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Food insecurity in the Sahelian environment was extensively shown to be a result of low soil fertility
and high climate risks. But decisions and recommendations made from the great wealth of research
have little been adopted by farmers. Soil water crop models (SWCM) can assist researchers and
development actors in this environment if they can appropriately deal with the constraints and mainly
farmers’ agricultural development goals. We reviewed the Sahelian agricultural constraints and farmer
management practices with an emphasis on Niger and pearl millet. Significant results derived from
research works to improve crop productivity are presented and analyzed with regard to the main
agricultural constraints. Potential and currently used SWCMs are presented and compared for
relevance for use in such a particular environment for decision support (DS). This shows that crop
modeling in millet-based agricultural system of the Sahel should be addressed with an integrated
approach that can handle the multiple and usually connected agricultural constraints of the region: low
soil fertility and spatial variability, time and space rainfall variability. Recommendations were made
regarding the relevant and minimum aspects that SWCM should take into account for a successful and
reliable use for DS in the complex Sahelian environment.
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INTRODUCTION

Smallholder farmers in the Sahelian zone of sub-Saharan
Africa are facing difficult times as a result of productivity
levels that are often low. Millet grain yields are often
below 500 kg ha-1 (De Rouw, 2004). Crop yields are
strongly dependent on, and constrained by what has
been recently recognized (after many decades of blaming
only water stress) as the most important asset- soil

fertility (Struif Bontkes and Wopereis, 2003). The
unfavorable climate and low fertility create intense
pressure on land even at relatively low population
densities (Reardon et al., 1997). Decision making have
long been derived from the great wealth of research
undertaken in the area but these constraints are still
impeding the development of sahelian farmers’
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agricultural systems. There is a need for tools that can
support decision making. Agricultural decision support
tools (DSTs) integrate information or knowledge about
soil, climate, crops, and management for making
better decisions about crop production and food
security. In the Sahel such DSTs can assist with the
diagnosis and analysis of problems and opportunities
related to water, soil fertility, and farmers endogenous
practices. Several DSTs have been developed over the
past decades; they range from simple best-bet options
tables to sophisticated computer models (Struif Bontkes
and Wopereis, 2003).

A computer model is a simplified representation of
reality with which we can compute outcomes without
having to perform actual experiments. The soil-water-
crop models (SWCM) are computer models that can be
used to predict crop yield under different management
strategies, as well as individual land properties or
characteristics that are important components of yield,
such as moisture supply, nutrient supply, and radiation
balance etc. Giving a comprehensive list of possible
applications of SWCMs as DS is impossible because DS
is an art of the user and mostly depends on the specific
problem under study. Known applications are diverse and
include crop managements (rotation, fallow), soil fertility
management, water management, climate variability and
risk analysis, climate adaptation, weed, pest, disease
management etc. But an interesting SWCM to be used
for DS should at least comply with two main criteria: 1)
suitability for the target environment and 2)
appropriateness for the intended purpose (CLIMAG-WA,
2002). The use of SWCM for DS is widely practiced for
many regions and crops in the world but in the sahelian
millet-based systems it is still far from common. To
improve this situation, this review paper first analyzes the
agricultural constraints for millet-based systems in the
Sahelian region with respect to local farmers’ practices
and research outcomes. Then an overview of potential or
currently used SWCMs in semi-arid Africa is given. And
finally the role that these models may play in such an
environment is discussed.

Main agricultural constraints in millet-based cropping
systems in the Sahel

Rainfall uncertainty and variability in time and space

The general atmospheric circulation is a major factor
influencing climate variation in west Africa. In Niger, the
single-peak rainy season occurs in the period from May
to September, with the remainder of the year dry. The
length of the rainy season ranges from 60 days (250 mm
year " isohyet) to 120 days (750 mm year isohyet). Millet
is grown throughout the semi-arid zone, but is dominant
within the 250-750 mm year™ zone (Hoogmoed and Kilaij,
1990). The annual potential evapotranspiration is high
(2000 — 2300 mm year™) (Sivakumar et al., 1993).
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Moreover, a long term rainfall trend towards aridification
was reported especially for northern rainfall stations and
a comparison of different annual rainfall datasets shows
that the isohyets have shifted 100-150 km southward
since the 1960s (Sivakumar et al., 1993). A close
relationship between the Sahelian rainfall decrease and
the reduction in the number of rainy days has been
confirmed by Le Barbé and Lebel (1997). They observed
a decrease in both the seasonal amount and number of
rainfall events of about 25%. But recently, this trend
towards aridification became a very controversial issue.
While some authors reported the drought to be ending
since the 1990 (e.g., Ozer et al., 2003), or being simply
an artifact of changing station networks (Chappell and
Agnew, 2004) others as L’hote et al. (2002, 2003), Dai et
al. (2004) and Hulme (2001) argued it to be real and
continuing.

Beside the long term trend, the temporal variability of
rainfall is very high on the annual, monthly and daily time
scales. The monthly rainfall variability is more distinct
since rainfall occurs only during the 3 to 5 summer
months. More crucial to agriculture is the daily variability.
The average amount of rain per rainy day increases from
9.7 to 14.4 mm during the course of the rainy season,
while the standard deviation increased at the same time
from 7.6 to 11.1 mm. The mean duration between
successive rain events progressively decreases during
the wet season from 6 to 2 days. Mean maxima per rain
day in July and August are 45 and 48 mm day",
respectively (Sivakumar et al., 1993).

