even greater than when 
the moisture supply is good. However, it should be 
clear that the systems examined in these ICRISAT 
experiments were "replacement" systems where the 
total population of intercrops or sole crops was 
constant, so that each intercrop component was at a 
lower population than its sole crop. In such systems, 
the intercropping advantages can be conveniently 
explained in terms of complementary iesource use, 
where each crop experiences less competition when 
growing in- combination with the other crop than 
when growing alonrias a sole crop. 11owkeser, this 
reasoning is not so acceptable lr"additive" systems 
(as agroforestry s\stens arc likely to be), where 
additioial crop coMponerts result in greater total 
populations and thus. probably, increased ,'orpeti-
tion for water. Clearl\, :norc research isneccssar. to 
determine how tar the .','' obtained at ICRISAI 
with a sorgliuim groundnut combination will apply 
to other systems, 

Turning now to nutrient resources, there is similar 
evidence to show that the relative advantages of 
intercropping increase with increasing stress, 
although thIe effects reported I1I ICR ISARRI 1975, 
1981, and Vorasoot 1982) %%ere less marked than 
those described for drought stress. Ihese results 
again suggest that intercropping systems may be 

particularly benelicial uitnder conditions typical of 
SAI Alfisols, where inherent lirtilits and tertilier 
applications are so often Iow%.It is worth eiliphasi,-
ing, however, that this greater relative irnportaice ot 
intercropping under stress conditions shouil not be 
taken to mean that intercropping has no role to play 
at higher lecls ofnutrient and or w\ater availability. 
It has been pointed Out elsewhere (Willey 1979)that, 
because of higher yields, absolute advantages of 
intercropping are olten iore under better 
conditions. 

Legume Benefits 

legumes are common components of intercropping 
systems and it has often been ,ssumed that they 

provide some nitrogen benefit. But showing benefits 

in the field has proved notoriously difficult, not least 

because nitrogen effects have so often been con
founded by other intercropping effects. Neverthe
less, there have been instances where a legume 
appears to have provided either a current benefit to a 
nonlegume growing in association (CIAT 1974, 
IARI 1976, Wein and Nangju 1976, and Eaglesham 
etal. 1981), ora residual benefit to a subsequent crop 
(Agboola and Fayemi 1972, S-arle et al. 1981, and 
Yadav 1981). 

Experiments at ICRISATwith maize/groundnut, 
sorghum1 cowpea, and sorghun:pigeonpea inter
crops have been undertaken to attempt to quantify 
'hese effects. In general there has been littleevidence 
.o show that there is much transfer of N to nonle
gume crops actually growing with the legumes. In 
tact, under low levels of N, when growth of the 
nonlegumes is poor, the addition of legumes to tie 
system has often resulted ina decrease in the nonle
gunie yield. But there is evidence of residual benefits 
on subsequent crops, especially after interLropped 
groundnut when the benefits were hound to be equi
valent to 15 20 kg ha- of' applied N. 

Some useful general findings have emerged from 
these experiments. The firstis that the nitrogen con
tribution from many intercropped legumes in con
veritional intercropping cori binations is necessarily 
very limited because the legumes are only partial 
crops in the s>stem. Moreover, being usually grain 
legumes, much of the fixed N is removed in the seed. 
It is in this context that agroforestry systems may 
have much to otler: the incorporation of legurne tree 
species may enable much larger qualities ofmaterial 
to be returned to the soil. Another finding of' the 
I('RISAI experiments is that fixation rates may be 
reduced by shading, e'cii when normal dry-matter 
gro\%th is unatfected (Nambiar ctal. 1983). This is 
unlikely to be important for the tree species them
setes, except ilithe very early stages of establish
rient, but shading frorn tie tree speciescould reduce 
tire legume contribution from conventional crops in 
the system. 

Pests and Diseases 

At present there is considerable interest in the possi
bility that judicious manipulation of cropping sys
tems may improve control over pests or diseases. In 

the developing areas of the world, in particular, 
there is obviously considerable merit in any control 
measure that does riot have to depend on chemicals, 
which can be both costly and difficult to put into 
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practice. Again, it is intercropping systems that seem 80
to have the most to offer.
 

The commonest effect seems to be where one con-
 60- Sole pigeonpea 
ponent crop in the intercropping system acts as a . 
buffer or barrier against the spread of a pest or 
disease of another component crop. Some standard 740
examples are the use of cereal intercrops to reduce 
 , . Sole
 
insect attack on cowpeas and the insect-borne sorghum
 
rosette disease of groundnut in Africa and bud - . ' <ceo
 
necrosis disease of groundnut in India. It seems _ 
. - o,.,
likely that intervening rows of tree species could 0 I I ]


have similar, 
or even greater effects; thus agrofor- 250 1000 1750 2500 3250 
estry systems could potentially be very important in Required level of return (Rs ha-)
this respect. More complex interaction can also 
occur; research at ICRISAT, for example, suggests Figure 4. The probability of sole sorghum, sole 
that a sorghum intercrop reduces the soil-borne pigeonpea, or a sorghum/pigeonpea intercrop fail
pigeonpea wilt disease by a more active interaction ing to provide a given level of net monetary return 
than a simple barrier effect, perhaps a root exudate. (adapted from 'tao and Willey 1080). 
Obviously such interactions could also occur in 
agroforestry systems but, as in intercropping, they 
are likely to be specific to gisen crop combinations from another component crop if one crop fails or 
that will have to be identified. (In thecaseof pigeon- grows poorly. A survey of a large number of sorgh
pea wilt, for example, mai/e did not produc, the urn pigeonpca experiments (Rao and Wilcy 1980) 
same effect.) A further factor that should not be confirmed that, in terms of total monetary returns,
forgotten is that aderse as sellas beneficial interac- intercropping "failed" (i.e., produced returns lower 
tions can occur. The sorghun pigconpca intercrop than the required level) much less often than com
serves as an example again (11hatnagar and l)avies parable sole-crop systems (Fig. 4).
1981). In this combination lh'lith. sp is a serious Not forgetting that adverse pest and disease situa
insect pest of both crops. It first builds up as a tions may occur, or that systems with higher total 
headworm on sorghum but is partially kept under populations might worsen environmental stresses, it 
control by some hymenopteran egg parasites. After seems likely that the greater diversity of crops in
the sorghum is harvested, the Ihlioilti. sp transfers agroforestry systems could offereven greater overall 
to the pigeonpea as a pod borer, hut the hymenopte- stability. It is not difficult to imagine, forexample, a 
ran parasites do not. The natural parasites on situation where the conventional crop components
pigeonpea are mainly dipteran larval parasites that might fail because of drought but the tree compo
are less effective. The net effect of this build-up of the nent would still produce something. This suggests a 
pest on sorghum and lack of transfer of effective rather wider concept of stability, however, because 
parasites is that pigeonpea can suffer greater pod- any compensatory production from the tree species
borer damage as an intercop than as a sole crop. (e.g., fodder or fuel) is often likely to be very differ-
Agroforestry systems will usually be even more com- ent from the products that have been lost (e.g., basic
 
plex ecologically than systems with conventional 
 food crops). This might not matter where marketing 
crops arid, clearly, similar adverse interactions are is well developed and all products are saleab!. (and,
possible. thus, in theory interchangeable), but this particular
 

kind of compensation may be viewed less advantage-

Yield Stability ously in subsistence situations.
 

Another advantage claimed for intercropping sys
tems is that they can provide greater yield stability. References 
The suggested mechanisms for this are better control 
over pests and diseases, greater relative yield advan- Agboola, A.A., and Fayemi, A.A. 1972. Fixation and 
tages under stress conditions (which act asi a buffer in excretion of nitrogen by tropical legumes. AgronomyJnur
bad years), and the compensation that is possible nal 64:409-412. 

162
 



Bhatnagar, V.S.,and Davles, J.C. 1981. Pest management 

in intercrop subsistence farming. Pages 249-257 in Pro-

ceedings of the International Workshup on Intercropping, 

10-13 Jan 1979, ICRISAT, Hyderabad, India. Patanchkru, 
A.P. 502 324, India: International Crops Research Insti-
tute for the Semi-Arid Tropics. 

CIAT (Centro Internacional de Agricultura Trolical). 

1974. Multiple cropping. Pages 147-149 in Annual report 

for 1974. Cali, Colombia: CIAT. 

Eaglesham, A.R.J., Ayanaba, A., Ranga Rao, V., and 

Eskew, D.L. 1981. Improving the nitrogen nutrition of 

maize by intercropping with cowpea. Soil Biology and 

Biochemistry 13:169-171. 

IARI (Indian Agricultural Research Institute). 1976. 

Beneficial effects from the introduction of legumes in crop 

rotations and intercropping systems. Reporter I (1): 1. 

ICRISAT (International Crops Research Institute for the 

Semi-Arid Tropics). 1981. Soil fertility and chemistry. 

Pages 178-185 in Annual report 1979/80. Patancheru, A.P. 

502 324, India: ICRISAT. 

