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ABSTRACT

An experiment was conducted in Nobéré, Burkina Faso, West Africa to assess the effect of
shade of two indigenous fruit trees, Adansonia digitata (Baobab) and Parkia biglobosa (Néré)
on a shade-tolerant crop called taro (Colocasia esculenta) in comparison with millet
(Pennisetum glaucum), a shade-intolerant crop, with the aim of optimising the productivity of
agroforestry parkland systems. Eight trees of each of néré and baobab were randomly selected
on farmers lands for the study. To assess the effect of tree shade on associated crops, the area
under each tree was subdivided into three tree influence concentric zones: zone A= from tree
trunk to half radius of the crown; zone B=from half radius to the edge of the crown and zone
C=from the edge to 3 m away. A control plot was established for each tree in an open area.
The performance of crops in terms of growth, yield, dry matter production and nutritional
composition was assessed during three cropping seasons between 2006 and 2008 according to
concentric zones around trees and the control plot. In addition, biophysical factors including
photosynthetically active radiation (PAR), transpiration, photosynthesis, soil physical and
chemical properties and root length density were measured under the trees and the control.
Finally, the socio-economic implications of optimizing crop production under trees using taro
was evaluated using cost-benefit analysis.

Millet performed better under baobab (806.1+121.48 kg ha) than under néré (320.2+59.91
kg ha™) which was less than the yield in the control plot (595.8+83.43 kg ha™). In contrast,
the yield of taro was better under néré (4124.0+469.05 kg ha™) than under baobab
(2738.3+595.61 kg ha') which was almost similar to the yield in the control plot
(2336.9+617.04 kg ha). The higher yield of taro under néré, which had dense and wide
crown, confirms its shade tolerance, which was further ascertained by the significantly
negative correlation found between PAR availability and the yield and dry matter production
of taro. In contrast, the performance of millet increased when PAR availability increased.
Results of the nutritional composition showed that tree shade had no effect on the quality of
either millet or taro. In terms of yield and nutritional composition, using taro immediately
under tree crowns seems to be appropriate strategy for optimising crop production in
agroforestry parkland systems. According to the results of the cost-benefit analysis, taking
into account the traditional cropping practice in agroforestry parkland systems where the
average tree density is 14 trees ha” and the common crops grown included maize, millet,
sorghum, cowpea and peanut, the net present value was estimated at 24317.2 FCFA per
hectare (655.957 FCFA is equivalent to 1 €). This was increased to 84696.1 FCFA per hectare
if taro is grown under trees at the average tree density of 14 trees ha™. The net present value
increased further with an increase in tree density. Therefore, it was concluded that by using
shade-tolerant crops such as taro beneath tree crowns farmers would be able to maintain high
density of trees on parklands and improve the systems productivity.

Key words: Adansonia digitata, Colocasia esculenta, Parkland, Parkia biglobosa,
Pennisetum glaucum, shade tolerance
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CHAPTER 1: INTRODUCTION
1.1. Aims of the project

Food security is a major problem in countries of the Sahel region such as Burkina Faso
because the agriculture of these countries depends greatly on climate conditions that are
characterised by low and highly unpredictable rainfall patterns (400-1200 mm year™) with
nine months of dry season, frequent periods of drought, and high temperatures throughout the
year (FAO, 2004). In this context, natural resources play a key role in food supply and income
generation for rural people (Teklehaimanot, 2004; Nikiéma, 2005). Since natural woodlands
are degrading and woodland resources are diminishing in many parts of West Africa due to
population pressure, agroforestry parkland systems are increasingly becoming the only

resource base for many farmers (Bayala, 2002).

In parkland agroforestry systems, trees and crops have been grown together since ancient
times (Brookfield and Padoch, 1994) as an option to minimise risks. Nevertheless, the trees
and crops may compete for light, water, and nutrients or have complementary needs (Sanchez,
1995). Because this competition is often unfavourable for the crops, farmers tend to reduce
the density of the trees in their fields (Gijbers et al., 1994; Boffa, 1999; Kelly et al., 2004;
Nikiéma, 2005). However, in dry areas, the ecological role of trees in maintaining favourable
conditions for crop production is a reason to encourage farmers to maintain higher density of
trees (Boffa, 1999; Bayala et al., 2006).