The Sahelian zone is characterized by a strong North-
South annual rainfall gradient, with 1 mm decrease on
average for every km. Beside this general latidunal trend,
annual differences of 200 to 300 mm may occur in any
directions within a radius of only 100 km. At ICRISAT
Sahelian center, total annual rainfall in 1995 ranged from
440 to 553 mm over only 2.5 km distance, while in 1996 it
ranges from 503 to 554 mm over 0.8 km distance which
correspond to maximum gradients of 42 and 64 mm km™,
respectively (Graef, 2000). The same author mentioned
that single rainfall gradients may exceed 20 mm over 3.2
km distance during a single event. So spatial rainfall
variability is higher at a local scale than at regional scale.
The strong local scale rainfall variability is an agro-
climatic risk factor that farmers have to deal with in the
Sahel and farmer’s fields are found to be dispersed within
1 to 5 km distance (Graef and Haigis, 2001). Akponikpé
et al., (2011) using a modeling approach, confirmed the
effectiveness of this farmer fields' dispersion strategy to
reduce the disparity of millet yield between households
each year and to increase the inter-annual yield stability
at household level.

Poor and highly variable soil physical and chemical
characteristics

Based on data from the Fakara region (Hiernaux and
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Ayantunde, 2004) and ICRISAT Sahelian center, Sadoré,
the soils were classified as sandy, with more than 90%
sand in the A horizon (West et al., 1984). Soils have a
pH-water of 4.5 to 6.3, CEC of 0.8 to 7.0 meq/100g,
organic matter content of 0.1 to 0.80%, total N of 100 to
300 mg kg™ and total P of 0.7 to 5.5 mg kg™*. Soil water at
field capacity is of the order of 0.10 cm® cm™ (Klaij and
Vachaud, 1992). High variability were reported over short
distances (2m) (e.g., Geiger and Manu, 1993; Manu et
al., 1996; Rockstrom, 1999; Voortman et al., 2004).

The soils are of structureless class with high
percentage of coarse sand particle (Hoogmoed and Kilaij,
1990). Differences in soil properties are thought to be
caused by differential wind and water erosion and
deposition, growth of trees and shrubs before clearing for
cultivation, trees left standing such as Faidherbia albida,
termite activity, differential leaching, and/or human
activity (including uneven application of manure, location
of village sites and refuse heaps, and burning of cleared
vegetation)(Miedema et al., 1994; Geiger et al., 1994;
Gérard and Buerkert, 1999; De Rouw and Rajot, 2004).

Millet growth and yield variability in space and time

Millet germinates uniformly across fields, but 1 to 2
weeks after emergence, differences in growth occur
(Scott-Wendt et al.,, 1988a). This short-range variability
results in low yields in farmers’ field and experiments.
Using a scoring harvest technique in 1993, on a 40 x 60
m plot, grain yield in the sub-plots (4 x 5 m) at the end of
the growing season ranged from 1.6 to 137.9 g m™, with
an average of 63.9 g m™. The total biomass measured in
the sub-plots ranged from 16.0 to 450.0 g m™, with an
average value of 234.7 g m™ (Scott-Wendt et al., 1988a).
Many attempts were made to explain the cause of this
large millet yield variability. Some authors have observed
that often, although not consistently, millet growth is
better on micro-high conditions and poorer in micro-low
situations (Scott-Wendt et al., 1988b; Geiger and Manu,
1993; Manu et al., 1996). Scott-Wendt et al. (1988b)
investigated a transect from very poorly growing to well-
growing millet and observed that low vyields were
correlated with high Aluminium saturation levels and
lower cation levels (Ca, Mg, and K). Voortman et al.
(Voortman et al., 2004) showed that the proportion of the
cations (Ca, Mg, K and Na) on the exchange complex, in
combination with the Al saturation profile were the main
source of spatial variability at this scale where these soil
properties explained 82% of the millet yield variation.
They pointed out that macronutrients N, P, K explained
only a modest portion of millet yield spatial variability.
Termite activity was also mentioned as another factor
inducing spatial yield variability. According to Miedeman
et al. (1994), good growth sites were associated with a
higher level of termite-derived pedofeatures (termite
infillings) and termite amended groundmass features

(bridged grain microstructures).They explained this by an
enrichment of soil-surface with organic matter and fine
clayey material as a result of termite activity which cause
a better chemical fertility status and a better water
holding capacity.

In time (between seasons), vyield variation were
explained by rainfall pattern with the main determinants
being the date of rain onset, number and length of dry
spells, and water by nutrient interaction (Akponikpé et al.,
2010). In fact rain onset is very wide (April to July), the
average date (and standard deviation) of onset of the
rainy season is 12 June (18 days) while rain stops
approximately at the same time every year at 27
September (12 days), causing late sowings to suffer from
end season water stress (Sivakumar, 1988, 1990).
Frequent occurrence of dry spells were reported to
impede on millet development and yield establishment
mainly during sensitive phenology stages such as
flowering and grain filling (Sivakumar, 1992; Winkel et al.,
1997). Interaction between water and nutrient availability
was frequently reported to explain millet yield variability
between years. For instance, Gandah et al. (2000)
observed that maximum yield was not observed at the
same place in farmer field every year (under the same
fertility practice). Christianson et al. (1990) tried to explain
the millet grain yield as a function of N rate and annual or
mid-season rainfall amount.