IRRI (International Rice Research Institute). 1975. Crop

ping Systems Program report for 1975. l.os Banos, Lag

una, Philippines: IRRI. 

Namblar, P.T.C., Rao, M.R., Reddy, M.S., Floyd, C.N., 

Dart, P.J.,and Willey, R.W. 1983. Effect ofintercropping 

on nodulation and N, fixation by groundnut. Experimen

tal Agriculture 19:79-86. 

Nalarajan, M., and Willey, R.W. 1981. Sorghum

pigeonpea intercropping and the effects of plant popula

tion density. 2. Resource use. Journal of Agricultural 

Science (UK) 95:59-65. 

Nelllat, E.V., Bavappa, K.V., and Nair, P.K.R. 1974. 

Multi-storeyed cropping: a new dimension in multiple 

cropping for coconut plantations. World Crops 26:262

266. 

Rao, M.R., and Willey, R.W. 1980. Evaluation of yield 

stability in intercropping: studies on sorghumipigeonpea. 

Experimental Agriculture 16:105-116. 

Searle, P.G.E., Yuthapong Comudom, Shedoon, D.C., 

and Nance, R.A. 1981. Effect of maize,.nd legume inter

cropping systems and fertiliser nitrogen on crop yields and 

residual nitrogen. Field Crops Research 4:133-145. 

Vorasoot, N. 1982. A biological study of the benefits of 

intercropping in England and India. Ph.D. thesis, Univer

sity of R-ading, Reading, UK. 

Wien. H.C., and Nnngju, D. 1976. The cowpea as an inter

crop under cereals. Page 32 in Intercropping in semi-arid 

areas: report of a symposium, 10-12 May 1976, Morogoro, 

Tanzania (Monyo, J.H., Ker, A.D.R., and Campbell, M., 

eds.). Ottawa, Canada: International Development 

Research Centre. 

Willey, R.W. 1979. Intercropping-its importance and 

research needs. I. Agronomy and research approaches. 

Field Crop Abstracts 32(2):73-85. 

Yadav, R.L. 1981. Intercropping pigeonpea to conserve 
fertiliser nitrogen in maize and produce residual effects on 
sugarcane. Experimental Agriculture 17:311-315. 

163 

http:maize,.nd


Cropping Systems and Agroforestry in Alfisols and
 
Related Soils in Dryland Areas of Karnataka
 

S.V. Patil t 

A bstract 

Alfisols and related soils occur extensively in southern dryland regions of Karnataka. Finger 
millet (Eleusine coiacana) is the main crop in the area. Frequent dry sellsmake good crop j,ields 
uncertain. With proper soil and water management and fertilizer applicarion, .rields can be 
improved. Cowpea or other crops ('grown for .ldder),followed sequentially hf'/hnger millet, 
enables farmers to get a higher income. Establishnnt ofmulberryfor rearing silkworms, and 
casuarina and eucal iptus for wood, gives.farmers a more assured incone than the cultivation of 
annual crops year afteryear. Alternative cropq ngsvstems such as agroforestr,. agrohorticulture, 
and agro-silvi-horticulture ma." provide greater security o incomne. In these s"stemns, one tofour 
rows of perennial plant species are planted in strips with an interstrip space of 15-30 m, and 
annualcrops are grown between thestrips. Growing bambooas a crop imi lotw-I.'ing areas mat'also 
provide more secured incomes. 

Introduction 

In Karnataka, about 60% of the geographical area is 
covered by Alfisols and related soils(Fig. 1). Karnat-
aka is divided into 10 agroclinmtic zones of which 6 
are dry-farming zones. Alfisols and related soils 
occur in all the 6 zones. Moisture is the main factor 
limiting crop production in these areas under rainfed 
conditions. 

Soil Characteristics 

Alfisols and related soils that occur in the southern 
zones of Karnataka are characterized by low clay 
content (mostly kaolinitic) and nutrient-retention 
capacity. They contain low levels of decomposed 
organic matter, and there is accumulation of clay in 
their lower horizons. The soils are derived mostly 
from granite gneiss. The depth of these soils varies 
with the topographic sequence. Their maximum 

water-holding capacity is about 30-40%; the field 
capacity isabout 14-18%; and the permanent wilting 
point ranges between 7and 13%. The soils ae acidic, 
with a pHi of about 5.5-6.5, and they have a high 
infiltration rate of 4-6 cm h-1. The cation-exchange 
capacity isabout 3-S meq 100 g-. The soils are very 
low in nitrogen and available phosphorus 
(AICRPDA 1981a, AICRPDA 1981b, and Murali 
1982). 

The soils set hard when they dry. Thus only ashort 
time is available for soil preparation and interculti
vation after raiufall. Proper crop establishment is a 
problem because of poor germination and the high 
mortality of seedlings. Crop growth is affected by 
dry spells. The soils pose a problem in terms of 
timely control of weeds by mechanical methods. In 
undulating drylands topography, continuous neg
lect has led to erosion of the topsoil, and gulley 
formation is common. Crop yields are, therefore. 
very low in these areas. 

I. University of Agricultural Sciences, langalore, India. 

ICRISAT (International Crops Research Institute for the Semi-Arid " ropics). 1987. Alfisols in the semi-arid tropics. Proceedings of the 
Consultants' Workshop on the State of the Art and Management Alternatives for Optimi/ing the Productivity of SAT Alfisols and Related 
Soils, 1-3December 1983. ICRISA I Center, India. Patancheru. A.P. 502 324, India: ICRISA1. 
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Figure I. Soils of Karnataka (Perur et a!. 1973). 
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Climatic Conditions in Table 2.Fhe frequency of dry spells of 14 and 21 
days at different locations is shown (Table 3) in 

The annual rainfall ranges from 500 to 900 mm. The percentages. Although rainfll is received from 
mean monthly distribution of rainfall at selected April onwards, it is not dependable in May, June, 
stations is given in Table I. There are two peak July and the greater part of August. Rainfall in 
periods in the year: one in May and the other in September and October is more assured, when there 
3eptember-October. Representative additioaal are monthly totals of over 100 mm. 
meteorological observations for Bangalore are given 

Moisture-conservation Practices 

High runoff and soil cro!;.in is a serious problem in 
Table i. Mean monthly annual rainfall (mm) at selected dryland farming. For effletive soil and water con
stations in the southern dryland region of Karnataka servation, graded bunds o, 0.5-m2 cross section at a 
(1931-60). vertical interval of I in and a grade of 0.2-0.4% are 

Month langalore Kolar Tumkur Chitradurga 

Jan 6.1 7.4 2.8 6.3 
Feb 6.6 4.1 6.1 2.8 Table 3. Percentage frequencies of occurrence of dry
Mar 10.2 10.2 7.4 4.3Apr 40.9 34.5 36.1 24.6 spells ofat least 14 and 21 days during June to OctoheratMay 105.7 85.1 96.0 74.7 Bangalore, Kolar, Tumkur, and (hitradurga (1921-70). 
Jun 72.6 60.2 85.9 65.6 langalore Kolar Iurnkui ('hitradurga
Jul 11I1.0 69.6 107.2 72.9 Month 14d 21d l4d 21d 14tl 21d 14d 21d 
Aug 136.3 98.0 135.1 85.9 
Sep 156.1 133.6 174.0 111.0 Jun 52 24 na I a 50 26 74 54 
Oct 155.4 121.2 51.6 120.9 Jul 50 10 80 '2 40 14 54 28 
Nov 59.1 86.9 57.9 60.2 Aug 31 12 58 30 30 16 52 26 
Dec 11.2 16.5 7.t, 13.2 Sep 54 14 64 28 42 18 68 34 

Oct 48 16 51) 14 38 18 58 28 
871.2 726.3 867.7 642.4 

1. na : nIot ia llablc 

Source: Rabna Rao and j(I.,m;ng 1979. Source: Raiii Raio , I llJ al\ gi 1979. 

Table 2. Meteorological data for Bangalore. 

Mean Mean Mean Mean Potential
 
daily daily daily daily esapo- Mean daily soil temperature
 
max. min. Wind duration evapo- transpi- an d epture
 
temp. temp. speed of sun- ration rati,,l, at_5____depth_(_C)
 

Month (°C) ("C) (km h--) shine (h) (mm d") (mm mo-1) At 0720 At 1420
 

Jan 26.9 15.0 10.4 9.3 5.2 117.4 18.4 34.7 
Feb 29.7 16.5 9.7 10.1 7.4 130.0 20.3 37.8 
Mar 32.3 19.0 9.4 9.9 8.6 166.2 22.3 41.1 
Apr 33.4 21.2 9.0 1.3 8.4 158.2 26.0 42.8 
May 32.7 21.1 11.3 8.6 7.5 158.2 25.2 37.6 
Jun 28.9 19.7 17.1 5.7 6.8 156.5 23.9 34.9 
Jul 27.2 19.2 17.5 4.0 5.7 126.5 22.4 32.4 
Aug 27.3 19.2 15.2 5.0 5.4 115.7 21.5 30.6 
Sep 27.6 l1y9 12.1 5.8 4.8 114.2 22.2 32.4 
Oct 27.5 0.1 8.2 6.6 4.3 108.9 21.5 31.9 
Nov 26.3 17.2 8.5 7.7 4.3 105.1 20.1 33.1 
Dec 25.7 15.3 9.6 7.8 3.9 98.3 19.9 31.4 

Source: Rama Rao and Ilavanagi 1979. 
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recommended for land having a slope of about 
2-5%. In deep Alfisols, lovcver, border strips of 
0.2-0.4% slope, with not more than 15-cm cutting. 
are more effective for soil and %%atcrconservation. 
Provision of protected waterwa'%sis neccssar in 
order to check gully formation, aid for draining oil 
the surplus water. Interterrace managenent isesseri-
tial for in-situ moisture conservatioin. Practices such 
as furrowiig or ridgiig acro)s,, tlie slope ait 3.0 4.5 lii 
intervals tbr closely-spaccd crops . ., finger 
millet), arid broadbeds and Itirros\s ol a g ade of 
0.3-0.4c' for %kidely-spicedcrops (eg., mai/el are 
suggested. 

