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Propositions

Reintroduction of trees in Sahelian agroecosystems is beneficial even when crop
yields are not enhanced.
This thesis

Agroforestry systems illustrate that progress not necessarily derives from the change
of a single dominating factor, but can be the result of the combined action of several
smal} modifications.

This thesis

In Sahelian agroforestry systems, water is the most competitive factor carly in the
season and light is the most competitive factor late in the growing season.
This thesis

Restricting the deseription of competition between species in a mode! with a high
resolution in time and space to the most growth-limiting factor is too simple.
This thesis

Fragmentary knowledge of spatial and temporal distribution of rocts and their
resource uptake is a major constraint of agroecosystem simulation models.

Livesiey, 8.J., Gregory, P.J. and Buresh, R.J, 1997. Approackes to modelling root growth and the
sptake of water and nutrients. Agroforestry Forum 8(2): 24-27.

This thesis

In semi-arid regions the growing season should be characterised in terms of
favourable and unfavourable rainfall distribution rather than in terms of total annual
rainfall.
Thix thesis

To guarantee sustainable food production in the Sahel introduction of externat
fertilisers is indispensable.

Breman, H., 1998. Soil Fertility improvement in Africa, A Tool for a By-product of sustainable
production. African Fertilizer Market 11(5).
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The central position of soil in the software system for model development APSIM
witnesses the importance it deserves.

McCown, R.L, et al. 1996. APSIM: A novel software system for model development, model testing,
and simulation in agricultural resecrch. Agricultural Systes 30: 255-271,

Kunst lebt durch den Ausstausch zwischen Kinstler und Betrachter; Natur lebt sich
selbst.

Es gibt nur eine Warheit, aber immer zwei Mbdglichkeiten und unendlich viele
Ansichten,

Ohne die Suche nach Wahrheit und die Freiheit des Spiels verkfimmert
Wissenschaft.

Der Grund warum wir trotz intemationaler Hilfe Afrika noch Entwicklungsland
nennen findet sich in gleichzsitiger Anstrengung es als solches zu erhaiten.

More than 2500 dissertations show that love is not all we need.

Martina Mayus
“Millet growth in windbreak-shielded fields in the Sahel”
Wageningen, 2 November, 1998
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1 INTRODUCTION

1.1 Environmental setting

The Sahelian zone of Africa belongs to the poorest and most fragile agricultural areas of the
world, while its population is highly dependent on agriculture. In the last three decades,
agricultural production has lagged behind the population growth (ca. 3%) (Jayne et al., 1989).
Farmers, usually of low purchasing power, have to produce under rainfed, traditional farming
systems with little or no external inputs. Consequently, yields per hectare are low. This, in
combination with rapid growth of the population and the extreme drought years from 1968 -
1977 has led to conflicts between sufficient food production in the short-term and traditional
farming practices that preserve soil fertility. Decreasing lengths of fallow periods, cultivation of
marginal lands, overgrazing, and deforestation, led to soil degradation and decreased the
already low average production per hectare. Future food supply for Sahelian people is insecure
due to increasing soil degradation, to which wind erosion contributes an important part (Sterk,
et al., 1996). There is an urgent need to develop land use and cropping systems that stop soil
degradation, and enhance production in a sustainable way at low costs.

Figure 1.1  Geographical extent of the Sahelian zone between the 100 - 600 mm isohyetes
(Source: Tauer and Humborg, 1992).



The Sahel, a semi-arid region between the Sahara desert (ca. 169 N latitude) in the north and the
more humid Sudanian zone in the south, stretches from Senegal to Ethiopia (Fig. 1.1). The
zone has no distinct boundaries with the Sahara or the Sudan (Tauer and Humborg, 1992}, but
is often defined as the region between the 100 mm and the 6({) mm isohyetes (Le Houérou,
1989). From north to south temperature decreases. The region is characterized by a single short
rainy season of three to four months between May and October and a dry period in the
remainder of the year. Rains are caused by monsoon winds coming from the Gulf of Guinea
and by the northern movement of the Intertropical Convergence Zone (Le Houérou, 1989).
Between years, as well as within a rainy season, fluctuations in precipitation are high, and
periodic droughts are a common feature, so that agricultural production is very unstable
(Sivakumar et al., 1993). Individual showers are often short and intense, triggering runoff and
soil loss {(Hoogmoed and Stroosnijder, 1984).

Important seil types of the Sahel are Arenosols and Luviosols (FAO taxonomy). These soils are
sandy, acidic, deficient in most nutrients (particularly in phosphorus and nitrogen), low in
organic matter content and have a low nutrient- and water-holding capacity (Sivakumar, 1992).
Soils are susceptible to form crusts, which hamper infiltration and facilitate runoff (Hoogmoed
and Stroosnijder, 1984) and contribute to the general high variability of soils over short
distances (Brouwer et al., 1993).

Livelihood changes from north to south with increasing rainfall. In the north, where the climate
is too dry for crop production, only nomadic pastoralism exists (Tauver and Humborg, 1992),
Sedentary rainfed farming is widespread where rainfall exceeds 400 mm. Many farmers keep
small livestock for milk and meat. Proceeding to the more humid south, cropping and
husbandry more and more co-exist at shorter distances, up to regions where populations
undertake both (Tauer and Humborg, 1992). The principal food crop millet (Pennisetum
glaucum (L.) R Br.) is followed by sorghum (Sorghum biocolor (L.) Moench) in better
regions. These cereals are often intercropped with a legume, usually cowpea (Vigna
unguicultara (1..) Walp.) or groundnut (Arachais hypogaea L.). Vegetables and fruits are grown
in small gardens close to the villages or near streams (Tauer and Humborg, 1992).