Farmer soil fertility management practices and
research findings

Manure and corralling of livestock (on fields)

Smallholder farmers employ a range of technologies to
enhance soil fertility, and manure is a cornerstone of
many of the soil fertility management strategies they use.
Manure is composed of all sort of feaces, urine, refuse
fodder, vegetation added to the compost to trap urine,
cooking waste and ash from cooking fire (Harris, 2002).
Large cattle or small ruminant manure application is
devoted to limited spots within farmers’ fields and often
applied (corralling livestock on field or transported farm
yard manure) at very high application rates. Manure
application was targeted to spots in only 30% of 307
fields surveyed by Schlecht et al. (2004) in a recent
survey around Chikal, southwestern Niger.

Schlecht et al. (2004) collected data from southwestern
Fulani (herders) and Zarma villages in southwestern
Niger (Ticko, Kodey, Tigo-tegui, Banizoumbou) and found
on corralling and manuring ipractices, average application
rates of 12.7 to 15.5 t ha™ feacal dry matter (FDM) for
cattle and 6.8 to 7.2 t ha™ (FDM) for sheep and goats.
Average manure application rates in Chikal were much
lower, varying around 3.4 t ha™ and 1.3 t ha™ FDM for
cattle and for small ruminants. Akponikpé (2008) found
0.05 to 4.9t ha™ in corralled spots and 0.0to 1.0tha™ in



farmyard manure spots within farmers field in the same
area (Kodey, Tigo-tegui, Bagoua and Banizoumbou) in
2004. The amount application varies according to the
farmer cattle herd size and the extent and spatial
homogeneity of application depends on his capacity to
assure a good distribution of the manure in the spots
during corralling or farmyard manure transportation.
Manuring of the same field or spot is normally repeated
only every 3rd-5th year. In general, more farmers opt for
the longer interval between applications than the shorter
one (Schlecht et al., 2004).

Manure received much scientific attention (Williams,
1999; Harris, 2002; Schlecht et al., 2004). The effect of
different manuring and corralling treatments on millet
yield in the Sahel vary widely. Having tested from 1997 to
2001 five rates of application of cattle manure, that is, 2,
4, 6, 10, and 14 t ha™' of fecal dry matter on a millet
landrace, Schlecht et al. (2004) found that millet dry
matter yields exceeded (on average over 4 consecutive
years) the yield of the control by 779 + 84 kg ha™ of grain
and 1822 + 233 kg ha™ of stover when 2 t ha™'of manure
were applied in the first year. The yield response of millet
increased linearly with the rate of manure application in
the first year, at least up to 14 t ha™ of FDM. Some on-
farm experiments (Tigo, southwestern Niger) showed that
the residual effect of manuring was still significant 3 years
after application (6 t ha™ manure + 2 t ha™ crop residue),
with grain yields of 527 + 56 kg DM ha™* versus 298 + 54
kg DM ha™ in the control (Schlecht et al., 2004).
Underlying beneficial effects of manure are increased soil
porosity and aggregate stability, increased water
infiltration and water holding capacity, decreased eolian
soil losses, increased SOM, pH, CEC and nutrient
availability (e.qg., Bationo and Mokwunye, 1991a; Buerkert
and Hiernaux, 1998; Schlecht et al., 2004). But the
quality of manure produced by livestock and their effect
on crop vary according to their diet (Powell et al., 1994;
Tittonell et al., 2007). Other works have pointed out the
beneficial effect associated with the application of urine
during corralling (Powell et al.,, 1998; Sangaré et al.,
2002).

Large manure application rates usually results in high
nutrient loss on the acidic and sandy soil of Niger. On
average, 1070 kg haof C, 91 kg ha™of N, 19 kg ha™of P
were leached to depth between 1.5 and 2 m at high rates
(9 to 10 t ha) of manure application (Brouwer and
Powell, 1998).

They suggested application to be less than 2.8 t ha™ on
topographical lows (prone to high run-on and rainfall
infiltration) and 2.5 t ha™on higher parts (prone to runoff
and low rainfall infiltration) of farmer’s field. But these
recommendations do not take into account the highly
variable quality of the manure (Harris, 2002) and its low
availability in the area. One strategy to increase the
nutrient efficiency, well known to farmers but labour
demanding, is the placement of the manure in planting
pits (zai) (Fatondji, 2002; Fatondji et al., 2006).
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Crop residues

Traditionally farmer remove millet residues from farms,
after grain harvest, for household uses (fencing, fuel,
animal feeding, bed or granary making) or sell them to
herders (Baidu-Forson, 1995; Bationo et al., 1995). So
littte crop residues are left on farms. Schlecht and
Buerkert (2004) found in a recent survey in Chikal
territory, southwestern Niger that mulching of crop
residues was mainly practiced to fight wind erosion but
was restricted to 36% of 307 individual farmers’ fields
given the alternative uses of straw. Quantities of stover
found on farms in the Sahel before millet sowing are less
than 800 kg ha™ and mostly inadequate for effective
mulching (Baidu-Forson, 1995).

As it is encountered within farmer field prior to sowing,
crop residue has benefited from extended research
attention. Especially long-term but also short-term
application of crop residue (mulching) increases pearl
millet yield, whereas their omission decreases vyield
immediately. For Sahelian climatic conditions, the sand%/
soils of western Niger and application rates up to 4 t ha™,
no depressive effect of crop residue on millet yield has
ever been reported.