The decision of farmers to maintain trees in their crop fields was also related to the products
and services that they provide (Boffa et al., 2000; Bayala, 2002).The main crops grown in
parklands are traditional cereals (millet and sorghum) which are sensitive to the effect of tree
shade (Boffa et al., 2000; Teklehaimanot, 2004). Many studies dealing with the subject have
shown that yields of these cereals (millet and sorghum) are significantly reduced by 30-60%
under tree crowns compared to their production in open area (Maiga, 1987; Kater et al., 1992;
Kessler, 1992; Boffa, 1999; Boffa et al., 2000; Bayala et al., 2002). The major factor
responsible for the yield decrease was found to be light interception by tree crowns (Kater et
al., 1992; Kessler, 1992). One approach to solve the problem of light interception by tree
crowns was pruning of branches (Bayala, 2002). Bayala (2002) tested this solution on karité



(Vitellaria paradoxa C. F. Gaertn) and néré (Parkia biglobosa (Jacq.) R. Br. ex G. Don) and it
gave good results with an increase in cereal crop yields and an improvement of soil fertility
by the mulching of leaves resulting from the pruning (Bayala et al., 2002; 2003). However,
total pruning of trees resulted in reduced tree fruit production for at least five years before the
trees recovered to their original production level (Bayala et al. 2008). Of course, the loss of
tree fruit production was compensated by increased crop production under pruned trees. If,
however, farmers decide not to prune trees for various reasons, an alternative would be to
plant shade-tolerant crops beneath tree crowns and shade-intolerant crops in areas outside the

influence of tree crowns.

There are several traditional crops that have been reported to be shade-tolerant such as yam
(Dioscorea sp.), sweet potato (Ipomea batatas (L.) Lamb), taro (Colocasia esculenta (L.)
Schott), cocoyam (Xanthosoma sagittifolium (L.) Schott) and cassava (Manihot esculenta
Crantz) (Teklehaimanot, 2004). The use of such shade-tolerant crops beneath tree crowns
where traditional cereals do not perform well, would optimise crop production in these

agroforestry parkland systems.

1.2. Background

1.2.1. Woody component of agroforestry parkland systems

In the parklands of Sub-Saharan Africa, trees found scattered in farmlands are those preserved
by farmers from the original forest vegetation (Bonkoungou al., 1993). These trees are
multifunctional providing various products and services (Gijbers et al., 1994). Some of the
products that farmers obtain from trees on farmlands are fruits, wood and leaves and some of
the services that the trees provide include shade, soil fertility improvement and local
medicinal uses (Smektala et al., 2005; Bayala et al., 2006). Yaméogo et al. (2005) reported
that 80.5% of trees that are preserved by farmers in farmlands in Sahelian zone of Burkina
Faso are due to their edible fruits, 14.8% due to their use in traditional medicine, 4% for shade
and 2.7% for other reasons. The density of trees and their species composition in parklands

was determined by the value that farmers give to these products and services (Boffa et al.,
2000).

Tree density varies from farm to farm and was usually between 15 and 30 trees per hectare in



Burkina Faso according to Kessler and Boni (1991). Gijbers et al. (1994) found that the
density of trees was lower (11 trees per hectare) in the Sahel. Many studies indicated that
parkland tree diversity and density are degrading (Gijbers et al., 1994; Boffa, 1999; Kelly et
al., 2004; Nikiéma, 2005). Nikiéma (2005) has shown in a Sudan savannah zone of Burkina

Faso that parkland degradation was mainly due to the reduction of fallow period.

Three tree species are dominant in parklands of West Africa: Vitellaria paradoxa , Parkia
biglobosa and Faidherbia albida (Delile) A. Chev. (Gijbers et al., 1994; Bayala, 2002).
According to Nikiéma (2005), Vitellaria paradoxa was the most common parkland tree
species, accounting for more than 20% of the total number of tree species in the parklands in
Sudanian and South-Sahelian ecozones of Burkina Faso. Other common tree species cited by
the author are Adansonia digitata, Lannea microcarpa Engl. & K.Krause, Sterculia setigera
Delile, Bombax costatum Pellegr. & Vuill., Diospyros mespiliformis Hochst. ex A. DC,,
Acacia seyal Delile, Parkia biglobosa and Pterocarpus erinaceus Poir.. Nikiéma (2005) has
ranked fruit trees of Burkina Faso parklands, based on published rankings with regard to
social and economical value assigned to the species by farmers from different regions of the
country. This overall ranking has shown that the three most important species in order of rank

are Vitellaria paradoxa, Parkia biglobosa and Adansonia digitata.