In the north Sahel, water deficiency is the prime constraint to crop production, but towards the
south low soil fertility, for phosphorus in particular, becomes generally more growth limiting
than low and variable rainfall (Penning de Vries and Djiteye, 1982; Bley, 1990; Payne et al.,
1991a; Hafner et al., 1992). Traditionally, farmers tried to sustain the fertility of the soil by
rotating cropping periods with fallow periods. In recent decades, however, the increased
demand for food, concurrent with a general decline in yields per hectare due to droughts and
incipient soil degradation, have forced farmers to extend the agricultural area (Jayne et al.,
1989). Fallow periods were shortened or even eliminated, and poor marginal and communal
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grazing lands were cultivated (Jayne et al., 1989; Tauer and Humborg, 1992). This has led to a
reduction in bush and tree cover, additionally to trees killed by drought and more frequently cut
as a result of the growing demand for wood for fuel and construction. Furthermore, the
increasing number of livestock has led to heavy overgrazing of pastures (Taver and Humborg,
1992). Overall, the decline in natural vegetation has increased the soil area exposed 1o erosion
by water and wind (Sivakumar and Wallace, 1991; Michels et al., 1993).

Wind erosion is a further constraint for crop productivity (Micheis et al., 1993). During the
onset of the rainy season, strong eastern monsoon winds of 10 to 30 minutes duration (Sterk,
1997) reaching maximum speeds up to 100 km h-!, may precede rainfall. At that time of year
the soils are dry, loose, and bare, so that storms easily cause sand transport near the soil
surface. Thus, storms may damage the crop by abrasion and burial, and contribute to a
reduction in soil fertility and soil degradation. A well known wind erosion control measure is
the use of windbreaks that reduce the wind velocity near the soil surface and, hence, protect soil
and crops which often results in increased agricultural production. But there is another reason
why windbreaks are interesting for the Sahel: Windbreaks consisting of trees or shrubs can
spread farmers risks by providing extra income through useful byproducts such as livestock
feed and the highly valued wood (Lamers, 1995). In this thesis, the term windbreak (WB) is
used for a living barrier consisting of trees or shrbs if not explicitly mentioned otherwise.

Since arable land can hardly be expanded, higher crop production must result from improved
yields per unit area. In on-stage trials significant increases in yield have been achieved through
the use of external inputs, e.g. chemical fertilizers {Christianson et al, 1990b; Payne, 1991a;
van Duivenbooden and Cissé 1992; Rebafka, 1993). However, under the prevailing conditions
of environment, farmers' resources, marketing systems, and agricultural price policies, it is not
realistic to expect dramatic yield increases based on technological improvements. Instead,
cropping systems have to be developed that use nutrient and soil water resources as efficiently
as possible (Sivakumar and Wallace, 1991) with management practices that (mainly based on
natural resources and low costs) reduce soil degradation, enhance production in a sustainable
way and reduce farmers' risks. An agroforestry system might be one of the options.

1.2 Millet

Pearl millet (Pennisetum glancum (L.) R.Br.), a C4 tropical cereal, is particularly adapted to
conditions of high temperatures, nutrient-poor soils and low rainfall, Pearl millet is the most
drought tolerant of all domestic cereals and probably originated in the West African savanna
{Konaté, 1984). It is grown mainly in the semi-arid tropics where annual rainfail ranges
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between 200 - 800 mm, primarily as grain and secondary as a forage crop, but millet stalks are
also used as mulch, fuel and construction material (Lamers and Feil, 1995). More than 95% of
the world's millet crop is grown in Africa and South Asia, principally in the Sahelian-Sudanian
zones of West Africa and in semi-arid regions east and southeast of the Thar desert in India
(Huda et al., 1984). Crops are grown at low plant densities to limit intraspecific competition for
water and nutrients: 5,000 - 10,000 plants per ha in the African Sahel and 30,000 - 100,000
plants per ha in India (Pearson, 1985).

In the Sahel, more than half of the area cropped with millet is situated in Niger (FAO, 1992),
where average grain yields are among the lowest, varying from 2000 kg ha'! in the south
(Maradi, Gaya) to complete crop failure in unfavorable years in regions north of Tillabari
(Fechter, 1993). Abiotic constraints to millet production include low naturai soil fertility, low
and erratic rainfall, high intensity rains, sand storms, high air and soil temperatures as well as
traditional management practices such as low densities and no fertilization. Biotic constraints
include the low genetic yield potential of local landraces, diseases such as millet head caterpillar
(Heliocheilus albipunctuella), the parasitic weed Striga, and grain eating birds {(Spencer and
Sivakumar, 1987). In Table 1.1 grain yields for Sahelian countries are shown for 1989 and
1992, which have been a rather dry and a wet growing season, respectively for, e.g. Niger
(Niamey: 462 and 586 mm rain y-1) and Burkina Faso (OQugadougu: 680 and 760 mm rain y-!).

Table 1.1 Millet grain yields at § Sahelian countries. 1989 was a rather dry and 1992 a
rather wet growing season for Niger and Burkina (Source: FAQ, 1992).