Incorporation of crop residues gave higher vyield
compared to mulching or burning (Rebafka et al., 1994).
The mechanisms responsible for the positive effect of
crop residue on crop are physical and chemical. Physical
effects comprise: reduced wind and erosion effect on
nutrient that enhance seedling emergence and early
growth (Michels et al., 1995; Bielders et al., 2000, 2001,
2002; Buerkert et al., 2000), reduction in surface
crusting, increase formation of stable aggregates
improving soil porosity and water infiltration (Hoogmoed
and Stroosnijder, 1984; Buerkert and Stern, 1995) and a
decrease in soil surface temperature (Buerkert and
Lamers, 1999; Buerkert et al., 2000). Chemical mulching
effects are related to: (1) increase exchangeable base
content and cation exchange capacity (CEC), lower Al
saturation, increase in plant available phosphorus and
potassium, and P mobility (Kretzschmar et al., 1991,
Geiger et al.,, 1992; Bationo et al., 1993; Hafner et al.,
1993; Rebafka et al., 1994). The rate of crop residue
generally tested in research or recommended are far
higher than what are encountered in farmer fields before
sowing and even exceed annual stover yield, which
raises questions about their relevance.

Mineral fertilizer

Millet-based farming system in the Sahel is characterized
by no or low inputs of fertilizer. Farmers usually mix small
guantities of fertilizer with seed at sowing. Because of the
low availability of crop residue and manure in the Sahel,
more attention was given by research to mineral fertilizer
use in order to alleviate soil fertility constraints. Although
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some authors have reported large responses to K
fertilizer (Rebafka et al, 1994), mineral fertilizer
strategies have generally focused on satisfying plant N
and P requirements, the two most limiting nutrients
(Bationo et al., 2003). There is no positive response to N
unless adequate P is supplied (Buerkert and Stern, 1995;
Buerkert et al., 2001). There were many research works
done to prove the beneficial effect of N and manly P
fertilizer in the area (e.g., Christianson et al., 1990;
Bationo et al., 1992; Subbarao et al., 2000; Bationo and
Ntare, 2000; Buerkert et al., 2001; Yamoah et al., 2002).
Single superphosphate (SSP) applied annually at 13 kg P
ha™ effectively removed P deficiency on most cases.
Rockphosphate (RP) from various regional sources (RP
compacted with soluble fertilizer and partially acidulated
phosphate rock (PAPR)) have also been tested and
shown to vary widely in their efficiency (Bationo et al.,
1990a; Bationo and Mokwunye, 1991b). Phosphorus-
induced yield increases in millet have been shown to
substantially increase with N application. Most research
examined the immediate millet response of single or
repeated application of soluble N and P and little is
known about residual effects on plant growth over time,
although this is crucial to predict adoption by smallholder
farmers (Schlecht et al.,, 2006). Moreover there is
evidence that on weakly buffered Sahelian soils the use
of mineral fertilizers may lead to rapid decrease in soil
organic matter (SOM) and pH, thereby detrimentally
affecting millet production. To be sustainable, any long-
term application of mineral fertilizers to Sahelian soils will
need to be combined with the application of organic
matter.

Combined organic amendment and mineral fertilizer

Although the effectiveness of manure, crop residue or
fertilizers for improving soil fertility and crop yields has
been demonstrated repeatedly through on-station and
on-farm trials (e.g., Bationo and Mokwunye, 1991b;
Brouwer and Powell, 1998), all these sources are limited
for farmers’ use by either availability (Palm et al., 1997),
competing uses (Bationo et al., 1995; Lamers et al.,
1998) and price or financial risk (Shapiro and Sanders,
1998). Hence, an integrated nutrient management (INM)
which relies on the use of multiple sources of nutrients
sources (various organic and mineral fertilizer) is a
necessity in order to achieve productive and sustainable
agricultural systems (Palm et al., 1997; Kimani et al.,
2003).

Additive, but also synergetic (more than proportional)
effects have been reported in the literature as a result of
the combined use of organic and inorganic amendments
(e.g., Bationo et al., 1993; Hafner et al., 1993; Kimetu et
al., 2004; Akponikpé et al., 2008). In Niger, phosphorus
use efficiency for millet (kg grain/kg applied P) was
increased from 46 on plots fertilized with inorganic P to

86 on plots amended with inorganic N and P and millet
crop residue (Bationo et al., 2003). On average over a 9-
year experiment, Yamoah et al. (2002) reported that
millet grain yield increased from 320 kg ha™ on control
plots to 700, 900 and 1510 kg ha™ on plots amended with
residue, N & P fertilizer and residue + N & P fertilizer,
respectively.  Similar trends were reported for millet
stover yield. Water use efficiency was raised from 0.78
kg grain ha™ mm™ for the control to 3.61 kg ha™ mm™ for
the residue+fertilizer plots. Fertilizer use efficiency (kg
grain kg™ fertilizer) was 13.5 for the fertilized plots and
increased to 27.6 upon the addition of residue. Yamoah
et al. (2002) concluded that the residue+fertilizer
treatment had the highest sustainability yield index.
These synergetic effects may result from the side
effects of using organic fertilizers, besides their role as
nutrient providers: P mobility enhancement, decrease in
exchangeable Al, enhancement of root growth,
decreased surface temperature and soil penetration
resistance, and soil protection against wind erosion
(Bielders et al., 2000; Buerkert et al., 2000). A specific
effect of INM is to also to maximize nutrient use efficiency
(Kimani et al., 2003). In millet-based rainfed systems, this
goes along with a strong increase in water use efficiency,
as seasonal cumulative evapotranspiration is little
affected by fertility management practices (Payne, 2000).
Whereas fertilizers release their nutrients rather rapidly,
manure or residue act as slow release fertilizers. In
addition, they are a source of multiple nutrients, including
micronutrients, supply carbon for soil micro-organisms
involved in nutrient cycling, and may improve soil
physical and chemical quality (Buerkert et al., 2000; Esse
et al., 2001; Harris, 2002). The use of either crop residue
or manure can buffer soil acidification resulting from
fertilizer use, thereby enhancing fertilizer use efficiency
by preventing P immobilization (e.g., Hafner et al., 1993).