On deep Allisols runoll equals about 25 301'7 of 
annual raiinfall. aid the soil loss aloit 3 4 t ha ;a . 
For larvesting ruriolt fromn3 5 ha of nd, a lank or 
reservoir of 1(J 20() in' capacit is uiseflunl. About 
25%,: of the catchient arcit can be gi\en one oI t%%o 
protective irrigations, and the crop .iclds iiicised 
by 1.5 2 t,,nes (Ilaariagi 1983). 

Cropping Systems with Annual 

Crops 

The success ot a cropping s,'stem depends oil how 
effectively the e.nlroilental resoirces such as soil, 
rainfall, aind solar enicig are utili/ed. I lie crops that 
can make the best use of raisiater, and give iiore 

economic returis over aperiod of years, are the ones 
suitable for inclusion in a cropping system. 

Finger millet is a crop extensively grown under 
rainfed conditions in thedryland regions of southern 
Karnataka. Data on the areas under different crops 
arc given in Table 4. Pulses, groundnut, and 
sorghum are the other important crops grown in the 
area. I lie crop yields obtained over aperiod ofyears 
uider good manage ment at the Agricultural Univer
sits [arm. Giandhi Krishi Vignana Kendra (GKVK), 
Ilingalore, are given in fahle5. Maize, finger millet, 
ground nut,1arid cli li gie lairly good yields on well
deCeloped killd Iide gooid mainagelment in years 
when tile rainfall distribution was favorable. In 
drought \tcars inaie. groundrti1, and chilli give very 
Itsm "'ields. |inger millet can grow well in poor shal
loss soils. aind even under drought conditions, Its 
stri\ is tile main fodder for cattle in the area. 

Double-cropping 

About 30(1 f anLiual rainfall is received during the 
period MyI to .IlV. Farmers carry out repeated 

plowing or cultivation during this time to keep the 
land loose anid the wecds in check. Investigations 
carried out at(K K. Ilaingalore, indicated that 
cot-pea (I-' 152) can be sown in lay, followed by 
drilled or transplanted finger millet in August
Scpitemer.t I-An aserage grain yield ofabouti(.7 1 ha

"tble 4. |l'rtmge airetas Iunder diffrereni t croips in dr.-June d stricts in sijutltern Knirnataki. 

Ncl nllldrI'led logateditia Annual 
,ieitl in tle II tile rami~rall 

[)istlics sate (I'),i districts I ) 0Inill 

('hilradurga and lIunkur 9.58 18.7 455-717 

langalore and Kolar 8.19 27.6 679-889 

Mysore and Mand'a 7.16 30.0 671-889 

Parts of I lassan, Shinioga, arid Mysore 6.61) 25.0 708-1054 

I.1he lii;l l c lai ted lie in Kariiniaaka s I104 riiiiioilha. 
Source: Kulkirnu I .193 

Ii of major dryland 
cropping area of the 

gross area of the /oine 

Finger millet 16.9 

liilses 14.2 
Sorghurn 12.(0 
Groundtt 6.0 

linger nillet 42.9 

Pulses 11.3 
(roundiut 9.7 

l'inger millet 27.1 

lPiilses 22.3 
Sorglium 1(1.8 

Finger millet 20.1 

Pulses 6.3Sorghui 3.7 
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Table 5. Crop yields under rainfed condition, during 
1977, 1978, and 1979 at Agricultural University Farm, 
GKVK, Bangalore. 

Grain yield 0 ha i) 
Finger millet (Indaf 5) 4.1 4.1 2.1 3.4 
(110 d.,s to rllittiiity,) 

Maile (.11 4207) 6.5 5.0 0.0 5.9 
(115 daysi 
(1IX) to Ill) days) 

Cowpea (C 152) 1.5 0.7 0.5 0.9 
(90 to I( ) da.S) 

Pigeoripea ( 1iY 30 1.9 0.8 1.1 1.3 
(135 dRit,s) 

Dry Chilli I1 'vadgi) 1.( 1.8 0.3 1.2 
(150 days) 

Annual rainfall (nn) 924 10M 1168 1059 

Source: AICI'I)A 198 1a. 

for cowpcia. and 2.4 t ha I lo i nger millet srce 
obtained (1974-79). as against 2.5 t (Ia lor iasingle 

crop of linger rimillet. Sorghum, co, pea. inil],e. and 
pearl millet for fodder %%ercalso' vrok in place o 

I 2r tla IcowkpeaI for grain. I hese crops ga I bot 

of green fodder. Additionall. 's, tudies \%e.rc carried 
out to estahl.sh whether linger millet as a ,second 
crop can be replaced b\ olhel c ops. I lie a\ crage 
grain yields obtained lol the fulh i, rg crops., so,,n 
in September. %kere so\ bean ( FU"39S4) (.05 t ha I 
horse grai (I1 K I' 32) 11.73 t ha . sittllo\er ([U 
101495) 1140 t ha , and s tiarii (S 701) 0.7.1 t hia 1. 
Finger millet (PR 212). hV c0irriarison, gas\Ce 55 1 
ha-,. [his suggests that other crops ac riot better 
substitutes for linger millet (.IAIRPI)A 1981ia). 

I)ouhle-cropping is labor-inttcnsisc. and requires 
that operations for preparing tile land, and sowini , 
the crop should he done on t1ire. larmiers in the area 
face considerable shortage of bullock powver. Cow-
pea requires one or two plant-protection sprays. 
These are the mair constraints in the adoptit of 
double-cropping by the farmers. 

Intercropping 

Intercropping finger millet with dolichos ( I)olihos 
laloh), fodder sorrghum, niger (Gifi:otia ahrs.%in-
ica), and castor is common aniong farmers inl the 
arca. The vield of finger millet however, is reduced 

by intercropping with these crops, particularly when 
high-yielding cultivars are used. The intercropping 
of finger millet ( PR 202) with soybean (Hardee) was 
tried in alternate rows spaced 25 cm apart. The grain
yield of finger millet was about 2.03 t hia-' and that of 

soybean about 0.27 t ha-' as against 2.58 t ha -' for 
finger millet as a sole crop. Intercropping groundnut 
with pigempea in a proportion of 3:l gave 0.95t ha-' 
of groundnut pods and 0.67 t ha-i of pigeonpea 

grain, while the sole groundnut gave a pod yield of 
1.3 t ha 1. .,onctitr, returns were higher from in
tercropping groundnut lth pigeonpea, compared 
with sole groundnut. Se\cral other !odder crops. 
such as sorghun (..Set. 31, pearl millet (il 104), 
lucerne, and nai/e ((ianga 5) were t,ied as inter
crops in the proportion t 3:1 and 7:1. The indica
tions %%crc that intercropping 1:;iger millet with 

fodder pearl millet in the proportion of7:I was tnoreecononical (AIC'IP1 )A 1981b. 
In carsr ol laoiable raminall, an income of about 

Ws 31111041100 ha - is obtained from antlual crops in 
a yeitr. Ihe cost of cultivation maycome to about Rs 
1511 ',"0hIt a 1. In .\car,,when the season is unfa
%orabhl .ecre is it drastic reduction of both crop 
yields and income. 