Country Grain yield (kg ha'!)
1989 1992
Burkina Faso 508 667
Chad 342 490
Ethiopta 955 963
Mali 777 773
Mauritania 496 333
Niger 374 423
Senegal 670 642
Sudan 103 275

In rainfed agricultural systems with a short growing season the timing of sowing is one of the
important factors determining a good harvest or crop failure. Sowing can only take place afier a
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minimum amount of rainfall, because germination and plant establishment are strongly related to
soil moisture content and the occurrence of sufficient rainfall after sowing is uncertain.
Moreover, a significant relation between the date of onset of the rainy season and the length of
the growing season was found by Sivakumar (1988). If the onset of the rains is delayed, the
growing season is generally shorter, and vice versa. Generally, there is a positive relationship
between yield and length of growing season, which is less than 120 days for large parts of the
Sahel (Sivakumar, 1989). As an adaptation to regional differences in the length of the growing
season, early, middle and late millet varieties exist: long (120 - 140 days), middle (ca. 115
days) and short (80 - 90 days) cycle millet, respectively. Furthermore, cultivars are improved
for production and response to fertilizer. Breeding programs are still developing cultivars and
improved genetic material with stable and high yielding potential under improved management
(ICRISAT Annual Report, 1994).

Since the late 1970's much research on millet (physiology, phenology. ecology, soit and crop
management, production) has been carried out, mainly in India, but also in several West African
countries under local, and under a range of controlled growth conditions and management
practices (Maiti and Bidinger, 1981; Pearson, 1985; Ong and Monteith, 1985; Mahalakshmi et
al., 1987; Christianson et al., 1990a; Wallace et al., 1990; Payne et al,. 1990; Hafner et al.,
1992). However, knowledge of root growth and tillering, in particular for detailed simulation
models, is still insufficient. There is evidence that improved and stabilized yields can be
expected from application of fertilizer and crop residues, improved varieties, better management
of pest and diseases, and also from intercropping (e.g. millet/cowpea, Niare et al., 1989), alley-
cropping (Leucaena/millet, Corlett et al., 1992} and by windbreak-cropping systems. For the
Sahel the study on the response to windbreak effects, started by Long and Persand (1988),
Banzhaf (1988) and Brenner (1991), will be continued in this thesis.

1.3 Windbreaks

In the vegetation zones where trees and shrubs were growing spontaneously, agroforestry
systems, an association of tree, crops and/or animals, are probably as old as farming.
According to the ICRAF definition, agroforestry systems are not simply farming systems where
both trees and crops or animals give useful products to the farmer, but systems where tree and
crop (and/or animal) production interact {Lundgren and Raintree, 1982; Nair, 1993). Many
forms of agroforestry systems do exist differentiated according to their functions, and
ecological, cultural and social environment, in temperate and tropical regions (Smith, 1995). In
the Sahel the main type of agroforestry is parkland: trees, e.g. Faidherbia albida dispersed in
cropped fields extended over large areas (Vandenbeldt and Williams, 1992). Trees can have
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multiple benefits, i.e. provide shade for the people and their cattle, fodder for animals during
the dry season, fruits and seeds, and valuable wood and protect the soil from wind erosion
(Lamers, 1995). With the reduction in tree cover these advantages have diminished and soil
degradation enhanced. When the erosion problem was additionally aggravated by the severe
droughts in the early 1970's, agroforestry systems were recognized as systems that meet the
demand of local people for tree products, and improve sustainability of crop production (den
Heijer, 1990; Smith, 1995). Reforestation started, and development projects reinforced
windbreaks, trees planted in rows perpendicular to the prevailing wind direction during storms
(den Heijer, 1990; Michels, 1994). Windbreaks (WBs) in the Sahel have the prime objective of
reducing wind speed and, consequently, wind erosion.

Wind erosion events, occurring during the dry season by strong northeastern winds
('Harmattan') and at the onset of the rainy season due to strong eastern winds, cause an
enormous amount of eolian transport and deposition over short (within a field) and long
distances (Sterk, 1997). Hence, in the source areas soil fertility decreases through loss of
nutrient-rich top soil (Sterk et al., 1996). The direct effect of wind erosion on the crop is
abrasion and burial of seedlings. Abrasion delays crop development and growth, but usually
plants such as millet recover soon, so that final yields are often not reduced (Michels et al.,
1993). A more serious problem occurs when seedlings are covered, for a period of several dry
days, so that the leaves burn and die under the hot sand. It happens, especially in the north of
the Sahel, that whole fields have to be resown (Michels et al., 1993). The most commonly used
erosion control measure s mulching of millet stalks and 1o a lesser extent tree branches. Its
application, however, is limited by insufficient availability of these materials (Michels et al.,
1994, Sterk and Spaan, 1997).

A long list of research reports, from all over the world, demonstrate that windbreaks can
increase yields (Kort, 1988}, not only by reducing the mechanical damage of strong winds, but
also through a change in the microclimate, that results, though not always, in more favorable
temperature, moisture and humidity conditions for crop growth {Rosenberg, 1974;
McNaughton, 1988, Brenner et al., 1995b). In the vicinity of the windbreak, crop growth
might be enhanced by improved soil fertility because of nitrogen fixation by leguminous trees,
capture and cycling of nutrients by deep-rooted trees and higher soil organic matter contents
resulting from litter production by trees (Ong et al, 1991; van Noordwijk et al., 1996) or
reduced when between species allelopathic interactions and severe competition for light, water
and nutrients occur. In addition, trees can harbour pests and crop pathogens or attract wild
animals that may diminish potential WB benefits. In temperate regions the overall effect of
windbreaks on crop production potential is generally beneficial, whereas in the Sahel
experiences are less convincing. Experiments in the African semi-arid regions show that the

effects of windbreaks on millet growth can be significant or elusive (Bognetieau-Verlinden,
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1980; Ujah and Adeoye, 1984; Long, 1989; Banzhaf et al., 1992; Leihner at al., {993; Brenner
et al., 1995b). The results vary because weather, soil, WB characteristics and management
practices all influence (in a more or less interactive way) WB effects and finally crop growth

and yield.