Analysis of traditional and proposed technologies
and need of decision support tools

Sustainability of research
traditional technologies

proposed  versus

Subbarao et al. (2000) studied the long-term effects of
tillage, phosphorus fertilization and crop rotation on pearl
millet productivity at Sadoré and found that the traditional
system was more stable although it had the lowest yield.
In another case study combining 13 alternative
technologies ranging from sole millet or intercropping,
improved cultivars, P fertilizer application, tillage and
rotation Subbarao et al. (2000) found again the
traditional production system to be more stable. As the
degree of intensification increased in the Sahel, the
stability of the production system declines (Subbarao et
al., 1999). De Rouw (2004) found similar results
regarding plant densities as conventional low density



planting did not produce high yields as frequently as
higher densities under favorable conditions. However,
there was less crop failure under harsh conditions with
low density sowing, although lower average grain yields
were realized.

The Sahel: A
environment

complex agricultural research

Many authors have emphasized that the interpretation of
experimental research is often difficult because the soils
which have developed in coversand materials, although
uniformly very sandy, exhibit a great spatial variability
within distances as short as few meters (Voortman et al.,
2004). The local soil variability leads to large variations
among replications of experimental treatments. Moreover
annual rainfall variability causes research results not to
be consistent from year to year and there is a poor
comparability of results across locations and climatic
conditions (Schlecht et al., 2006).

Level of adoption of proposed technologies and need
for decision support tools

Research efforts have provided the foundation for
extension in Sahelian countries. In Niger, for example,
extension has formulated a set of proposals (Reddy,
1988; Klaij et al., 1994): (i) Higher plant densities were
recommended as a means to achieve higher yields at low
cost. However, significant increases in density should
only be made in conjunction with mineral fertilizer use; (ii)
modest quantities of N and P should be applied next to
individual hills for their most effective use and this
increases the risk of crop failure in poor rainfall years (De
Rouw, 2004); (iii) selected short cycle cultivars should
replace the local landraces, especially if the rains are
late. As a consequence, these proposals were tested
further in suitable rainfall zones throughout Niger
(INRAN, 1990) and were applied in many development
projects (Ukkerman and Hama, 1995).

However, these recommendations have not been
widely adopted. Selected cultivars, mineral fertilizers, and
cropping practices such as higher stand density have
been used by only a few farmers within the development
projects and none else (Abdoulaye and Lowenberg-
Deboer, 2000). Fertilizer recommendations are often
based on nutrient response trials limited to a few years
and locations. Sometimes standard or ‘blanket”
recommendations are applied for whole agro-ecological
regions or even the whole country (Vanlauwe and Giller,
2006). It is hard, in this sense, for extension services to
match research findings to farmers local site conditions
which may not be comparable to on-station or on-farm
conditions found elsewhere. Recommendations need to
be more flexible. In addition, the difference in priorities
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between researchers, who aim to improve yields in
average years, and Sahelian farmers, who seek to
reduce the frequency of crop failure, could explain the
non-adoption of most innovations because the risks of
yield losses were not reduced (De Rouw, 2004). Farmers
are familiar with, and apply soil fertility improvement
techniques of mineral fertilizer (including rock
phosphate), crop residue, cattle and farmyard manure
and crop rotation. According to Enyong et al. (1999)
farmers attitudes to and rationales behind adoption are
influenced by the availability and land use policies and
available labor resources, food security concerns,
perceived profitability, contribution to sustainability and
access to information. But some of the factors are
beyond farmers’ control and require a broad and
integrated effort from research, extension and
government to promote the wuse of the fertility
improvement technologies in the region.

Given the complexity and heterogeneity of the millet-
based cropping systems in the Sahel, the situation
undoubtedly calls for comprehensive, easy and low cost
tools. DSTs such as numerical soil-water-crop simulation
models could play a key role, helping in saving time and
money from long years of field/station experiments and
capitalizing on farmers’ local knowledge and existing
research findings.

State of the art of soil-water-crop modeling in the
semi-arid Africa

SWCMs will be shortly described and experience of their
use in the Sahelian context will be presented highlighting
successes and shortcomings. SWCMs are presented
following chronological order of use in the crop vyield
modeling science. Statistical models have been used for
yield prediction for several decades, water-balance
models took up the challenge by tackling water
requirement satisfaction in relation to crop production.
More recently efforts were made to take into account
processes related to plant nutrient interactions. Although
potentially important, modeling of biotic stresses (weed,
pests, diseases, etc) will not be discussed here.

Empirical-statistical models

This approach goes back to the 1930’s and is the oldest
form of crop modeling. Yield is predicted as a statistical
function of observed key environmental characteristic
averaged over part or all of the growing season (e.g.,
Thompson, 1986; Dourado-Neto et al., 1998a, b). The
statistical  functions are usually developed by
simple/multiple regression techniques (stepwise linear,
ordinary least squares (OLS) and maximum likelihood
estimation (ML). These environmental characteristics are
typically climate (precipitation, solar radiation and
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temperature, evapotranspiration averaged over the
growing season or over specific periods) and soll
(nutrient status, organic matter content, particle -size
distribution). Although these models may have a role
under particular circumstances, they have been largely
replaced by models that are more or less dynamic, at
least with respect to the soil water balance. Examples in
the millet-based Sahelian system explained millet grain
yield as a function of N rate and annual or mid-season
rainfall (Christianson et al., 1990); N rate, plant density
and rainfall during particular crop phase (Bationo et al.,
1990b), N, P and /or K rates (Fussell et al., 1987); N, P
and K rates with other soil, terrain and management
variables (Voortman and Brouwer, 2003). As with any
empirical model, these models can only be applied in
their original zone of calibration. Extrapolation to new
conditions is not warranted. Although these models may
have a role under particular circumstances, they have
been largely replaced by models that are more or less
dynamic, at least with respect to the soil water balance.

