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Abstract

The Centre de Cooperation Internationale en Recherche Agronomique pour le Developpement has conducted
collaborative research with national agricultural research services in several semi-arid regions that has led to a general
understanding of the relationship between water consumption and growth, and crop responses to fertilizers. However, farmers'
adoption of practices arising from the research has been minimal. Current effort is directed at overcoming limits to adoption,
firstly by understanding the interaction of fertilizer response and water supply, especially through modelling, in order to quantify
risk criteria from the farmer's point of view. Secondly, research now takes account of the whole cropping system, including
labour availability, access to credit, livestock management, etc., with a multidisciplinary approach. Approaches that offer
sustainability are improved intercropping systems, retention of crop residues, increased plant cover, and agroforestry. There are
important technical gaps in understanding of how these systems should operate. The allocation of nutrients and water among the
components of intercropped or agroforestry systems is not understood and solutions could lead to improved spatial
arrangements. The integrated effects of residues on runoff, soil evaporation, crop transpiration and N mineralization are not
quantified. In these and other problems, the full range of risks as well as benefits need to be evaluated.

1. INTRODUCTION

The Annual Crops Department of the Centre de Cooperation Internationale en Recherche
Agronomique pour le Develeppement (CIRAD-CA) has been involved in a large number of research
projects in cooperation with national agricultural research services (NARS) in the Sahelian and Sudano-
Sahelian zones of Africa, and more recently in Latin America and Asia. Based on intensive use of water-
balance measurements and modelling [1], these activities have led to regional syntheses [2,3], and
conclusions that:

- the relationships between water consumption of crops and yield are well known,
- the responses of crops to fertilizer are also well known.

However, the observation that few farmers adopt recommendations derived from scientific knowledge
lead to the following questions.

- Are the recommendations technically correct?
- Have they been validated in farming conditions?
- Are they compatible with the biophysical and socioeconomic constraints affecting the whole

farming system?
- Do the recommendations involve risk that farmers are prepared to accept?

In order to provide scientific answers, CIRAD, in partnership with NARS, is conducting
farming-systems research and is developing tools to provide specific understanding of on-farm
limitations by:

modelling the coupled effects of water and fertilization on yield, in conditions of low water
supply,
taking into account the whole cropping system, including labour availability, access to credit,
risk limitations, etc., in order to prepare conditions for a multidisciplinary study of the
conditions of applicability of the technical recommendations.
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2. COUPLED STUDIES

In the Sahelian zone, it is necessary to broaden these aspects and to develop accurate
methodologies instead of following isolated studies on water and/or nutrients. Affholder [4] reached the
following conclusions in a recent study.

"In many developing countries, yield increases obtained through intensification of agriculture
seem necessary to face the high population growth rate. In the case ofrainfed agriculture of semi-arid
regions, the effect on yield of some intensive farming practices is highly variable, however, due to
interactions with rainfall distribution and amount. This paper presents a model (SARRA) to perform
regional comparisons of the risk associated with intensive practices in semi-arid environments. The
model, built for this specific and restricted objective, is suitable for crops and regions where few data
are available. The intensification level of a given crop situation is assumed to be the potential yield that
would be obtained without any water constraint. The model was calibrated and validated for millet in
Senegal and then run for three locations in that country, using long-term sequences of climatic data
from wet and dry periods. Three potential yield levels and two runoff loss levels were tested for each
location and period. At one site, the study revealed that using management to increase potential yield is
highly risky. In a location only 200 km south of the former, the risk associated with intensive practices is
much less, provided that all rainfall infiltrates. Considering a 25% rainfall loss by runoff, which was
reported to be common in this region, however, the risk associated with high yield potential increases.
This case study highlighted the extent to which the risk faced by farmers in semi-arid regions can vary
spatially and with management practices. The approach proposed in this paper appears suitable for use
in designing agricultural development strategies in semi-arid regions.