Perennial Crops in the Region 

Nlulwerri 

Mulberry( IBomihi v mtri) is another important crop 
grown under trainfed conditions. It is cultivated for 
rearing silk%orr. (If the total area ofO. 17 million ha 

under mulherr\ in India. Karnataka accounts for 
nearly 0.118 million ha, In about 801 of that area, 
mulherry is grownin as a rainfed crop. The rainfed 
clop is pruned at tire bottoir or individual leaves are 
harested by plucking. With proper crop manage
merit and adequate fertilhier application (100 N: 50 
l: 50 K)it is possile to obtain \ield ot 10 15t ha-1 of 
green leal, as against 25 31 t ha I under irrigation. 
Planting is done at a spacing of 60 22.5 cn for 
bottom pruning, arid with a spacing of 90 90cm for 
invidrual-leal harsesting. Ihe crop, once planted, is 
maintained in tile field lt about 12 15 years. Every 
year. soon after tie beginning of the rainy season in 
June, the plants ;ire pruned to a height of 8 1o cri 
abo\e the ground. Al-out 3 6 harvests are taken
depending upon the rainiall flor 1000 2(00 layings 
ha i . 1lie cost of leaf production comes to about 
Rs 4000 4500 Ira a i . lie net income comes to 
about Rs 5100h1II i I (Jolly 1982). Mulberry culti
vation is habor-intensive. Since mulberry is a peren
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nial crop, a high degree of soil moisture utilization is 
achieved, 

Casuarina 

Casuarina (Ca.swarina equi.sethilia) is generally 
grown under rainfed conditions. Seedlings 6 8 
months old are planted at a spacing of I " I m, or I 
2 m, or 2 , 2 i. The plant,, ire hardy, and grow well 
even in poor soils because they can fix atmospheric 
nitrogen. After establishment, compartment bunds 
are cot,structed to conserve rainwater in situ. The 
plants are cut after about 6 8 \ears and 100 200 t 
ha I of wood is obtained. Ilis produces an income 

-of about Rs. 20000 30000 ha ', or about Rs 
3000 4000 ha I a 1.Sometimes, one or tso raloo ) 
crops are also obtained, 

C'asuarina once occupied a large perccntage oi the 
cutisated land in the Alfisol region. [he main 
adsantage of the crop is that casuarina. being a 
perennial plait, offers good financial security. Also, 
cultis-ation i, less costly and lanor-intensse in coin-
parison %%ithannual crops. 

Eucalyptus 

From 1979 or 1980 a large area of cultivated Alfisols 
has been Lsed for planting eucalypt us. Ihe seedlings 
are planted at 1.5 - 1.5 n1 or 2 - 2 inl spacing. 
_ucalyptus i,, ; hard.\ plant, an(d gro\%s fast. low-

ecer, it needs tertihuer for good gromth. I he plant,, 
are cut in tile 8th ear. About 120 2501 ha I of wkood 
is obtained and tis piosides in incoile of Rs 
35001)0 50000 ha . \hch nias ssork outi to Rs 
4000 6000 ha a I here isa reads- market for %%. ood 
from polyfibre and papcr mills. Fucalyptus forms a 
coppice quicklv; three or four ratoon crops may 
therefore be har\ested. Ihe .yield from the first 
ratoon crop is generally higher than that of the plant 
crop. 

Cropping Alternatives 

In low-rainfall Alfisol regions of southrn Karnat-
aka the cultivation of' annual crops under rainfed 
conditions is beset with a number of problems. 
Crusts form oin the soil soon after spells of rain. [he 
expenditure ol preparatory tillage and weeding is 
therefore comparatively high. And, because the 
rainfall is low and erratic, it isdifficult to establish a 
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good crop stand. Also, crop growth is affected by 
sustained dry spells during the growing season. 
There is therefore always an element of uncertainty 
about getting good returns for the expenditure 
incurred. Many enterprising farmers have thus 
planted mulberry, casuarina, and eucalyptus trees, 
lasting 15 20 years as perennial crops, instead of 
cultivating annual crops. 

Alternative systems of cropping, capable '7.iide 
application in Alfisol regions, need to be evolved to 
make the best use of land and water resources for 
higher and more assured incomes, and to enhance 
soil productivity so that high levels of food and 
fodder production are obtained. A few alternative 
cropping systems involving both annual and peren
nial plants are suggested and briefly outlined. More 
detailed investigations are necessary, however, 
before suitable techniques can he evolved. 

Agroforestry system 

In this systen, both annual crops and perennial trees 
are grown together on cultivated land. The perennial 
plants are planted in two to four rows in a strip along 
th,' contour line with an interstrip space oi 15--30 m. 
Ibis space between two strips of perennial trees is 
utiliied for growing annual crops such as finger 
millet, groundnut, and pigeonpea. Casuarina, dal
bcrgia ( Ialt/ergia si..Vs0o, and subabul (/.eucaena 
t1,'oi epuloma) are threc perennial plants that suit this 

system. I hese plants are hardy and easy to establish, 
grow fast. fix nitrogen, aii(f have a deep-rooting 
system, I)albergia and subabul are leguminous 
plants and yield lodder as well as sood. Casuarina 
and dalbergia are planted in strips at fhe close spac
og of I -I ii. Subabul, howescr, can be established 
b\ planting seedlings or by sowing seeds in lines at 
0.5 i spacing. I-hse perennial plants utilize soil 
noisture al] nutrients from the deeper soil layers, 
and their .ear-round groswh results in a high lesel of 
bioniass production, thereby pro\iding security of 
income. Ile perennial plants act as it ssmdbreak, 
and ki th proper canopy milagement. excessive 
shading can he reduced. PCrennial plants play an 
important role ill soil and \water conservalion. One
side-open clmpartments, or crescent-shaped bunds, 
are piosided in the perennial plantation strip to hold 
runoff ssater and silt. Ilie leaf fall and tree loppings 
provide sonic organic material for incorporation 
into the adjoining cultivated land (Itnal and Patil 
1983). A suggested layout for such an agroforestry 
system is shown in Fig. 2. 
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* 
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Figure 2. Suggested layout for an agroforestry 
system. 

Agrohorticulture system 

In this system horticultural plants are planted 
instead of perennial tree plants. These plants are 
planted in an arrangement of one to two rows in a 
strip along the contour line with an interstrip space 
of 15-30 m (Fig. 3). More hardy horticultural plants 
such as mango, sapota (.Alanilkhara achras), guava 
(MPidinr gujavua), tamarind, cashew, her ( Ziz/ytpu 
jujube),and jack Iruit arc appropriate for this system 
under rainfed conditio:ns tSulladmath 1983). Coco
nut is planted in areas receiving higher annual rain
fall (900 100(Yrn). Underneath the horticultural 
plants one-side-open conpartments or crescent
shaped buids arc provided to hold runoff from the 
interstrip space. Canopy management is necessary 

Spacesod.e 


" 	 for growing annual... 
crops 

Strip planted with
 
horticultural plants 


Figure 3. Suggested layout for an agrohorliculture 
system. 

regulate shade and light interception. Other spe
cies, such as date palm and oil palm, are also worth 
trying. The interstrip space is utilized for raising 
annual crops in the same way as in the agroforestry 
system. 

Agro-silvi-horticulture system 

this system one to two rows of horticultural plants 
are planted in a strip along the contour line at a 
distance of 15-30 in. The distance between two hor
ticultural plants within the strip is greater than in the 
above systems, so that the interstrip space can be 
utilited for planting quick-growing tree species such 
as casuarina, subabul, and dalbergia. The tree plants 
are cut for wood after 3 4 years, or even earlier for 

fodder or green manure. [he interstrip space is util
iied for growing annual crops. Here, also, one-side
open compartment bunds are provided for holding 
runoff and silt. The idea behind planting tree species 
as an intercrop with horticultural plants is to obtain 
biomass production before horticultural plants 
achieve full growth, and later to obtain fodder or 
green manure material by frequent cutting, and 
create thicker vegetation for better soil and water 
conservation. A suggested system layout is shown in 
Figure 4. 

Bamboo cultivation 

Bamboo (Dendrocalanu.v virivit ) is another crop 
that grows well under rainfed conditions. Seedlings 

Saeused
 
for growing..
 

annual
 
crops .
 

Strip planted with
 

horticultural plants
 
and trees
 

Figure 4. Suggested layout for an agro-silvi
horticulture system. 
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1-2 years old arc planted at I x I m or 1.5 x 1.5 m 
spacings. If grown with care in its initial stages of 
establishment, and with adequate fertilizer ( 100 N: 
50 P: 50 K kg ha- al) banboo grows quickly and 
gives good biomass production. Jthe closer spacing 
of I - I m helps suppress weeds in the initial stages. 
Where the spacing is 1.5 ,1.5 m, casuarina is planted 
diagonally in the interstrip space (Patil 1979). 
Casuarina is cut after 4 5 years. Bamboo shoots are 
cut selectielx to regulate spacitng, and the shoots are 
sold for eating. Well-grown bamboo culms are selec-
tively felled periodically, to harvest the crop. 

Banboo is planted in a contiguous low-lying area, 
as shown in Figure 5. On the higher cultivated land 
graded bunds are established and waterways, pro-
vided to lead the rUnolf dosskn (othe area where the 
bamboo is planted. Ihe hunds help to retain silt and 
runoff In tileIild itsell. Bamboo, once established, 
lasts manx years, providing a regular income Iron 
3 4 years alter its establishment 

"-Graded bunds 

I 
Space for" jr'oviir 
annual crops 

Area pi anted to 
l)dllbo(o0 

4-- Prtec ted 
O.'d -m,)te 


/_
-egions
S_. 'Laiun 

Figure 5. Suggested topographic location for gro"-
ing bifnlboo ,
*ith annulrI crops. 