Vitellaria paradoxa belongs to the family of Sapotaceae and is encountered within a belt 500-
750 km wide and of 500 km length from west to east Africa (Hall ef al. 1996). The species is
commonly called karite in French and shea nut tree in English. The fruit’s pulp is eaten fresh
and butter is extracted from its kernel which is the main economic product of the tree (Hall et
al. 1996, Maranz et al., 2003). The butter is used for cooking, cosmetics, medicine and also as

a substitute of cocoa butter which is traded on international markets (Boffa ef al., 2000).

Parkia biglobosa is commonly called néré in French and locust bean in English (Plate 1.1 b).
The species is from the family of Fabaceae, under sub-family of Mimosoidea but its trees do
not fix nitrogen (Tomlinson et al., 1998). Néré is large, up to 20 m high, with a wide-
spreading crown. It is an important agroforestry tree species in the Sudanian zone and is

found from Senegal in the West to Uganda in the East (Sina, 2006).

The wood of néré is used as fuelwood and for other purposes such as light constructions. Its

bark, branches, leaves, seeds, pulp are used in traditional medicine (Tomlinson et al., 1995;



Hall et al., 1997). The pulp of the fruit is consumed in various culinary forms, as an auxiliary
food. The seeds are locally processed as soumbala which is used for seasoning sauces (Hall ez
al., 1997). The seeds and their processed form (soumbala) are the major commercialised
products of néré that gives to the species its socio-economical importance in parklands
(Teklehaimanot, 2004). The density of the tree varies from 0.8 to 25 ha” in parklands of
Burkina Faso (Kessler, 1992; Yélémou, 1993, Hall ef al., 1997; Sina, 2006).

Adansonia digitata, commonly called baobab, is a species that belongs to the family of
Bombacaceae (Sidibé and Williams, 2002; Diop et al., 2005). Baobab is a large deciduous
tree, which can grow up to 25 m tall (Gebauer et al., 2002), with a large trunk of up to 10 m in
diameter, pendular flowers and a rounded crown (Plate 1.1 a) (Diop et al., 2005). The fresh or
dried leaves of the tree are sold all year round in markets and used for cooking sauces
(Bonkoungou et al., 1999). The pulp of the fruits have high content of vitamins B1, B2, B6
and C (Diop et al., 2005), and are consumed as drinks and in various food recipes. The bark is
used for rope and basketry and the wood which is of poor burning quality is used as mulch
(Boffa, 1999; Sidibé and Williams, 2002). Fruits and leaves were used in local medicines. The
tree density is generally very low on parklands due to its big size. For example, in Mali a
mean density of 0.43 tree ha was reported by Dhillion and Gustad (2004) while Kyndt ef al.
(2009) estimated to 0.06 tree of baobab per hectare in the sudano-sahelian zone of Burkina

Faso.

The present study was based on the later two indigenous trees: Parkia biglobosa and
Adansonia digitata (Plate 1.1 a and b). Vitellaria pdradoxa was not included in the present
study because there were several previous studies and a few ongoing researches on this tree.
In addition, néré was in particular was included in the present study because there has been
reports that showed significant negative impacts of néré on associated cereal crops, but no

study has so far been conducted on its effect on shade-tolerant crops.



Plate 1.1. Baobab (Adansonia digitata) and néré (Parkia biglobosa): the two fruit-
trees of the study
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1.2.2. Traditional cereal crops in parkland agroforestry systems

The major crops associated with trees in agroforestry parklands of semi-arid areas are cereals
usually millet and sorghum (Boffa et al., 2000). In addition, maize, cotton, peanut and cowpea
are grown on small areas or intercropped with millet and sorghum. In the Sahel zone, millet

was the most commonly grown cereal crop.