To understand crop responses to windbreaks, it is necessary to consider the factors influencing
the pattern of air flow in the lee of such tree rows. Windbreaks modify wind speed and
turbulence as a function of distance from the windbreak, hence their effects on microclimate
vary in space (Rosenberg, 1974; Ujah and Adeoye, 1984; McNaughton, 1988; Long, 1989,
Brenner, 1991) (Fig.1.3B). The horizontal extent of most WB effects are assumed to be
proportional to WB height; therefore, the distance from windbreaks is conventionally expressed
as multiples of the height of the windbreak (H). Windbreaks force the air flow to be displaced,
creating a short zone of wind speed reduction at the windward side of the windbreak and
increased wind speed above it. At the lee side there is a shelter zone in which velocity of wind is
reduced for at least 20% (van Eimern et al., 1964). At a certain distance, between 3 - 6 H
(Brenner, 19953), a point of minimum wind speed exists, after which the air flow returns back
to the upwind scale. The effect of windbreaks on turbulence can be distinguished into the
‘quiet’ zone (2 - 8 H, Brenner, 1993a) with reduced turbulence, creating a warmer and more
humid microclimate, and the subsequent 'wake' zone (8 - 15 H, Brenner 1995a), where
turbulence is increased (Fig. 1.2) (McNaughton, 1988). WB height and length, orientation,
porosity, field width {(WB spacing), angle of the wind direction with the windbreak and
turbulence of the approaching wind are major characteristics in determining the spatial air flow
pattern and thus microclimate effects on crops (van Eimern et al., 1964, Sturrock, 1975).
Microclimate effects are found to be opposite for the quiet and wake zone (van Eimern et al.,
1964; McNaughton, 1988).

Crop yield as a function of distance from a windbreak reveals to a certain degree the
microclimate and other factors that played a role in crop growth. A summary of possible
modifications of yield levels with distance from the windbreak relative to the yield level under
unshielded conditions is presented in Figure 1.3A. We might find the following yield pattern:

1. a region of yield increases, due to the decreasing impact of trees on competition with crops
for resources of light, nutrients and soil water. Furthermore, depending on tree species,
allelopathy could play a role. The yield pattern, however, could also be opposite: trees might
ameliorate microclimate by lower temperatures and enhance soil fertility. An example is the
leguminous tree Faidherbia albida, which competes only minimally, since it defoliates before
the rainy season while it improves soil fertility and microclimate (Vandenbeldt and Williams,
1992; Kessler, 1992). For Faidherbia albida yield increases were commonly observed under
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the canopy of scattered trees (Vandenbeldt and Williams, 1992; Kessler, 1992) and close to
trees in windbreaks (Michels, 1994). In the Sahel, windbreaks of other tree species usually
reduce the yield close to the shelter (up to 2 - 3 H) due to competition especially for soil
water and light (Kessler, 1992; Brenner et al., 1993; Onyewotu et al., 1994).

2. aregion of maximum yield, possibly above the normal potential growth for that region, due
to the positive effect of the windbreaks on growth conditions (Ujah and Adeoye, 1984;
Long and Persuad, 1988; Brenner, 1991; Bernardes, ESALQ/USP-Brazil, pers. comm.,
1996). Positive influences in an Azadirachta indica millet field have been attributed to a
larger crop leaf area and a more efficient conversion of solar radiation into dry matter as a
result of higher air temperature and lower water vapour pressure deficit (Brenner et al.,
1995b).

3. apoint of sharp yield decline, due 1o locally increased water stress. The reasons for this can
be locally enhanced turbulence and temperatures {at a point of minimum wind speed) and
thus higher evapotranspiration usually at a distance exceeding 5 H (Onyewotu, pers. comm,
1996; McNaughton, 1988; Brenner et al., 1995a). In the lee of a 6 m high Azadirachta
indica, growth rate of millet was lower at 6 H than at 10 H in the beginning of the season,
attributed to a combination of high temperatures and water stress (Brenner et al., 1995a).

4. aregion of production level equal to the maximum yield of an unshielded crop field. This
region exists when the field length is leng enough for the air flow to return to its original
form, generally at a distance beyond 15 H (Ujah and Adeoye, 1984). In agroforestry
systems with narrow spacing between windbreaks, there is an additional effect, namely the
interference between two adjacent ' WB lines (McNaughton, DSIR and Jacobs, WAU, pers.
comm., 1992).