Conclusions 

lecause of their inherent charac eristics, Alfisols 
and related soils occurring itt tire sithern region of 
Karnataka pose problems in terms ofestablisIment 
of annul crops, and itt obtaining sustained yields 
vear alter year under dryland conditions. At present, 
this region is undercultivated because of farmers' 
aversion to take risks. If tie annual and perennial 
plants arc grown together, using suitable sowingand 

planting techniques, it may be possible to obtain an 
overall increase in farm income and improve the 
security of income as well. Alternative approaches, 
such as systens of agroforestry, agrohorticulture, 
agro-silvi-horticulture, and bamboo cultivation are 
suggested as ways of achieving maximum soil and 
water conservation, and of using soil and rainfall 
resources effectively to obtain an assured and higher 
income. 

A systems approach, i.e., integrating agriculture, 
horticulture, and forestry incropping systems may 
also help to impro \e tileecological conditions ofthe 
region. Such cropping systems may additionally 
help to bring marginal, waste, and fallow lands into 
cultis ation, for higher economic returns. Inclusion 
of lodder-yielding plants in perennial plantation 
strips may help to increase the number of milch 
animals and tie production ol larinyard manure. 
Further detailed studies arc needed as part of an 
eftort to itiprove the natural resource base; and to 
use Alfisols and related soils inI drVland areas for 
sustainable, profitable agriculture. 
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An Agroecological Approach to Management of SAT 
Alfisols 

R.L. McCown' 

A bstract 

Crop production in the semi-arid tropics (SA T) is predominantly on Alfsols and without 
irrigation. Crop yields are loss, and soils are being degraded rapidly due to acomplex ofclimatic, 
edaphic, and management factors. Green Revolution technology does not alleviate the serious 
problems ofmanaging the soil surface; it calls additionallyfor capital and energy requirements 
that are incompatible with economic circumstances offarmers in this environment. Certain 
approaches to land use that are in sympathy with the limitations ofboth the climate andsoils may 
offer better prospects ofimprovedproduction systems. Research thatprovides afirst approxima
tion of the suitability of such sy'stems as (a) no-tillagelmulch farming, (b) legume alleyfarming, 
and (c) h'gumne-ley farming .or various physical and socioeconomic conditions in the SA T is 
urgently needed. Preliminary' results of a no-tillage legume-ley' strategy at an Australian SAT 
location show substantial benefits of the legume to both crop and animnal production and of 
no-tillagel nulch to imlroved soil en vironment atdcrop yield. The needfor a researchapproach 
in developing countries that evaluates such strategies in a relevant cost/benefitframework, and 
the problemns of capital availability as a constraint to adoption, are discussed. 

Introduction 

Alfisols are agriculturally important soils through-
out much of the SAT, in spite of serious chemical 
and physical limitations. The diversity within the 
group and the lack of a simple, agriculturally mean-
ingful classification greatly hinders interregional 
communication pertaining to their management. 
Nevertheless, such communication is urgently 
needed to facilitate sha. ng of any new progress and 
coordination of new research effort. In general, agri-
culturc on these soils suffers from nutrient impover-
ishment, soil erosion, and unfavorable surface 
physical conditions that result in reduced infiltration 
and poor crop establishment (Jones and Wild 1975, 
Lal 1979). In Africa and India, opportunities for 
using traditional practices of land rotation, or bush 
fallow, to counter these forms of degradation have 
declined rapidly with increase in human population. 
Replacement of fallow with land-saving technolo-

gies israre because of the general scarcity of farmer 
capital. A promising approach to improved agricul
ture on these soils is the use of agricultural practices 
that capture many of the benefits of natural and 
traditional agricultural systems and require less cap
ital than Green Revolution technology. 

This paper examines the problems of Alfisols and 
the management requirements for improved sys
teMs, th agroecological concept (and anexample of 
a research program that has been testing the feasibil
ity of one strategy), and discusses the prospects for 
success of this approach in the developing countries 
of the SAT. 

The Problems of Alfisols as a 

Resource for Crop Production 

The problems of agriculture on Alfisols in the SAT 
are numerous and their causes complex. The main 

I. tropical Crops and Pastures. CSIRO, I'Mil P. . Aitkenvale. Queensland 4814, Australia. 

ICRISAI (International Crops Research Institute for the Semi-Arid *tropics). 1987. Alfisols in the semi-arid tropics. Proceedings of the 
Consultants' Workshop on the State of the Art and Management Alternatives for Optimiing the Productivity of SAT Alfisols and Related 
Soils, 1-3 December 1983, ICRISA I Center, India. Patancheru. A.P. 502 324. India: ICRISAT. 
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problems are set out hierarchic,-Ily at the top of 
Figure 1, and direct contributions to these problems 
by various climatic, edaphic, and management fac-
tors are indicated. Multiple entries in "problem" 
columns show the complexity of causes, often 
involving all three main factors, 

Good crop establishment isjeopardized by a high
risk of rapid surface soil drying because of erratic 
rainfall and very high radiation in the early wet 
season. On light-textured soils, high temperature of 
this dry zone causes injury to emerging seedlings 
(McCown et al. 1980); on heavy-textured Alfisols, 
mechanical impedance of this dry zone to emerging 
seedlings is the main problem (Arndt 1965). 

The effects of unreliability of rainfall, especially 
early in the wet season, are exacerbated by the low 
moisture-storage capacity of Alfisols. Reliability of 
water supply for growth is reduced by impaired 
infiltration, in turn caused by lowered conductivity 
of pore systems when cover is not present to dissi
pate raindrop energy (Bridge et al. 1983). Cultiva-
tion increases infiltration initially, but, in the longer 
term, porosity and infiltration rates are usually 
lower than in untilled soil with mulch cover (Osuji 
and Babalola 1982). 

These soils are very poor in supplying nitrogen 
and phosphorus (Nye and Greenland 1960, Jones 
and Wild 1975, Jones et al. in press) --deficiencies 
that have probably dominated management systems 
more than other problems. The total amount of P in 
Alfisols is generally very low, and, while they do not 
"fix" or absorb large amounts of P) (Mokwunge 
1977, Probert 1978), they are not well buffered 
against removals of P1from tilesystem. Inherer.:ly 
low concentrations o' organic matter and rapid 
leaching act to keep N supply low. While long peri-
ods of bush fallow tended to replenish nutrients, 
increased cropping intensity has resulted in wide-
spread "mining" of nutrients on these soils, with 
drastic loss of productivity (Ruthenberg 1980). 

In the long term, the most serious problem in 
Alfisols is soil erosion (Sanchez 1976, l.al 1977). 
Under the natural vegetation, erosion on SAT Alfis-
ols is very low (Roose 1977, Kowal 1970). But, when 
these suils are denuded, and especially if they are 
cultivated, high rainfall intensities cause particle det-
achment and degeneration of infiltration capacity. 
This results in high runoff and soil loss. 

Alfisols in the SAT are frequently described as 
structureless or massive, with tileimplication that 
hydraulic conductivity is low. These soils are more 
correctly described as "apedal" and, when undis-
turbed and well vegetated, they behave hydraulically 

as "well structured" (Wilkinson and Aina 1976). 
This state is fragile, however, and destroyed by til
lage and/or denudation. Its maintenance depends 
strongly on macrofaunal activity, which in turn is 
dependent on amelioration of a hostile water and 
temperature environment by organic mulch (Lal 
1975). 

In general these soils are especially sensitive to 
mismanagement, i.e., by denudation, cultivation, 
and nutrient mining (Fig. I). Historically, low popu
lation pressures and long fallowperiods with vegeta
tive growth have together diluted the deleterious 
effect of man's activities on these soils. In present 
demographic circumstances there is an urgent need 
for technologies that are more sympathetic to the 
ecological tolerances of Alfisols in SAT farming 
systems. 

Improvement of Alfisol Management 

The prospects for applying high-input Green Revo
lution technology to solve these problems are poor. 
Few small farmers have the capital required, or 
access to credit (Greenland 1975). There are, how
ever, a number of strategies that are conceptually 
appealing both ecologically and economically and 
whose performances have yet to be adequately tested 
in the SAT. 

How can innovative strategies worthy of high 
research priority be identified? In 1973, Janzen 
called attention to the degree of misconception and 
distortion of the reasons for the lack ofcontempor
ary sustained-yield tropical agroecosystems. In 
recent years, considerable progress has been made in 
elucidating the ecology of existing systems and 
quantifying various constraints. At the same time 
there has been a growing tendency to look to natural 
ecosystems and traditional agricultural ecosystems 
as a source of concepts for improved agricultural 
systems. The aim is to mimic strategies that confer 
yield stability, and efficient use of energyand nonre
newable resources, and result in minimum ecosys
ten degradation (Altieri 1983). Although it is 
inescapable thjit innovative systems that substan
tially increase land productivity will require greater 
capital inputs than either traditional systems or cur
rent involutionary ones (Ruthenberg 1980), modest 
capitil and energy demands areimportantcriteria in 
selecting prospective technology. 