Millet (Pennisetum glaucum) is an annual plant of the Poaceae family taking between 45 to
180 days from sowing to harvest (Plate 1.2 a) (Tostain and Marchais, 1992). The species is an
essential cereal crop of dry zones where it is used for preparing various recipes such as To
(porridge), couscous, cakes, mush and drinks (Clément et al., 1993; Devos et al., 2006).
Millet stems are used as building material, fuel and as fodder for livestock (Clément et al.,
1993).

Many studies have reported a reduction of cereal crops yields under trees such as néré and
karité in parklands (Maiga, 1987; Kessler, 1992; Boffa et al., 2000; Bayala et al., 2002;
Teklehaimanot, 2004). Compared to an open area, millet yield under karité trees were reduced
by 35%, 50% and 44% according to Maiga (1987) in Burkina Faso, Kapp (1987) and Kater et
al. (1992) in Mali, respectively. A reduction of millet yield of 60% under néré trees was
reported by Kater ez al., (1992). Kessler (1992) found that sorghum yield was reduced by 50%
and under the crowns of karité and 70% under néré trees. Kater et al. (1992) reported a
reduction of sorghum yield of 44% and 66%, respectively under karité and néré trees. A lower
yield reduction (16%) for sorghum under karité trees was recorded by Boffa et al. (2000).
Maize (Zea mays L.) production was reduced by 35% and 54% under brush canopies and ball
canopies of karite, respectively in Burkina Faso (Zomboudré et al., 2005). Not only cereal
crops yields are reduced under parkland trees, cotton yield also decreased under néré trees by
65% as reported by Kater e al. (1992). Contrary to all the findings above, a study on the
influence of néré and karité on millet yield conducted during a good rainfall season has shown
no difference between the yields under tree crowns and in open areas (Jonsson ef al., 1999).
The authors concluded that the shade effect on millet was compensated by an improvement in

soil fertility and plant temperature under trees.

These contradictory results show that parkland trees can have either negative, positive or

neutral effects on associated crops as reported by Sanchez (1995) and Bayala et al. (2002).



The main cause of the negative effect of trees on crop growth is light reduction under tree
crowns (Rao et al., 1998; Noordwijk et al., 2004). The others factors that negatively affect
crop yields in association with trees are competition for soil nutrients and moisture, weeds
development, fungal attacks due to high humidity and crop destruction by insects and birds
(Kessler, 1992; Soumaré, 1996; Ong et al., 1996; Rao et al., 1998; Boffa, 1999; Bayala ef al.,
2004). On the other hand, trees can increase soil fertility (Breman and Kessler, 1995;
Tomlinson ef al., 1995; Young, 1997; Garcia-Barrios and Ong, 2004; Bayala et al., 2006),
water availability (Ong ef al., 1996; Garcias-Barrios and Ong, 2004; Ong and Swallow, 2003)
and plant temperature (Rao et al., 1998; Jonsson et al., 1999).

1.2.3. Traditional shade tolerant annual crops in parkland agroforestry systems in Burkina
Faso

The major vegetable, root and tuber crops that are commonly grown in the parklands of
Burkina Faso include chilli peppers (Capsicum sp.), yam (Dioscorea sp.), sweet potato
(Ipomoea batatas), fabirama (Solenostemon rotundifolius (Poir.) J. K. Morton), cassava

(Manihot esculenta), cocoyam (Xanthosoma sagittifolia), and taro (Colocasia esculenta)
(Kessler, 1992).

Colocasia esculenta (L.) Schott (taro) is one of the most common edible species of the
Araceae family commonly cultivated by farmers in Burkina Faso (Plate 1.2 b). Taro is a
herbaceous plant which grows between 1-2 m height and has a subterranean edible corm
surrounded by secondary corms called cormels and four to five peltate leaves (20-50 cm) with
long petioles above ground (Onwueme, 1999). The species has a fibrous root system located
generally in the top one meter of soil (Onwueme, 1999). It is grown for its corms which are
used as an important staple food for people of many tropical countries including Burkina
Faso. Various recipes are prepared using taro corms: boiled, roasted, fried or pounded in fufu

(Onwueme, 1994). The young leaves are also eaten as potherbs (O’Hair, 1990).