Water-balance (stress index models)

Due to soil constraints for efficient water use, and the
critical importance of available water to food security in
semi-arid West Africa, considerable regional effort has
been devoted to water balance studies and models.
Dynamic water balance models simulate infiltration,
runoff, drainage and evaporation from soil. Simple
descriptions of crop canopy development permit
calculation of transpiration (CLIMAG-WA, 2002). A stress
index such as the time integral of the ratio of actual to
potential transpiration can be related empirically to
reduction of growth and yield. The stress index approach
(Doorenbos and Pruitt, 1977) is not fundamentally
different from that used in dynamic process crop models.
Canopy characteristics are taken as an input rather than
a dynamic state variable greatly simplifies the model but
also does not permit to take into account feedback
mechanisms, such as early-season water stress and
later-season demand. Water balance - stress index
models have been applied to a broader range of scales
than process models. They are applied in West African
countries for agrometeorological and food security
assessments. SARRAH-based models (Systéme
d’Analyse Régional des Risques Agroclimatiques-Habillé)
typically and deterministically simulate attainable yields
(water-limited under optimal soil fertility condition) at the
field scale, but may also be stochastic and operate at
variable temporal and spatial scales (Samba, 1998;
Baron et al., 1999). Extrapolation from plot to region is
done by AGRHYMET (Niamey) for agro-meteorological
forecasting using the DHC system (“Diagnostic Hydrique
des Cultures”), which includes SARRA as a component
(Samba, 1998). A specific sub-model was developed for
millet (SARRA-millet or SARRAH-mil) and was structured

to enable such applications as well, but with greater
physiological detail. It is frequently used by agronomists
and agro-meteorologists working in the Sahel. It has
been used for zoning and risk analyses (Affholder, 1997;
Baron et al., 1999; Sultan et al., 2005a), to analyze the
impact of regional climatic variability on millet yield
(Sultan et al., 2005b) and to predict agricultural plot yield
based on Global Circulation Model output (Baron et al.,
2005).

Dynamic process models

Over the past 25 years, many individual modelers and
collaborative groups have attempted to develop models
that simulate the growth of crops, along with associated
phenomena that influence crop growth such as water and
solute movement in soils. Dynamic process models are
then those which simulate through time (usually on a
daily or sub-daily time step) the ecological and
physiological processes of crop growth, development and
interaction with the environment. Experience has led to a
distinction between mechanistic models that try to
capture our understanding of the mechanisms behind
subsets of those processes with the primary objective to
advance our understanding, and functional models that
make useful simplifications so that data requirements and
the robustness of predictions are appropriate for a rather
broad range of practical applications (CLIMAG-WA,
2002). A short overview will be given for the five most
promising and widely known ones (irrespective of age or
importance): “School of de Wit’, APSIM, DSSAT, STICS,
Cropsyst. Examples of applications in semi-arid Africa will
be given and completed with other applications in Africa
in general because of the very few crop modeling works
in the Sahel.

“School of de Wit” models

The modeling group from Wageningen Agricultural
University, The Netherlands — nicknamed the “School of
de Wit” in honor of their early crop modeling pioneer —
has taken a rather different approach (Bouman et al.,
1996). Instead of developing comprehensive, general
purpose models, they have emphasized application-
dependent models, and have developed tools to facilitate
rapid development of relatively simple models(CLIMAG-
WA, 2002). Yet we can identify an evolving family of crop
models that includes SUCROS, MACROS and WOFOST.
A model for sorghum, millet and maize with a tipping-
bucket soil water balance model has been developed for
use in the Soudano-Sahelian region (Bazi et al., 1995).

APSIM

The agricultural production systems simulator (APSIM) is
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Table 1. List of various types of applications of the APSIM crop models in Africa and example references that describe these applications

in detail.

Type of application

Crop, Climatic zone and country

References

Low input farming systems in
Zimbabwe)

N and P release from organic source

Water-soil fertility management
Millet (Sahel, Niger)

Agro-climatic risk management Millet (Sahel, Niger)

Maize, grain legumes (Dry and wet

Maize (semi-arid and Wet Kenya)
Sorghum (Semi-arid Ghana)

Shamudzarira et al. (2000), Shamudzarira and
Robertson (2002), Chivenge et al. (2004)

Kinyangi et al. (2004), Micheni et al.(2004)
Kpongor (2007) ,MacCarthy et al., (2009)
Akponikpé (2008), Akponikpé et al. (2010)
Akponikpe et al. (2011), Akponikpe (2008);
Akponikpeé et al. (2010), Akponikpe et al.
(2011), Tidjani and Akponikpe (2012), Tachie-
Obeng et al. (2013)

a modular modeling framework that has been developed
by the Agricultural Production Systems Research Unit in
Australia (Keating et al., 2003). APSIM was developed to
simulate biophysical process in farming systems, in
particular where there is interest in the economic and
ecological outcomes of management practices in the face
of climatic risk.

It is a modular framework. Its modules include a
diverse range of crops, pastures and trees, soil
processes including water balance, N and P
transformations, soil pH, erosion and a full range of
management controls (manure, fertilizer, weeding,
irrigation, etc).