What agroecological concepts are available that 
might contribute to improved Alfisol management 
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in the SAT?There areanumberof keyconcepts that 
are sufficiently well understood to point the way in 
research for the development of feasible 
technologies. 

The enormous importance of vegetative cover in 
the management of soils in the tropics is well docu-
mented. The main problems are how to get enough 
of it at the right time, and -t an acceptable cost. 
Increase in crop canopy density (Hudson 1971), 
additional interrow vegetation, e.g., intercrops or 
"live mulch" (Akobundu 1982), and dead mulch all 
benefit soil physical properties and soil and water 
conservation. The retention of organic residues and 
replacement of tillage with the chemical killing of 
weeds at, o;just prior ,oplanting has been shown to 
be a practical way of providing mulch in the humid 
tropics (Lal 1975) and providing it at the time when 
the crop canopy is least effective (Wilkinson 1975a 
and b). Although less research has been conducted in 
the SAT, results indicate that benefits from mulch 
here are similar with respect to soil conservation 
(Roose 1977) and are even greater with regard to 
crop establishment (McCown et al. in press). 

Rotating tropical legumes with nitrophilous crops 
is an effective means of supplying N to the crop 
(Henzell and Vallis 1977). Although in Africa and 
India grain and oilseed legumes have traditionally 
been grown in rotation with cereals and as inter-
crops, recent developments in forage legume tech-
nology for the SAT have opened up prospects for 
enhancement of this N-supply strategy. Pasture and 
browse legumes that produce high yields of N are 
now available (Vallis and Gardener in press) and 
knowledge on their ecology is growing. There has, 
however, been virtually no evaluation of these 
legumes in cropping systems. 
The concept of mixtures of crops possessing dif-

ferent morphological and agronomic attributes is 
well established as a means of more fully utilizing 
scarce resources both above and below ground. This 
is one of the advantages ct titv traditionil practice of 
intercropping (Willey 1979). Recently, there has 
been increased interest in mixing annual crops with 
perennial species, a strategy that maximizes differ-
ences in utilization of both above- and below-
ground resources in space and time (Willey et al. 
1987). Agroforestry (King 1979) and alley cropping 
(Kang et al. 1981), both of which capitalize on these 
principles, deserve comprehensive evaluation in the 
SAT. 

The benefits of integration of livestock and crop-
ping are well established and widely appreciated. Of 
the several types of possible linkages, the one that 

holds the most unexplored promise is that of 
enhanced production of legume fodder in the crop
ping enterprise (McCown et al. 1979). The future 
contribution of improved integration of livestock 
and cropping in this zone is controlled largely by 
nontechnical factors, e.g., the effects of cultural tra
ditions of crop and livestock husbandry on current 
farmer attitudes and skills. Where the likelihood of 
integration under one ownership is low, but where 
herders and cultivators co-exist, there is the possibil
it,of greater market transaction of legume fodders 
produced in the crop lands. Although integration of 
livestock with cropping does not directly benefit soil 
management, and at times is detrimental (Bayerand 
Otchere 1984), it is crucial to the economics of 
increased use of legumes to provide increased soil N. 
Forage legumes in cropping systems are profitable 
onlv when additional substantial benefits to an 
animal enterprise can be realized (McCown et al. 
1979). 

While there are promising ways of substituting 
N-fixing plants for N fertilizer, there appears to be 
no escaping the purchase of other nutrients, most 
commonly P. Deficiencies of nutrients other than N 
will limit both the growth and fixation of N by the 
legume and the growth of the succeeding nitrophi
ous crop. To capitalize on a biological supply of N, 

relief of these nutrient deficiencies is necessary. Sub
stantial progress has been made in recent years in 
understanding the complexities of phosphate 
fertilizer-soil-water-plant relationships. This has 
enabled the development of models for predicting 
responses to applied phosphate (Barrow and Carter 
1978). This has potential for improving the manage
ment tools for determining optimum use of P fertil
izer on the SAT Alfisols. 

What sort of research is needed? In general, the 
priority need is to examine the economic feasibility 
of practices that are promising conceptually. Ana
lyses need to be conducted for a range of cost-price
capital availability scenarios that include, but 
extend well beyond, those which farmers now face. 
To do this will require a large biotechnical research 
effort, but it must be orientated toward this eco
nomic goal. Table I provides an example of such a 
research framework for no-tillage/mulch farming. 
In spite of the fact that, (a) research by R. Lal in the 
humid tropics in the early 1970's showed enormous 
benefits, and (b) benefits should theoretically be 
greater in the SAT, very little research on no
tillage/mulch farming has been conducted. It is 
often argued that mulching with crop residues is not 
practical in the SAT because they are utilized for 
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Table I. Research on the economic feasibility of no-tillage/mulch farming. 

Information nced 

Costs 
Opportunity costs of using plant materials suitable for: 

Fodder 
Building materials 
Fuel (instead of mulch) 

lHerbicides and application equipment 

Benefits 
Effects on crop yields via: 

Soil water 
Soil temperature 
Soil surface seal impedance 

Effects on ,.ater and soil coinservation: 

I 	 filratiot r tnol 

Soil erosion 

Effects on lab)r econ on: 

Reduction of pl ving labor aind time
 

Reduction in) ,serding labotr and time 

Effects on tari dralt reqtuireents 

of reductiot in tillage 


fodder, fuel, or as building materials. But, consider-
ing the rate at which land degradation is taking 
place, there are good grounds for asking the ques-
tion: can the ftairner (or society) afford not to leave 
residues for mulch? Answering the question would 
call for quantitative understanding of the perfor-
mance of innovative farming systens. If the farmer 
had greater on-farm production of timber ;itnd fuel 
wood, he could well afford to leave residues for 
mulch. If lie brought down N and I deficiencies, 
increases in yields might allow hini to remove lie 
usual amount of residues and leave a substantial 
amount. 

This example illustrates a secood attribute of the 
kind of research that is needed, i.e., a production 
system scope. One of the lessons of past research is 
that innovations need to be evaluated in the context 
of the larger system or subsystem. As Fi4ure I indi-
cates, the problems form a matrix ofcomplex inter-
actions. Evaluation it,too narrow a bitotechnical 

Research activities 

)ocumentation of: 
a. existing system and 
h. innovative systems with increased 

production 01'mulch and/or timber 

Verification o1 optimum application methods 
and rates of" 'hest-hei" herbicides 

Quantification of the effect of different types 
aind amounts itnltlh onl:ot 


a. 	 seedbed enri roillnent, crop establishment, 
aind yield 

b. soil hydraulic properties. infiltration, 
soil-water regime, and crop yield 

c. soil letachment. ruioll, and sediment 
trattspor t 

l)ocumentation of existing and alternative systems 

Documentation of fodder requirements of system 
and effects ott herd si/c arid structure 

field risks missing other crucial biotechnical implica
lions. For example, the finding that grass leys can 
greatly improve aggregate stwbility upon cultivation 
is viewed very differently when he strong yield
depressing effects due to nitrogen immobilization 
are considered as well (Fig. 2). Similarly- ted ridges 
have been shown to effectively reduce runoff in the 
';AT, but maximum yield benefits will not be real
tied where high soil temperatures are a problem, 
since this is exacerbated by ridging (Lal 1973). 
Too exclusive a biotechnical approach to soil 

management risks missing opportunities for ad
dressing those economic issues on which success or 
failure of this technology most depends. Improved 
soil management involves costs, and, in general, the 
farm system has to bear them. Although improved 
soil management is the key to technically improved 
farming systems, improved soil management is sus
tainable only within economically improved farm
ing systems. 
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Figure 2. Maize grain yield responses to nitrogen
fertilizer in the first crop following I year of legume 
or grass-leys on a loamy Alfisol. 

An Innovative Agroecological 

Strategy for the SAT 

Problems of Australian SAT agriculture 

The Australian SAI is used almost exclusively for 
cattle and sheep grazing. Periodic attempts have 
been made to establish dryland cropping industries, 
but all have failed dutie in part to high costs of pro-
duction and use of inappropriate technology. A fea-
ture of this area is that land that ispotentiiallvarable 
tends not to occur in large, contiguous areas, but is 
rather interspeised with large areas o!iand suitable 
only for grazing. One possible incans of more rlii-
cient utilization of these land resources is tileinte-
gration of livestock grazing and cropping. The 
concept of legume-Icy farming, so important in the 
integration of wheat and wool prod uction in Austra- 'Tattle 2. Features of a Iypothetical farming system. 
lia's Mediterranean and warm climates, has beensuggested as a promising mtodel for WVest African I.Sclf-regenrerating legumle-Icy paistutre of 1-3 years durasugestd estAfrcantion ;are grown in ro~tation with maiie or sorghum.

romsina a moel or savanna zones (Jones and Wild 1975), but to datetintrgowinriiiiih 	 nic(rsgum 
there has been no substantial evaluation of (lie stra-
tegy anywhere in the SAT. 