Some findings have shown that taro grows better under shade due to its good physiological
functioning in shade condition. For example, Schaffer and O'Hair (1987) reported that CO,
assimilation rate, transpiration rate and stomatal conductances (for CO, and water) were

higher for leaves of taro grown in 40% shaded area compared to leaves in full sun.



Plate 1.2. Millet (Pennisetum glaucum) and taro (Colocasia esculenta): the two

crops of the study
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The high photosynthesis efficiency of taro in shade condition was due to anatomical and
physiological changes that took place in its leaves in response to shade. According to
Johnston and Onwueme (1998) taro responded to shading by increasing leaf size and
chlorophyll content per unit area of leaf while other root crop species such as yam, cassava
and sweet potato did not. Onwueme and Johnston (2000) also reported that taro grown under
shade increased its leaf stomatal density in both the upper and lower epidermis. All the above
quoted studies were, however, conducted in treeless plots under artificial shade, which is
different from field trials in parklands where trees and crops would also compete for growth

resources.

1.2.4. Trees effect on the nutritive quality of crops in parkland agroforestry systems

Despite much research examining shade effects on crop growth and yield, the nutritive
content of crops in response to shade has not yet investigated in semi-arid areas. Studies
exploring shade effect on forage quality in parkland pastures revealed a general increase of
protein content in forage grown under shade (see Smith et al., 1984; Lin et al., 2001;
Ladyman et al., 2003; Peri et al., 2007). Some studies have demonstrated that the macro-
nutrient contents (such as P, K, Mg, Ca and S) and digestible fibre were not influenced by
shade (Ladyman et al., 2003; Norton ef al., 1990) while another study reported increases to
macronutrients due to shade in forage crops (Peri et al., 2007). Ajithkumar & Jayachandran
(2003) reported that shade increased volatile oil and starch content in the rhizome of ginger

(Zingiber officinale R.) but it decreased fibre content in the plant rhizome.

Because of the reported increase in nutritive contents of forage and ginger in shade condition
as a result of the high nutrient content of soils under trees, it is expected that an improvement
of nutrient content may also occur in root and vegetative crops under tree shade in parkland

systems.

1.3. Summary and objectives

Previous findings on tree-crop interactions in parklands have shown that the presence of trees
causes reduction in yield of traditional cereal crops such as millet and sorghum (Kessler,

1992; Boffa, 2000; Bayala et al., 2004). Many authors have mentioned that tree shade is the
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major factor responsible for yield reduction in understorey crops (Boffa, 1999; Bayala et al.,
2002). Some attempts to solve the shading problem by pruning tree crown have given better
yield of millet compared to open areas (Bayala et al., 2008). However, total pruning of trees
resulted in reduced tree fruit production for at least five years before the trees recovered to
their original production level (Bayala et al. 2008). Of course, the loss of tree fruit production
may be compensated by increased crop production under pruned trees. If, however, farmers
decide not to prune trees for various reasons such as the benefit of fruit production, an
alternative would be to plant shade tolerant crops beneath tree crowns and shade intolerant
crops in areas outside the influence of tree crowns.

Therefore, there is a need for further studies to investigate how shade-tolerant crops such as
taro perform in terms of both yield and nutritive value under tree shade in comparison with
shade intolerant crops such as millet. Despite its shade tolerance, taro, like most shade
tolerant crops, has high demand for water and nutrients (Caesar, 1980; Bussel and Bonin,
1998). Because there are several evidences of higher fertility and water content of soil under

trees it is believed that taro could perform better under tree crowns than millet.

The broader aim of the study reported in this thesis was to generate knowledge, which might
contribute to the maintenance of relative high tree densities agroforestry parkland systems of
Sahel region. The general objective was to determine the suitability of taro (Colocasia
esculenta (L.) Schott), a shade-tolerant root crop, as an alternative crop to millet (Penissetum
glaucum (L.) R. Br.), a traditional cereal crop, under tree crown shade in parkland
agroforestry systems in Burkina Faso using two fruit tree as models (Baobab (Adansonia
digitata L.) and néré (Parkia biglobosa (Jacq.) R. Br. ex G. Don)). The suitability of millet
replacement by taro was assessed through the agronomic performances of both crops and the
socio-economic benefits that arise from this management of agroforestry parkland systems.