APSIM has been used in a broad range of applications,
including support for on-farm decision making, farming
systems design for production or resource management
objectives, assessment of the value of seasonal climate
forecasting, analysis of supply chain issues in
agribusiness  activities, development of waste
management guidelines, risk assessment for government
policy making and as a guide to research and education
activity (Keating et al., 2003). APSIM implements a high
degree of modularity of the various modules and
processes (Mccown et al., 1996).

The initial motivation was to improve flexibility to model
cropping systems and a wider range of soil and
management processes.

It was developed primarily for Australia's agricultural
industry, but now supports a variety of applications in
many parts of the world. As a result of a relatively high
level of funding and scientific and development staffing,
model development is more active for APSIM than for
any of the other families of crop models. Recently the
APSIM-millet model was validated for the Sahelian soils,
millet cultivars and climate conditions (Akponikpé, 2008).
Multiple DS applications were also implemented ranging
from nutrients to climate risk management (Akponikpé,
2008; Akponikpé et al., 2010, Akponikpé et al., 2011,
Tidjani and Akponikpe, 2012, Tachie-Obeng et al.,
2013).It has been used in semi-arid Africa for other
various applications (Table 1) and many other studies are
in progress in the region.

DSSAT (CERES and CROPGRO)

The DS system for agrotechnology transfer Decision
Support System for Agrotechnology Transfer (DSSAT)
(Jones et al., 2003) has been in use for the last 20 years
by researchers worldwide. DSSAT is a product of the
decade-long  (1982-1993) IBSNAT  (International
Benchmark Sites Network for Agrotechnology Transfer)
project. The basis for the new DSSAT cropping system
model (CSM) design is a modular structure in which
components separate along scientific discipline lines and
are structured to allow easy replacement or addition of
modules. It has one Soil module, a Crop Template
module which can simulate different crops by defining
species input files, an interface to add individual crop
models if they have the same design and interface, a
Weather module, and a module for dealing with
competition for light and water among the soil, plants,
and atmosphere. It is also designed for incorporation into
various application packages, ranging from those that
help researchers adapt and test the CSM to those that
operate the DSSAT-CSM to simulate production over
time and space for different purposes.

Within DSSAT, the relevant models are CERES, which
includes the dryland cereal crops, and CROPGRO for
grain legumes (Jones et al., 2003). CERES and
CROPGRO (grain legumes) differ considerably in their
level of detail, degree of modularity and underlying
physiological assumptions. Both CERES models and
CROPGRO have undergone some testing and
application in semi-arid West Africa (Table 2). Jagtap et
al. (1999) describe decision applications in a more sub-
humid environment in Nigeria. Thornton et al. (1997)
developed a prototype GIS-based, real-time vyield
forecasting system for Burkina Faso that uses CERES-
Millet and satellite-derived precipitation estimates
combined with historic weather data series. CROPGRO-
Peanut performed well in recent experiments in northern
Benin (Adomou et al., 2005) and Ghana (Naab et al.,
2004) taking into account disease damage. For an
experiment at Tara, Niger, CERES-Millet substantially
over predicted LAI, biomass, grain yield and soil water
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Table 2. List of various types of applications of the DSSAT crop models in Africa and example references that describe these applications in

detail.

Type of application

Crop (Climatic zone and country)

References

Crop management
Kenya), Maize (Rwanda)

Fertilizer management

Irrigation and water

management under Zai
Climate change and variability Maize (Zimbabwe)
Risk analysis Millet (Semi-arid Niger) ; Maize and pasture

(Dryland southern Africa)
Food security

Millet (semi-arid Niger), Maize (semi-arid

Maize (Dry and wet Nigeria), maize (Malawi)

Wheat (Egypt), Wheat (Zimbabwe), Millet

Millet, (Soudano-Sahelian and Semi-arid
Burkina Faso); Maize (South-Africa)

Fechter et al. (Fechter et al., 1991), Fechter
(1993), Mbabaliye and Wojtkowski (1994),
Wafula (1995), Soler et al. (2008)

Jagtap (1999), Thornton et al. (1997), MacCarthy
et al. (2012); Adamou et al. (2012),

Kamel et al. (1995), Macrobert and Savage
(1998); Fatondji et al. (2012).

Muchena and Iglesia (1995), Phillips et al. (1998)
Bley et al. (1991), Jones and Thornton (2002)

Thornton et al. (1997), Dupisani (1987)

content (Fechter et al., 1991). On the other hand, Naab et
al. (2004) obtained good predictions of soil water
contents and use in groundnut experiments in northern
Ghana when values of these hydrological properties were
based on field measurements. Recently Soler et al.
(2008) used this model for optimal planting date
determination for millet in the Sahel. The DSSAT model
was used for a better process understanding for several
agricultural processes involving the integrated soil fertility
management (MacCarthy et al. 2012; Adamou et al.,
2012), millet response to the zai rainwater harversting
technique (Fatondji et al., 2012). Models included in
DSSAT (including their predecessors) have been used in
more regions and for a broader range of applications than
any other family of crop models.

STICS

The ‘Simulateur mulTldisciplinaire pour les Cultures
Standards’ STICS is a model that has been developed at
INRA (France) since 1996 (Brisson et al., 2003). It
simulates crop growth as a response to soil water and
nitrogen balances driven by climatic conditions. The
output are both agricultural variables (yield, input use)
and environmental variables (water and nitrogen losses).
One of the key elements of STICS is its adaptability to
various crops and this is achieved by the use of generic
parameters relevant for most crops and on options in the
model formalizations concerning both physiology and
management that are specific for each crop (Brisson et
al., 2003). Folliard et al.(2004) compared modeling of
sorghum response to photoperiod to related function
implemented in STICS. To our knowledge there have
been no applications of this model in semi-arid west-
Africa.