Past research has set the stage for this test. The 
technology for growing leguminous pastures is well-
developed for the Australian SAT, but has not 
proved economic because of the high costs of 
improvement relative to beef prices, as well as 

serious marketing uncertainties. Crop research on 
Alfisols has shown the need for high inputs of 

both nitrogen and phosphorus (Jones et al. in press) 
and revealed other problems (Fig. I) associated with 
conventional tillage practices. 

The research strategy 

The strategy is expressed as a hypothetical farming 
system that combines the concepts of legume-ley 

and no-tillage with the existing system of 
grazed native pastures. File key feature ('Fable 2) is 
the rotation of a self-regenerating legume pasture 

a maize or sorghum crop, where the legume 
supplies all or most of the N fertilizer required by the 

The second feature (Table 2)concernsthe integra
tion of cropping with the existing system in which 
cattle graze on native pastures. In areas with long 
dry seasons, the strategy of having cattle on native 
grass pastures during the green season, when they 
are at their best, and on sown leguminous pastures in 
the dry season, is attractive (Norman 1968). How
ever, the test of this strategy in the late 1960s and 
early 1970s failed because of the inability of the 
legume. Townsville stylo, to compete satisfactorily 
with annual grasses and, ultimately, to its suscepti
bility to the fungal disease anthracnose. The availa
hility of several "new" legumes with superior 
competitive ability and resistance to anthracnose 
makes a new attempt at implementing this strategy 
feasible. (The growing of a nitrophilous crop every 
I --3 years should further contribute to maintaining 
legume dominance by regularly depleting soil N.) 

The .oird feature of this system (Table 2) is the 
retention of surface mulch by use ofno-tillage plant
ing technology. In this system, the main source of 
mulch is killed pasture vegetation rather than crop 
resid ues. 

2. Cattle graze native-grass pasture in the green season
and leguminous pastures and crop residues in the dry 
seasO,.
 

3. Crops are r;anted directly into the pasture that ischem
icall' Lited at,or shortly before, sowing. 

4. 	lhe legume sward, which voltnteers from hard seed 
alter the pasture iskilled, isallowed to form an under
siory(live mulch) in the main crop. 
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The fourth feature of our hypothetical system 
concerns a form of intercropping (Table 2). The 
herbaceous pasture legumes that are well adapted to 
this climate invariably produce a proportion of seed 
that is still "hard" when the re-established pasture is 
killed with herbicide and a crop planted early in the 
next rainy season. However, newly germinable seed 
from the "hard-seed" pool produces a new stand of 
legume of the same age as the sown crop. [This is an 
important difference from tile "live mulch" situation 
in which the legume sward is never killed (Ako-
bundu 1982)]. Although re-establishment can be 
prevented by use of a pre-emergent herbicide, this 
legume intercrop offers several potential benefits: it 
does not cost anything to establish; it provides a 
more long-lasting protective cover for the soil than 
the dead mulch; it provides high-protein forage to 
complement the low-protein stover available for 
grazing in the following dry season; and it provides 
an additional source of seed for pasture re-
establishment in the following season. lhe main 
potential detriment is that the understory of pasture 
legume may depress tile yield of the grain crop. In 
this particular version of intercroppiiig, this would 
be a very undesirable outcome because the grain 
crop has a much higher monetary value than tile 
forage intercrop and, therefore, only small reduc-
tions in grain yield can be tolerated. Although recent 
results from the humid tropics of West Africa have 
shown that yields of crops sown into legume swards 
killed only on the row zones can compare favorably 
with those of crops grown without this live mulch 
(Akobundu 1982), the degree to which competition 
for water or nutrients during the growing season 
jeopardi ,cs the success of this forage intercropping 
strategy in the SAI is unknown. 

Research Progress 

Subsystem 1: Effect of legume-ley/crop 
rotation on crop production 

In studying this subsystem, the prime objectives are 
to quantify the N contribution to the following grain 
crops by leys of various legumes grown for between I 
and 4 years. Objecti'es ofa lower order are quantifi-

cation of the aimount of N fixed by various legumes 
and elucidation of the relative importance of losses 
from litter, urine, and dung. It is to be expected that 
soil type will struigly influence N transfer processes, 
so studies of this soibsysteni are being conducted on 

two Paleustalfs-one heavy-textured (Tippera clay 
loam) and the second very sandy (Blain sand). 

A direct experimental approach is used to esti
mate the N contribution by legumes, whereby a crop 
of maize or sorghum is used in a bioassay. Rates of 
fertilizer N are superimposed on the crop so that its 
respoises to N, additional to that supplied by the 
preceding legume or grass (control) swards, can be 
measured and compared. Supporting information 
includes soil N prior to cropping, and N yield of both 
the ley and the crop. 

Salient results from six experiments--most of 
which are still in progress - include the following. 
I. 	 On the loamy soil, maize grain yield with no N 

fertilizer, following I-year leys of various pasture 
legumes, was equivalent to that on plots receiving 
at least 50 kg ha- I N following I year of grass. 
(Fig. 2 shows data from one rxperiment). 
l.egume leys of longer duration had greater 
effects in the first crop and a greater residual 
effect on tile second crop. 

2. 	For a given level of dry-matter production by a 
short Icy of Caribbean stylo (Stylosanths 
hanata cv Verano), tile apparent N contribution 
to tile following crop is much less on the sandy 
soil than on the loamy one. 

3. 	 Legume species do not differ greatly in N contri
bution after I-year leys, but large differences 
occur following 4-year leys. 

Subsystem 2: Effect of no-tillage technology 
on crop production 

The first objective here was to quantify the advanta
ges/ disadvantages of sowing crops with no tillage in 
relation to conventional tillage. The reason for foc
using on this practice is that, wherever comparisons 
have been made throughout the world, the inherent 
benefit of no-tillage/mulch retention in conserving 
soil has been demonstrated. The pressing questions 
were those of tile effects of this technology on yields 
and of comparative costs. 

On both light-textured and heavy-textured Alfis
ols, stands were better and yields higher under the 
no-tillage system. On the sandy soil, mulch retention 
resulted in an average increase in maize yields of 33% 
(from 1.8 to 2.4 t ha-) in two crops. [his was on 

account of the soil temperature reduction by the 
mulch (McCown et al. 1980). On loanly soil, injur
ious soil temperatures are less frequent than on the 
sandy one, but, without mulch, they are still too high 
for optimum seedling growth. This soil poses an 
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additional problem: on drying, it forms a strong 
surface crust that impedes seedling emergence 
(Arndt 1965). Mulch reduces this problem by pro-
tecting the soil surface from r i,drop impact and 
slowing the drying of the soil. In four crops, mulch 
retention resulted in an average yield advantage of 
20% (from 4.8 to 5.8 t ha-1) in maize. 

Having confirmed that mulch retention and no-
tillage had beneficial effects on establishment and 
yields, we turned our attention to the following ques-
tions: what constitutes a minimum effective mulch? 
How do we get an effective mulch economically? 
How do we plant into such a mulch efficiently? (In 
most years, the pasture mulch at planting time con-
sists of a mixture of dead pasture residue--mainly 
stems-from the previous growing season and 
recently-killed regrowth and seedlings resulting 
from rainfal! received early in the current wet sea-
son. The relative proportions of these components 
varies with the intensity of grazing during the dry 
season and with the amount and distribution of 
rainfall in the earl) part of the wet season.) 

Work to date has been on tile lomy soil only and 
we can make the following observations: 
a. 	As little as 700 kg ha-' of mulch--in this case 

standing Caribbean stylo which had been killed 
with herbicide--ieduces soil temperatures 
enough to dramatically improve emergence. 

b. 	 Analysis of the radiation balance tinas shown that 
mulch retards the rise in soil temperature and soil 
strength by retarding drying. This is due primar-
ily to the interception of radiation by mulch, 

c. 	 Pasture mulch isquite efficient in radiation inter-
-ception; 1900 kg ha1 of dead standing Caribbean 

stylo intercepted 80;,, and 700 kg ha- 55%, of 
direct beam radiation. 

d. 	Tropical grasses and weeds, in general, are killed 
by dosages of the herbicide glyphosate similar to 
those used in temperate regions (1.5 to 2 t ha-I). 

e. 	 The most sr- cessful planter has h,:en a narrow 

tyne preceded by a rolling coulter to cut surface 

mulch, and followed by a narrow in-furrow press
wheel. 

Research has recently commenced on planting on 
the sandy soil where there appear to be fewer techni-
cal problems than on the loamy soil. 

Considering the overall results of the various stu-
dies in this subsystems, our tental, conclusion is 
that no-tillage technology for this farming system is 
feasible in all major aspects, and that further pro-
gress will most likely be made in on-farm research 
and development that is now under way. 

Subsystem 3: The effects of competition 
from pasture/legume intercropping on crop 
production 

Two early studies were conducted to assess the effect 
of Caribbean stylo, AlYsicarpus vaginalis, and Cen
trosema pascuorum intercrops on maize yield. In 
one, intercropped maize yielded 15% more than sole 
maize, but in the other it yielded 30% less. Data on 
yield, chemical composition, and weather only were 
collected, and these are inadequate to explain the 
results. Work at present is focused on the competi
tion between the crop and the pasture legume inter
crop for the two resources most likely to be deficient 
in this system: water and nitrogen. 