To contribute to the broader aim, the present study was carried out with the following specific

objectives:

1. To assess the effects of Néré (P. biglobosa) and Baobab (4. digitata) on the growth and
yield of associated taro (C. esculenta), a shade-tolerant crop and millet (P. glaucum), a
shade-intolerant crop based on biophysical, agronomic and physiological measurements.

2. To assess the effects of Néré and Baobab on the nutritional quality of associated millet
and taro crops based on chemical analyses.

3. To assess the socio-economic significance of combining the production of millet and taro

in agroforestry parkland systems.
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CHAPTER 2: LITERATURE REVIEW

2.1. Description of parkland agroforestry systems

Parklands are landscapes of cultivated or recently fallowed fields with scattered mature trees
(Raison, 1988). The plate 2.1. shows an example of parkland at Nobéré in Burkina Faso.
Parkland agroforestry systems are the practices of growing crops and these scattered trees
together on the same area and at the same time (Sanchez, 1995). This practice has been used
since ancient times by farmers to obtain both products from trees and crops in order to

enhance their food security (Brookfield and Padoch, 1994).

The scattered trees in fields were selectively preserved by farmers from the original woodland
vegetation (Bonkoungou et al., 1993; Rao et al., 1998). Remnant trees within parklands were
retained for their various products (fruits, wood and leaves) and services (soil fertility, shade
and medicines) but were rarely planted (Gijbers et al., 1994; Rao et al., 1998; Smektala et al.,
2005; Yaméogo et al., 2005; Bayala et al., 2006).

Parklands are often dominated by one tree species and this dominant species gives its name
to the corresponding parkland (Boffa, 1999). So, the major parklands in the sub-humid zone
of West Africa are Vitellaria paradoxa, Parkia biglobosa and Faidherbia albida parklands
(Boffa, 1999). In semi-arid areas, parkland names are different due to the different dominant
trees such as Acacia raddiana, Acacia senegal, Adansonia digitata and Balanites aegyptica
parklands (Boffa, 1999). Parklands where trees are retained rather then planted are called
selected parklands as opposed to constructed parklands (Bayala, 2002). Trees of constructed
parklands are dominated by exotic species such as mango (Mangifera indica) and citrus
(Citrus sp) in sub-humid zones and in dry zones. by eucalyptus (Eucalyptus sp) and neem

(Azadhirata indica).

A dominant tree species does not mean that parklands are mono-specific. There is always
diversity in the composition of species and in the density of trees (Boffa, 1999). Species
composition and tree density of parklands depend on ecological conditions and the
preferences of local farmers based on the effects of the trees on associated crops. For
example, it has been reported that the shade of V. paradoxa and P. biglobosa depends mainly

on their crown size. P. biglobosa trees, due to their larger crown, are less associated with
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crops than V. paradoxa trees (Kater et al., 1992; Kessler, 1992). So, in Burkina Faso, V.
paradoxa, due to its high economic value and relatively small crown diameter (mean diameter
10.56 m (Bayala e al. 2002)) has a high tree density (9.1 trees ha™ (Bayala et al. (2008))
whereas P. biglobosa with equivalent economic value but having large crown size (20.98 m
(Bayala ef al. 2002)) has lower density (1.22 trees ha™ (Bayala ef al. 2008)). Densities of F.
albida, which has positive effect on under-storey crops, are also high (3-45 trees ha”, Boffa,
(1999)) in parklands. A. digitata, which is the biggest tree in the region (large trunk (5.92 m
circ at breast) and large crown (16.52 m)), has very low densities: 0.8 trees ha” (Bayala,

2000) and 0.25 trees ha™ (Personal observation).

Generally, species composition and tree density of parklands are declining (Gijbers et al.,
1994; Boffa, 1999; Kelly et al., 2004; Nikiéma, 2005) due to high population pressure and
decline in the length of fallow period. Natural regeneration ordinarily occurs in fallows which
are becoming either very short or absent. (Nikiéma, 2005). Over mature parkland trees were
often removed by farmers when they become old and non-productive and were increasingly
being replaced by cereal crops (millet and sorghum). Dead and felled trees were not being

replaced through planting and natural regeneration was limited on farmlands.