The model described here, due to its simplicity, is not suitable for detailed analysis of cropping
techniques that could minimize risks for farmers, such as split nitrogen applications or reducing plant
population during the crop cycle according to the rainfall conditions. The model is of interest, however,
for making regional comparisons and assessing the impact of time changes in rainfall conditions. When
used to analyze situations at three different sites in the Senegalese Bassin Arachidier, it highlighted the
extent to which the water/fertility ratio can vary spatially. In the northern part of the Bassin Arachidier,
the model simulations indicated that it is not worth trying to increase fertility when yields range from
500 to 1,000 kg ha'1 annually, because the rainfall situation will not support increased production. On
the other hand, just 200 km further south, at Nioro-du-Rip, when all rainfall is infiltrated in the soil and
the phytosanitary conditions are satisfactory, achievement of yields less than 1,500 kg ha'1 is a definite
sign that fertility is a limiting factor. Hence, in the Sahel, more than anywhere else, the environmental
crop-production conditions have to be fully defined before designing agricultural development
strategies. In this respect, the present model would be a highly useful contribution, as it helps locate
areas where there is a strong interaction between climatic conditions and intensification levels. Efforts
to calibrate and validate mechanistic models could then focus on such areas, in order to optimize
management techniques, taking into account climatic risk

Actually, the risk faced by farmers does not directly result from yield variability, but rather
from the way this yield variability and the variability of inputs and product prices interact with the
farmers' social and economic objectives. Strategies to reduce such risk can be designed by linking crop
models with socio-economical models. That would require multi-disciplinary work, which would enable
researchers not only to design specific management techniques but also to test alternative price
policies."

A review of the Sudanian zone shows that its cropping systems are similar to those in the
Sahelian zone, and suggests that similar agronomic approaches should be taken with both. However,
fewer biophysical limitations exist in the former, and there are more possibilities for exploring
innovative cropping systems that may offer significant increases in farmers' yields and income, and at
the same time provide more-sustainable fanning systems. The current cropping systems are increasing
soil erosion and lowering fertility, illustrated by decreasing organic matter content, decreasing pH,
decreasing porosity of the soil, and degradation of hydrodynamic properties. In these conditions,
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intercropping, crop-residue retention, increased plant cover, and agroforestry are systems that could be
encouraged to offer greater sustainability.

For these cropping systems, there remain important deficiencies in our comprehension of the
relationships between a set of techniques and the yield, which cannot be resolved by direct
experimentation. Before proposing innovative systems, mechanisms have to be better understood, and
some basic questions must be resolved, as follows.

- How to partition correctly the specific water and nutrient demand of two associated crops?
- How to rationalize spatial arrangements between trees and annual crops in agroforestry systems

for optimum water and N-use efficiency?
- What are the simultaneous effects of crop residues on run off, soil evaporation, crop

transpiration, and N mineralization?
- What are the thresholds in terms of slope, soil type, and fertility, beyond which innovative

cropping systems may or may not present more inconvenience than advantage?

3. SPECIFIC STUDIES

The first example concerns a study in Mexico of direct sowing rainfed maize after mulching
with crop residues on the plant-available water supply, in areas with irregular rainfall [5].

"/« tropical areas with low and/or irregular rainfall, good use of precipitation is often
primordial for the success of rainfed crops. Soil preparation techniques play an important and complex
role. The study analyzes the advantages of direct sowing with crop residue mulch to ensure production
of maize in the V. Carranza region in Mexico. A combined, structured test design was set up. A
controlled experimental procedure was performed to examine the relations between soil-preparation
techniques and plot water fluxes and an agronomic survey of farmer's fields was carried out to examine
the regional diversity of all the other production conditions which may affect water supply and
successful cropping. In spite of the small amount of residue available (about 2 tons dry weight per
hectare), the direct sowing + mulching technique resulted in better storage of rainfall in the soil. More
water was available during dry periods, enabling greater water consumption by the crop and longer
maintenance of photosynthesis. Root spread appeared to be less discriminatory under local soil-climate
conditions; the differences between different types of soil preparation were small in all cases with little
effect on water uptake. However, the extra water available is not always used to the full soil profile
under field conditions. High water uptake by a strong weed population may reduce the advantage for
the maize crop. Likewise, better water availability must be accompanied by equivalent crop demand.
Farmers must manage plant cover population and growth and the factors affecting them for optimal use
of the available water. Finally, the amount of grain formed must not be reduced by another limiting
factor with a too strong effect on the functioning of plant cover during the critical flowering period. The
study shows the difficulty of satisfactory application of direct sowing with mulching. The procedure
proposed can provide the information required for the design of new cropping procedures
incorporating direct sowing with mulching for a region such as V. Carranza. The crop management
sequences proposed should enable better management of rainfall and remain acceptable for farmers. "