All crop growth factors are interacting and it is impossible to predict intuitively the net effect of
a windbreak on any single factor. Moreover, the horizontal extent of the individual factors may
vary in dependence of external factors in a different way, which complicates the analysis of the
tree-crop interactions. Very difficult to integrate into the analysis is wind erosion, because it is
highly variable in space and time. Hence, for understanding of the tree-crop interactions in a
windbreak-cropping system the dynamic and spatial aspects of interfering components have to
be integrated in relation to external factors, most appropriately in a model.
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1.4 Simulation models

Modelling is an effective approach to integrate knowledge of various processes or parts of a
systemn. Models differ in level of detail and compléxity and in their capability to explain and
predict the behavior of such systems. Here, we focus on dynamic explanatory simulation
models for agriculture related disciplines. Explanatory simulation models have a mechanistic
structure; that means they describe the system on several integration levels, and thus, attempt to
explain the system, e.g. crop growth, from underlying physiclogical processes. In this way
explanatory models differ from descriptive models. Computation of the various processes can
be done in specific time-intervals, which are largest for the level to explain. In biology, models
are never purely mechanistic but also contain empirical functions, that describe, but do not
explain, the relation between components. Such empirical relationships require local calibration,
and validation for the environment, to which they are to be applied. The same is true for
parameters, i.e. properties of system components, because their values (cocfficients) are also
experimentally derived under specific environmental conditions. Generally, the more complex a
model, the more parameters it contains and the more calibration is required in response to
environmental conditions (Spitters and van Keulen, 1990). Thus, prior to a simulation run,
much experimental information is necessary. However, it is impossible to derive and calibrate
all internal and external parameters (biophysical environment) of a system and estimates are
necessarily inaccurate and uncertain (Spitters, 1990; Monteith, 1997). The more parameters that
are very sensitive to external conditions, the lower the quality of the model. Therefore, next to
purpose, also the quantity and quality of the available/ required data limit the degree of detail
and size of a simulation modei (van Keulen, 1976).

Since models answer easily and quickly 'what if' questions, they can help in organizing
thoughts and in executing systematic and efficient research. Integrating the current level of
experimental knowledge, simulations complement experiments. For instance, models can be
used to screen various alternatives for experimental WB-designs, thereby saving time and costs.
In short, they can act as a guide for experimental research, identify gaps in knowledge and thus
be of use in the prioritisation of research. Besides their benefits for research, they are of
practical use too. Models provide a means to predict the response of a cropping system to
external conditions such as weather and soil properties. They enable evaluation of the effects of
management strategies (e.g. date of sowing, irrigation schemes, use of windbreaks, WB
pruning regimes) on crop variables in a reasonable time (< 1 day). In addition they may provide
insights in long term effects, e.g. of windbreaks on soil fertility. All this highlights the
advantages of simulation studies, especially for very complex systems such as agroforestry
systems (see also Muetzefeldt and Sinclair, 1993).
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At the time that this study started, no windbreak-cropping system model was available. Only
models describing one or more components of an agroforestry system were available. The wind
erosion model WEPS! (Hagen, 1991) and the erosion impact calculator model EPIC? (Williams
et al., 1990) both focus on the erosion process, while crop growth is described rather
simplistically, lacking the detail required to integrate effects, other than erosion, on crop
growth. Growth models that account for interspecific interactions with respect to light, water
and nutrients, exist, for example, for the presence of single irees or weeds, RECAFS? (Conijn,
1995) and INTERCOM# (Kropff and Van Laar, 1993), respectively. RECAFS describes tree
growth in a simple way, whereas de Reffye et al. (1995) developed a model that simulates the
architecture of trees in detail and that can be used for the description of light interception and
water and nutrient uptake in tree-cropping systems.

When modelling semi-arid agroforestry systems, the soil water balance is of particular
importance. Examples of mechanistic soil water models are the one-dimensional SWATRERS
(Dierckx et al., 1986), and the two-dimensional FUSSIM2¢ (Heinen and de Willigen, 1992),
Bley (1990) calibrated SWATRER for a millet field in Niger. Fechter (1993) continued his
work by linking SWATRER to a growth model that was calibrated for millet varieties in the
Sahel (SUCROS?, Jansen and Gosseye, 1986) and compared the resuits with simulations of
the CERES-Millet® model (Godwin et al., 1984; Jones et al., 1986), that calculates the soil
water balance but also millet growth potential. Both models gave satisfactory simulations, but
SWATRER simulated the soil water contents, and CERES-Mitlet plant growth more accurately
under water deficit conditions. A further interesting model for millet in the Sahel is CP-BKF3?
(Verberne et al., 1995), which provides insight in the dynamic interrelations between weather,
soil nutrients, soil water and crop growth. Existing crop growth models tend to be detailed in
process description, but simple in spatial patterns, assuming a homogeneous minimum
representative area, with a one-dimensional variation between soil layers (van Noordwijk and

| WEPS: Wind Erosion Prediction System

2 EPIC: Erosion Productivity Impact Calculator

3 RECAFS: model for REsource Competition and cycling in AgroForestry Systems

4 INTERCOM: simulation model for crap-weed INTERspecific COMpetition

5 SWATRER: Soil Water and Actual TRanspiration simulation Extended

6 FUSSIM2: a two {2)-dimensional SImulation Madel for Flow of water in Unsaturated Sol
7 SUCROS: Simple and Universal CROp growth Simulator

& CERES: Crop Environmental and REsource Simulation

9 CP-BKF3: Cultures Pluviales Burkina Faso
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Lusiana, 1997). In the case of agroforestry studies the spatial aspect is crucial and should be
simulated either in detail (WIMISA!0, this thesis) or by zoning (RECAFS and WaNuL.CAS!),
In recent years there has been a rapid development of models in agroforestry systems, thanks to
growing interest in agroforestry practices (Ong and Sinclair, 1997; Bergez et al., 1997),
increasing knowledge of tree-crop interactions {Ong, 1996), and improving computer capacity
{McCown et al., 1996). The development of such models has been driven by the general
recognition that a system approach is needed to meet the challenges presented by complexities,
uncertainties and conflicts in agricultural producticn systems (McCown et al., 1996).
Concurrently, model structure and modularity (model design) have become important in
obtaining computationally-efficient models with the required flexibility for modifications and
extensions (linking of models that describe complementary systems’ components) to keep track
of the progressive understanding of complex systems.