Preliminary results indicate the following. 
a. 	With an ample supply of water and N, maize 

yields are high (_.5 t ha-') and little reduced by
the legume intercrop, despite ayield of dry matter 
tip to 4 t ha-1. 

b. 	At low nitrogen levels, a legume understory 
reduced yields 10-50%, depending on the species 
of the legume. 

c. 	When water deficits occurred, a legume under
story exacerbated the stress effect on maize yield, 
but the effects were moderate and dependent on 
the timing of tle stress. 

d. 	 In a year of very high rainfall and low radiation, 
legume yields were low. 

The question of whether it iseconomically desira
ble to have a legume understory at a given location 
has a weather-related probabilistic answer. The only 
feasible way to answer this question is by numerical 
simulation of the elfects of the legume for a long 
period of weather records. 

Subsystem 4: The effect of cattle-ley 
rotations on animal and crop production 

Stud), of this subsystem is being conducted within 
one "whole-system" experiment. Its objectives are 
the following. 
a. To quantify tile N contribution to a succeeding 

crop by various legumes tinder realistic dry
season grazing management. 

b. To compare liveweight performance in the 
legume-Icy system whin that on continuously 
grazed native pastures and on improved pastures. 

c. 	To document the ecological stability of pastures 
of Caribbean stylo, /1. vaginalis, and C. pascuo
rui, particularly in relation to re-establishment 
and the ability to resist invasion by annual 
grasses. 
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d. 	 To document the trends in weed abundance in the 
crop and the pasture and to identify possible 
weed-management strategies. 

e. 	 To quantify costs of production and yields of 
maize under realistic operational conditions with 
respect to planting and harvesting. 

The cropland component of this study consists of 
three paddocks in which the legume-ley isCaribbean 
stylo, A. vaginalis or C. pascuorum. Within each 
paddock there are three areas of equal size. This 
allows a I-year maize: 2-year legume-Icy rotation, 
with a maize crop every year. Adjacent is a large area 
of unimproved native pasture under eucalypt 
woodland. 

The native pasture area is stocked during the 
green season at an appropriate density (0.2 beasts 
per ha) with equal numbers of weaners and yearling 
steers. After crop harvest, three groups of four cattle 
(2 weaners + 2 yearlings) are moved into the crop-
land paddocks; an equal number remain on the 
native pasture. At the end of the dry season, year-
lings are turned off and weaners return to native 
pasture; the latter return in the following year to 
their respective legume paddocks for finishing. 

Maize is planted by no-tillage after spraying the 
regenerating pastare with glyphosate. In half of the 
crop area, the legume understory is allowed to 
develop; in the other half this is prevented by the 
application of a pre-emergent herbicide. A range of 
N rates is superimposed on parts of the maize to 
assess response to N above that contributed by the 
2-year leys. 

Botanical composition of Icy pastures ismeasured 
annually near the end of the green season. Pasture 
on offer, and the proportions and chemical composi- 
tion of leaf, stem, and seed are measured periodically 
through the dry season in conjunction with diet 
sampling with oesophageal-fistulated cattle. 

This experiment was sown only in January 1982, 
so time trends in pasture production and ecology, as 
influenced by crop-pasture rotation, are not yet 
available. Animal production, however, is not as 
dependent on crop-Icy sequences, and results from 
the first two dry seasons should be as informative as 
those to come. In 1982 the liveweight gain on legume 
ley/stover, averaged over legume species, was 75 kg 
per head greater than on native pasture for the 4-
month period mid-July to mid-November. In the 
cropland, during the first 7 weeks, 10 -20% of time 
spent grazing was in the stover and, after that, virtu-
ally all grazing was on legume. There was virtually 
no effect of legume species on liveweight 
performance. 

Discussion 

From an agroecological standpoint, a no-tillage 
legume-ley system appears promising for SAT Alfis
ols in northern Australia. Of the problems in Figure 
I, all those involving a management factor are alle
viated, i.e.. high soil temperatures, surface crusting 
seals, low infiltration, high erosion, and poor nut
rient supply. Although there are still numerous tech
nical questions to be answered, the most pressing 
questions concern the economics of the system. At 
this preliminary stage there are at least some indica
tors. On the positive side, there are high grain yields, 
savings in fertilizer, only modest herbicide demands, 
(and willingness of the government to subsidize a 
fledgling industry if the technology is appropriate). 
On the negative side, there are unfavorable trends in 
Australia's export markets for coarse grains and 
beef. In response to the latter, particularly, our 
research scope is expanding to include systems that 
allow continuous cropping and which use high-value 
grain legumes in addition to pursuing further 
research on the ley system. 

There is ample evidence of a general nature to 
indicate that a no-tillage legume-Icy system can con
tribute to improved management of Alfisols in other 
SAT regions. The main questions concern adapta
tion to economic and sociocultural environments; 
the issues of land and capital availability are espe
cially pertinent. 

In the evolution of agricultural systems in the 
SAT (Ruthenberg 1980), grass fallow systems occur 
when pressure ool land increases to a level at which 
insufficient time is allowed in the fallow period for 
woody vegetation to regenerate. The substitution of 
sown legumes for naturally-regenerated native grass 
in fallows is a possible means of increasing the effec
tiveness of this phase of the rotation in terms of both 
animal and crop production. Thus land require
ments for a legume-Icy system can be satisfied where 
fallow systems are used, and substitution of pasture 
legumes provides a potential means of maintaining 
production as shorter fallows are forced. Under cir
cumstances where land must be used even more 
intensively, other agroecological options become 
relatively more attractive. No-tillage/mulch farming 
combined with alley cropping or with a living mulch 
system offer possibilities of retaining benefits of 
legumes to soil, crop, and animals, while cropping 
continuously. 

Ruthenberg t 1980) argued that implementation of 
a ley system. although less capital-intensive than 
modern permanent cultivation, still requires consid
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erable investment in clearing, livestock, fences, 
implements, carts, tracks, and buildings. He viewed 
these costs as prohibitively high. I suggest that a 
no-tillage legume-Icy system, in contrast to Ruthen-
berg's traditional European model, requires an 
initial investment only in pasture legume seed and 
annual capital inputs of phosphate fertili/er and 
herbicide. Vis-a-vis Ruthernberg's nodel, this sys-
tern offers (a) greater N fertilizer-saving and animal 
production benefits as a result of recently
domesticated legumes better suited to tile SAI. and 
(b) capital and labor reductions associated with no
tillage. Substitution of chemical land preparation 
for mechanical preparation eliminates or reduces tile 
need for stumrp clearing, traction, and iniplements. 
Realization of tile latter requires a low%-cost herbi
cide with the broad-spectrun, nonrcsidual, and low
mammalian-toxicity properties of glyphosaie 
(Roundup ). With :he expiry ol tile original patent 
of this product in many contries in 1987. substan
tial price reductions are expected as other produ[cers 
enter the market. The simple nature of tile corn-
pound and its inherentlyv low cost of production1 
offer prospects of much reduced prices in tihe longer 
term. The denlionstration of techllolgical and eco-
logical successes of no-tillage tulch farming by 
small farners in the SA I could favcirahfy influence 
tile future cost and supply aspects of a suita ble chen-
ical. 

Even assuming a much cheaper herbicide, the cap-
ital requirements of the most ecologically sound and 
capitat-consersing farniing strategies are still too 
high for most farmiers s\orkirig til All'isols ill , 
SAT, who base a largely subsistence ectnlny. 
However, it is titost important that these polientiai
innovationis areinne hIOtva ionisnsed 1%ililp ro teot (lislti.,sedla ,ts riiilaplpipri:ite onn 

these grounds. If a given strateg.hav lage colgicl can be shownad ecmoic dvatags oerto
 
have liarge ecological artid ecoti nicdvati gesser
hatcurrcitv used inia gien ensvironrntili, gosern-that rr ue age nnnr 
merits have the meatis to alter the farmer's ecotomic 

envirotment to favor adoption by changing policies 

that affect markets, the cost of itpts. product prices 
credit, etc. 

In the African SA I. deficits in urban iood supply' 
and expetditre of' foreigt ex hatge ot food 
imports hase been incicasing at alaring rates.These p rubletins of grca t po litical antd ec~oniiic
urgeticy tiy pro side tof ededlieat iiicn tises it 

national foud prod uction ref rms. If so, t lie u rgency
extends to the research evaluation of tis'lions 
that offer tie best protise of stable, proflitable agri-
culture. 

It cannot be assumed that it is economically feasi-

ble to check the degradation ofSATAlfisols and the 
accompanying impoverishment of those who subsist 
on them. Fyfe et al. (1983) suggest that no form of 
improved management using conventional technol
ogy is cost-effective on such soils. It remains to he 
seen if management strategi,:s designed for maxi
mnum ecological and economic efficiencies greatly 
alter this conclusion. 
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