The second example concerns analysis of agroforestry systems in a region of southern Senegal
with irregular rainfall. In this study, N'Diaye [6] reported the use of prunings of N2-fixing trees as an
alternative source of nutrients:

"Low rates of chemical fertilizer applied on cereals in West Africa and lack of manure have led
agronomists to look for other nutrient sources for cereal crops. This study was conducted within the
framework of the development of an agroforestry system in which prunings of nitrogen-fixing trees were
used as an alternative source of nutrients.

The scientific approach followed has three main steps: (i) diagnosis of nitrogen fixation by tree
legumes growing under natural conditions using the natural isotopic I5N abundance technique (ii)
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characterization of nitrogen supply by tree prunings and their contribution on nitrogen uptake by maize
(Hi) in the field, quantification of contributions of soil, prunings and fertiliser on nitrogen uptake by
maize, using the I5N labelling technique.

The diagnosis on nitrogen-fixing tree legumes growing under natural conditions reveals a
rainfall threshold below which the nitrogen fixation is limited. Two hypotheses were made to explain the
low level of the nitrogen fixation : (i) native Bradyrhizobium strains develop and express themselves
only when host plants are grown for a long period in a given zone (ii) negative interaction between
soil/climatic conditions do not allow good survival of native Bradyrhizobium in the soil. Two
characteristics of prunings: capacity of nitrogen supply and kinetics of biodegradation (half-life time)
are measured in laboratory and validated under field conditions; they allow the set up of a predicting
model of nitrogen supply by tree prunings. Optimal sowing date of maize and pruning period of tree
legume are modelized to adjust nitrogen supply to nitrogen uptake by maize. To do so, the following
parameters are taken into account (a) indicators of prunings (b) rainfall series on a long period of time
(c) characteristics of cereal variety (d) soil characteristics. Contributions of mineral fertilizer, soil and
tree prunings to nitrogen uptake by cereal are evaluated. Among those, the contribution of nitrogen
fixation in tree prunings accounts for the role of nitrogen fixation in the durability the cereal based-
agroforestry system. The Land Equivalent Ratio (LER) in alley cropping, is 0.90 and 1.6, respectively,
when the maize pure crop is fertilized and unfertilized; this indicates the good biological efficiency of
the agroforestry system.

The agroforestory system performance is high and requires few expensive inputs. So, in theory
it presents advantage in regions with high demographic pressure as the Peanut Basin of Senegal.
However, farm diversity and socio-economic constraints of farmers should be considered before the
agroforestry system is adopted.

4. CONCLUSION

We could ask a long list of questions about water and nutrient use in semi-arid cropping systems
for which the current scientific literature offers only partial and sometimes contradictory answers.
However, unless correct answers are given to these questions for each region, there is no probability that
farmers will accept the risk of changing current cropping systems for a proposed but hazardous
replacement. So agronomic research is obliged to face the challenge of developing improved and
sustainable systems. There are no simple solutions to complicated problems.

Responses to the agronomic questions must include the disciplines of bioclimatology, physical,
chemical, and biological soil science and crop physiology. The simultaneous use of nuclear techniques,
neutron probes and labelled fertilizers are essential, for measuring water and nutrient behaviour. The
results can be integrated in models to exploit innovative cropping systems. Such methods can contribute
significantly to the implementation of high-quality research with southern-country partners, as shown in
the presented examples.
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