Today, two trends in agroforestry modelling co-exists: (i) the development of more holistic
models, that are multidisciplinary, but generally less process-oriented, in response to the
demand for guidance from system managers (farmers, land use planners) and policy makers.
Many of those models cover large scales, i.c. a farm or even a landscape. For instance the
‘Multi agent model’ analyses dynamics between forest and agroforestry land use at region level
{Proton et al., 1997 ), (ii} in biophysiological research, models become still more complex and
detailed, for evaluation of interactions between systemn components; e.g. WaNuL.CAS, a
process-oriented model for light, water and nutrient capture in agroforestry systems, is
presently under development for the description of below- and above-ground temporal and
spatial interactions to allow evalnation of competition and complementarity between trees and
crops (van Noordwijk and Lusiana, 1997).

1.5 Aim and outline of the study

The aim of this study is to extend the insights in positive and negative influences of windbreaks
on millet production in the Sahel. In particular the effects of Bauhinia rufescens within a
narrowly spaced, short tree WB-design are investigated. Special attention is given to millet
yields in the area of tree-crop interactions in relation to local conditions of light, soil water and

wind speed.

l_U WIMISA: Windbreak-MIllet SAhel
1} WaNuLCAS: model for Light, Water and Nutrient CApture in agoroforestry Systems
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The review of windbreak studies, presented above, illustrates various benefits as well as
negative impacts of windbreaks on crop growth. Actual yield in a given situation depends on
many interacting factors, e.g. climate, soil propertics and WB-design. The few studies
performed in semi-arid regions give insufficient insights to develop generally applicable rules
that allow extrapolation of experimental results to other locations or from one WB-design to
another. More quantitative data on the interactions between the varicus components, i.e.
windbreak, crop, soil, weather and microclimate are required. A model is helpful to integrate
knowledge and formulate hypotheses on the interacting components and thus to analyse a
complex agroforestry system or parts of it. It allows a quantitative description of key processes
that can be used to estimate crop growth and yield in windbreak shielded fields under various
conditions. However, when starting this study, no windbreak-cropping system model was
available. Existing crop models lacked spatial heterogeneity, which hampers the incorporation
of WB effects.

The present study comprises a combination of experimental work (Part A) and simulation
analysis (Part B). Agroforestry field experiments were conducted at the Sahelian Center of
ICRISAT (International Crops Research Institute for the Semi-Arid Tropics), in southwest
Niger in 1991, 1992 and 1993 (Chapter 2). The experimental results (Chapter 3), completed by
literature data, were used for simulation analyses of tree-crop interactions in a windbreak-millet
system (Chapter 6). For this purpose the model WIMISA (WIndbreak-Mlllet SAhel) was
developed by means of new methods, and methods from existing crop growth, soil water and
root water uptake competition models (Chapter 4 and 5). Results of simulations and

experiments are linked and discussed in Chapter 7. The specific objectives of the study were:

+ to determine the effects of windbreaks on microclimate and millet growth,

+ (o quantify the effects of windbreaks on soil water, nutrient, and light resources in the
tree-crop interface and assess possible competition between trees and crops,

¢ to determine microclimate, windbreak, and miilet specific input data for a windbreak-

millet crop growth model,

¢ o develop and evaluate a process-oriented simulation model that integrates tree-crop
interactions of a windbreak-millet cropping system with a high resolution in time and
space,

» (0 analyse the individual effects of competition between crops and trees for light and water

and to quantify their relative importance in dry and wet years.
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PART A - EXPERIMENT

The effect of windbreaks on microclimate, growth
resources and crop growth

“Agroforestry has its parts to play in the spectrum of sensible, sustainable land use
options, but it is up to us to provide credible information about the biological
opportunities and, above all, the feasibility of the choices.”

Peter Huxley, 1996

Abstract

In the Sahel, wind erosion is one of the major constraints to millet production systems. A
possible control measure is the use of windbreaks; however, there is little and contradictory
information on the effects of windbreaks on crop growth in the Sahel. An experiment was
performed at the ICRISAT Sahelian Center, southwest Niger to study the effects of low,
narrow spaced windbreaks, in particular those of Bauhinia rufescens, on microclimate, light,
water and nutrient resources in the windbreak-crop interface, and the growth of pearl millet
(Pennisetum glauwcum). Radiation, wind speed, relative humidity, and air temperatures were
continuously and soil temperatures occasionally measured in Bauhinia plots. To assess
competition between crop and windbreak (2 - 3 m high), soil water and nutrient status were
abserved in the windbreak-crop interface and in control plots. Crop yields adjacent to seven
windbreak species and in control plots were determined at maturity, whereas measurements of
crop growth parameters were confined to Bauvhinia and control plots. In two rather wet years of
experiments it was found that the overall yield in windbreak plots was slightly (mostly not
significantly) higher than in the control plots. However, up to 2.5 H (with H the windbreak
height) from windbreaks lower yields were measured than in the middle of the plots. The zone
of severe yield reduction (0.5 - 1.5 H) corresponded to that of the strongest reduction in
radiation and soil moisture, indicating at competition effects. The windbreak canopy also
lowered soil temperatures, but this had no impact on crop establishment and development.
Although the Bauhinia windbreak reduced wind velocity up to 5 H, relative humidity and air
temperature at the top of the sheltered crop appeared to be unaffected. Consequently, the
influence of Bauhinia at the tree-crop zone from O - 5 H was most evident and is introduced into
a windbreak-millet system model for further analyses, as described in Part B of this thesis.
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Photo 1 Windbreak-miliet field (top) and millet westwards of Bauhinia rufescens
(bettom) at ISC, Niger, 1991.