CropSyst

The cropping systems simulation model CropSyst
(Bechini et al., 2003) implements model modularity

through an object-oriented structure. The result is a
relatively  user-friendly and  flexible  simulation
environment. CropSyst is one of very few dynamic crop
models that incorporates pest (aphid) population
dynamics and damage. Its potential use for forecasting
spatial distributions of millet yields was demonstrated for
Burkina Faso (Badini et al., 1997), but without
experimental validation of predictions. It has recently
been used for grassland productivity analysis and soil
carbon in response to time-controlled rotational grazing in
semi-arid Mali (Badini et al., 1997).

Which soil-crop simulation models and how they may
help overcome agricultural constraints in the Sahel?

The main disadvantages of mechanistic and dynamic
models approach versus simple empirical models are
their complexity, the high demand in data not often
available and the limited use and accessibility to
stakeholders in the Sahelian region. On the other hand
the complex  water-nutrient-genotype  interaction
governing crop growth and development make empirical
models inadequate, which limits the usefulness of the
latter ones only to an understanding or determination of
the most meaningful variables that may explain yield in
experiments. Predictability of empirical models in the
Sahelian environment is low which makes them
unsuitable for long term system analysis. Given the
complexity and heterogeneity of Sahelian production
systems, the use of dynamic modeling tools seems to be
a prerequisite. The reason of data availability which lead
to opt for simple models, often delays interest in needed
data collection.

Regarding the mechanistic and dynamic models,
APSIM and DSSAT stand in good place involving most of
the constraints of the millet based systems in the Sahel
and benefiting from a long history of collaboration with
the scientific community in the area (Table 3). But none
of them provide a build-in option to explicitly account for
soil spatial variability. Nevertheless this shortcoming may
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Table 3. Comparison of crop-soil simulation models according to the main agronomic yield determinants and constraints in the Sahel.

APSIM CERES/DSSAT STICS / CropSyst SARRAH
Water stress SOILWAT cascading SOIL cascading cascading cascading

layer model layer model (‘tipping bucket’) layer model layer model

APSWIM numerical _ Richards’equation _

solution of Richards’ (CropSyst)

Carbon assimilation
Nitrogen stress

Phosphorus stress

Crops

Fertility
management

Spatial variability

equation

Carbon balance

SOIL N Balance
mineralisation,
(de)nitrification,
immobilization,
volatilisation

Soil P available for other
crops, under development
for millet

Individual crop modules
(APSIM-millet, maize, etc)
Extended work on the
tillering characteristic of
millet

- SurfaceOM (previously
Surface, Residue)

- Fertilizer

Carbon balance

Soil N Balance mineralisation
(de)nitrification,
immobilization, volatilisation

Soil P

Individual crop modules
(CERES-millet, maize, etc)

- Residue (R. and other
organic matter
decomposition)

- Fertilizer

Carbon balance

Soil N Balance
mineralisation
(de)nitrification,
immobilization,
volatilisation

Many crops

Fertilizer and other
organic matter

Carbon balance

Millet

Soil Acidity
Computer code

availability and
licence cost

free, in transition to open
source development

Code available on internet, Code available, nominal fee
even for academic use

Code not available, Free Code not
available,
nominal fee

be accounted for by multiple point-level simulations and
/or GIS combination (Akponikpe, 2008, Akponikpé et al.,
2011) Neither APSIM nor DSSAT are now capable of
dealing with P balance, an important millet yield limiting
factor in the Sahelian area. Efforts should be made to
quickly overcome this shortcoming.

Recently the APSIM model benefited from an extended
work on millet module calibration and mainly on its
tillering characteristic (Oosterom et al.,, 200l1a, b,
2002).The specific tillering capability of APSIM (based on
millet cultivars from semi-arid India) opened the door and
guidance for pioneering works of eco-physiological millet
characterization in other semi-arid zones, such as the
Sahel, which any other crop soil model may benefit from
in the future.

Overall the use of numerical crop simulation models is
complex, and hardware requirements and computation
time are high and generally beyond the capability of
technology-transfer specialists.

In the long term, the process of perfect DS systems
should evolve into simpler models such as meta-models
that constitute an alternative to the use of complex
SWCMs.

Conclusion

The low productivity of the Sahelian millet-based systems
is due to poor soil fertility and low and uncertain rainfall
conditions. A great wealth of research trials addressed
the issue to alleviate the agricultural production
constraints with variable results depending on year and
agro-ecological environment. Recommendations drawn
from research outcomes received limited farmers’ interest
and adoption because of various reasons (technical,
institutional, difference of priority, socio-economical, etc).
Several SWCMs exist and are potentially useful for
application in the complex and heterogeneous Sahelian
agricultural system for DS to save time, money and
capitalize on past research trials and farmers local
knowledge. Empirical modeling of crop response dates
back to the 1930's and was followed by more or less
detailed process and dynamic crop modeling
development during the past 25 years. But the use of
SWCM for DS is still not veritably established in the semi-
arid west-Africa. Among process models, APSIM and
DSSAT are the most promising and efforts are still need
to improve their use and effectiveness to deal with the
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main agricultural constraints in the area (water, N and P
management, the high variability in soil physical and
chemical properties).
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