17

2 MATERIALS AND METHODS

2.1 Introduction

In the Sahel, wind erosion is one of the major constraints to millet production. Windbreaks are
recommended for wind erosion control, and thus crop protection and soil conservation (Chepil
and Woodruff, 1963; Tibke, 1988; Banzhaf et al., 1992; Michels, 1994), to increase in the
short- and long-term agricultural productivity. Furthermore, windbreaks may improve crop
production through amelioration of the microclimate (McNaughton, 1988; Kort, 1988; Brenner,
1995b) or by improved soil fertility (Kessler, 1992; van Noordwijk et al., 1996). However,
yields are not always higher in windbreak-cropping systems than in pure crop stands (Long and
Persaud, 1988; Banzhaf et al., 1992; Renard and Vandenbeldt, 1990; Brenner, 1995b). There
are several reasons for this as we have seen in Subsection 1.3. One point is that microclimate
modifications can also have a negative impact on production, e.g. an increase in temperature
could be a disadvantage for the crop when a certain threshold value is passed. A further
important issue is competition for light, soil moisture, nutrients and land occupied by the
windbreak, that may outweigh WB benefits. In general, windbreaks influence multiple crop
growth factors to a degree that is very much dependent on windbreak system-characteristics,
e.g. species and height, whereas the magnitude of the change in crop production is determined
mainly by incident environmental conditions and crop species. Thus, any positive WB effect
could be counteracted by negative influences. The interactions among the various components
are not yet fully understood and more basic research is needed to explore the conditions under
which windbreak-cropping systems are beneficial and to enable optimum windbreak-cropping

systems design.

For the semi-arid regions in particular, more data on the effects of windbreak heights and
spacings, as well as on the influence of different tree/shrub species on crop yields, are needed.
In Nigeria, Ujah and Adeoye (1984) and Onewatoyu et al. (1994} worked with Eucalyptus
camaldulensis and in Niger, Long (1989), and Brenner (1995a,b) studied systems with
Azadirachita indica , where all windbreak heights were 6 m or more (10 and 12 m), whereas
Banzhaf et al. (1992) studied the effects of natural bush savanna left in a line as windbreaks,
and Renard and Vandenbeldt (1990} those of an alley-cropping system with Andropogon
gayanus, both lower than 1 m on millet crop performance. Only in the study with the low
savanna windbreaks several spacings were screened and narrow spacings (6, 20, 40 m) were
included, while the high windbreaks had distances of at least 100 m.
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Although alley-cropping systems illustrate the importance of competition and compiementarity
between trees and crops, this aspect has received little attention in windbreak cropping systems
in the Sahel. No reports on nutrient aspects are yet available. Furthermore, quantitative
information on the interactions of the various microclimatic factors is available in detail only
from Brenner (1995a), over two years of measurements in Niger. For a fair understanding of
the tree-crop interactions, all relevant factors should be included in the analysis of a windbreak-
cropping system, This is a difficult task, because many factors are involved and they are not
easy to separate. None of the reported Sahelian windbreak studies explored all possible effects,
e.g. Brenner (1991) left out wind erosion and soil chemical analysis, whereas Banzhaf (1988)
combined wind profile studies and sand transport, but paid no attention to relative humidity and
air temperature.

When a basic understanding of windbreak-cropping systems is gained, a model such as
WIMISA (Part B) could be helpful in testing different WB-designs in various environments and

for several crops. For this, system characteristic data are required.

The objectives of this study were to investigate the effects of rather low, narrowly spaced
windbreaks of (i) 7 species on yields of pearl millet, {ii) Bauhinia rufescens and Andropogon
gayanus on soil water and nutrient resources in the tree-crop interface, (iii) Bauhinia rufescens,
on microclimate including light reduction, and on the development and growth of millet. All
studies included controls. Additionally, (iv) specific growth characteristics of millet were
determined beyond the windbreak influence for model input parameters. The field experiments
were conducted in 1991, 1992 and 1993 at the Sahelian Center of ICRISAT, Sadoré (Photo 1).
At the same site, in an accompanying study by Michels (1994), Smith (1995) and Lamers
(19935), knowledge was obtained on wind erosion effects on crop growth, water use of
windbreaks and production of the experimental windbreaks. These results were used for
discussion of the experimental results (Chapter 3 and 7) and for model development (Part B).

2.2 Experimental site

The research station ICRISAT Sahelian Center (ISC) at Sadoré (130 16 ' N, 20 21 'E, altitude
221 m), is located 45 km south-east of Niamey in southwestern Niger. The rainy season,
usually between May and October, has a long term mean annual rainfall of 545 mm at Niamey
(Sivakumar et al., 1993). Potential evapotranspiration can reach 9 mm d-! and 2500 mm y-!
(Bley, 1990). Average annual temperature is 29 °C with an average monthly minimum of 15 ¢C
in January and an average monthly maximum of 42 °C in April (Fig. 2.1).
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Figure 2.1 Climate at Niamey, Niger, showing monthly means of rainfall (bars) and

maximum (—) and minimum (---} temperatures {after Sivakumar et al.,
1593).

During the rainy season the prevailing winds come from the southwest, while the direction of
the short sudden thunderstorms is usually east. The soil at the experimental site is classified as a
sandy, siliceous, and isohyperthermic "Psammentic Paleustalf of the Labucheri soil series”
according to the USDA taxonomy (West et. al., 1984) which extends down to a layer of hard
laterite at a depth of about 4 m. Within the profile there are no root growth restricting layers or
cracks (West et al., 1984). The water table is found at a depth of 35 m. Detailed soil analysis
data from Sadoré Research Center location have been published (West et al., 1984; Bley,

19903,

2.3  Experimental setup of the windbreak-millet system

Windbreak fields were established in August 1988. Three lines of windbreaks were planted
parallel to each other in north-scuth direction (Fig. 2.2). Over these lines various windbreaks
and control plots (ne windbreak), each 50 m long, were arranged in a randemized block design.
The distance between two lines of windbreaks was 30 m, cropped by millet. Each windbreak
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consisted of a single species of trees/shrubs planted in a staggered configuration of two rows.
The distance between the windbreak plants was 3 and 1.5 m within and between the rows,
respectively. Windbreak plants were pruned to a height of 2 and 1 m sideways (fieldwards)
from the main stem before the onset of each rainy season,

The experiment was a split plot design with three replications of a control and of the following
seven shelter species: the perennial grass Andropogon gayanus Kunth, five tree species native
to Africa: Bauhinia rufescens Lam., Faidherbia albida Del., Azadirachta indica A.Juss., Acacia
nilotica ssp. adstringens (Schumach. & Thonn.) Roberty, Acacia senegal (1) Willd and the
exotic (Australian) Acacia holosericea A. Cunn. ex G. Don, which has recently been introduced
in Africa. The main plots were 50 x 30 m divided into 2 subplots, one covered with 2000 kg ha-
1 millet crop residues (+CR) and one without crop residues (-CR). The crop residues were
applied to investigate their efficacy as an additional wind erosion control measure and were
studied by Michels (1994).

To the west of each windbreak pearl millet (Pennisetum glaucum (L) R, Br.) cv. CIVT
(Composite Inter-Variétal de Tarna) was sown in the traditionally way, i.e. 50 -100 seeds were
thrown manuaily in ca. 5 cm deep holes ("pockets™), spaced 1 by 1 m. CIVT, an improved
local variety, has a development cycle of 90 - 120 growing days depending on the photoperiod
{Lambert, 1983). The first row of millet was planted at a distance of 1 m from the stem of the
nearest row of windbreak plants. Phosphorus was applied before sowing (45 kg P2Os ha-!} as
single super phosphate. Nitrogen was applied in each pocket as calcivm-ammonivm nitrate at
tillering (30 kg N ha'!} and during stem elongation (15 kg N ha-!). Three weeks after sowing
the pockets were manually thinned to three plants per pocket (30.000 plants ha-!). Weeding was
performed 3 and 10 weeks after sowing. Seed losses by birds were controlled by "hunters”
during the last two weeks before final harvest. These cultural practices were applied uniformly
on all plots. Time schedule of sowing, harvest and other operations are given for the three

cropping seasons in Table 2.1.

Final millet yields were determined for the seven replicated windbreaks and the control plots.
Detailed crop, soil and microclimatic measurements were restricted to the Bauhinia,
Andropogon and/or control plots. Table 2.2 summarizes the locations of measurement and
sampling in the various WB plots. For comparison with other studies, the distance from the
windbreak is also expressed in terms of its height (H) at the onset of the season (note that after
pruning the windbreak height continuously increased throughout the season). For convenience
the plots are named after the bordering WB species in the east, (crop) rows refer to crop lines

parallel to the windbreak and transects refer to lines perpendicular to the windbreaks.
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Figure 2.2  Ficld layout of the windbreak-millet system at ISC, Niger and the locations of
instruments {configuration I} and sampling positions in Bauhinia (B) and
control (C) plots. Detailed measurements were performed in plots of B, C
and A; the other plots were used for determination of yields at maturity only,
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Figure 2.3 Configuration I of instrumentation in the east (top) and west (bottom) of a
Bauhinia WB (B) at ISC, Niger in 1992. F and A indicate the windbreak
Faidherbia albida and Andropogon gavanus, respectively.

Table 2.1 Time schedule of the operations in the growing seasons of 1991, 1992 and
1993 at ISC, Niger. DOY and DAE indicate day of year and day after

emergence.
Operation 1991 1992 1993
Date DOY DAE Date DOY DAE Daie DOY DAE
Sowing 15.06 .166 2605 147 06.06 157
Emergence 1806 169 0 2805 149 0 10.06 161 0
Fertilizer P (SSP) 10.06 161 12.05 133
N (CAN) 10.07 191 22 16.06 168 19 04.07 185 24
N (CAN) 29.07 210 41 26.07 207 46
Weeiding 13.06 163 05.06 157 8 2906 180 i9
10.07 191 22 1007 192 43 2307 204 43
Thinning out 10.07 191 22 17.06 169 20 2506 176 15
Harvest 1st at thinning 08.07 189 22 16.06 168 19 2506 176 15
2nd at booting 03.09 246 77 1507 197 48 2207 203 42
3rd at flowering no 11.08 224 74 no

4th at maturity 15.10 288 1719 08.09 262 12 2709 270 109