Plate 2.1. Panoramic view of a parkland with baobab (4dansonia digitata), néré
(Parkia biglobosa) and Kkarité (Vitellaria paradoxa) at Nobéré in Burkina Faso
(2007)

Photograph: SANOU Josias
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2.2. Tree crop interactions in parkland agroforestry systems

Both trees and crops in parkland agroforestry systems, interact both under-ground and above-
ground (Ong, 1996; Ong and Leakey, 1999; Bayala ef al., 2002). This interaction influences
the performance of each component of the tree-crop association (Nair, 1993). Tree-crop
interactions can be positive (complementary), negative or neutral (Sanchez, 1995; Bayala et
al., 2002). Tree-crop interactions are a result of all biophysical changes caused by the
presence of trees that impact on the performance of the associated crops. The dominant
biophysical changes are light reduction, rainwater redistribution and physical and chemical
changes of the soil under tree crowns (Ong, 1996; Rao et al., 1998; Noordwijk et al., 2004;
Bayala et al., 2006).

2.2.1.The effect of tree crown on light transmission

The main effect of trees on crops is due to light extinction under tree crowns (Rao ef al.,
1998; Noordwijk et al., 2004). Light that reaches the leaves of crops grown under the crown
of an isolated tree is a sum of three components: diffuse radiation, direct lateral radiation and
direct vertical radiation transmitted by the leaves of the tree (Knevel, 1993). Out of this total
radiation, only 40% is effectively usable for the photosynthesis process by crops (Breman and
Kessler, 1995). This fraction is called Photosynthetically Active Radiation (PAR) and
involves wavelengths between 400 nm and 700 nm. PAR is generally measured as energy
flux density and expressed as incident photon flux density (mol or mol) on a unit area of

plant (m™) per unit time (s).

PAR availability in the area under tree crown depends on the characteristics of tree species
such as phenology, height, crown diameter and leaf density (Breman and Kessler, 1995;
Bellow and Nair, 2003). In general PAR transmission increased with an increase in tree height
and decreased with an enlargement of crown diameter (Bellow and Nair, 2003). In addition,
the shape and structure of the tree crown affected PAR transmission. For example, brush
shaped crowns and crowns with many gaps have higher PAR transmission than ball shaped

crowns and relatively compact crowns (Bellow and Nair, 2003; Zomboudré et al., 2005).
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Many studies have reported light reduction under parkland tree crowns. Belsky et al. (1989)
found a solar irradiance reduction of 45 to 65% under leafy baobab trees and a reduction by
30 to 40% under leafless baobab trees. Various light reduction measurements for P biglobosa
have been reported according to tree mean height and crown diameter. For example, a
minimum of 80% PAR reduction for trees of 14 m height was reported by Kessler, (1992), an
average PAR reduction of 75% for large trees with crown diameter ranging from 9.5 to 17.1
m by Jonsson (1995) and 62% of PAR reduction for trees of an average height of 15.38 m
and an average crown diameter of 20.98 m by Bayala ef al. (2002). PAR reductions reported
in literature for V paradoxa trees were also variable according to tree characteristics such as
crown shape and dimensions (Kessler, 1992; Boffa et al., 1999; Jonsson, 1995; Boffa et al.,
2000; Bayala ef al., 2002).

Light reduction under tree crown has a consequence on the temperature of soil and leaves of
understorey crops. According to Rao et al. (1998) the temperature of topsoil was lower
throughout the cropping season under P. biglobosa and V. paradoxa trees compared with
open areas of a parkland system in Burkina Faso. Such temperature reduction in semi-arid
parklands has a positive consequence for many plants grown beneath tree crowns because
high temperature was identified as a limiting factor for seedling establishment and plant
photosynthesis (Jonsson, 1995; Rao er al., 1998; Boffa, 1999, Bayala, 2002). Another
consequence of light extinction under tree crown was the reduction of evapo-transpiration due
to temperature decrease in this area below the tree crown (Belsky et al., 1989; Boffa, 1999).
This reduction of evapo-transpiration contributes to maintain higher water content in soil

under tree compared to the open field.

2.2.2.The effect of tree crown on soil water balance

Water balance in an agroforestry system is the difference between water received and water
lost in the rooting zone of both the tree and the crop where the uptake of water and nutrients
takes place. Water inputs to the soil are rainfall and hydraulic lift from groundwater whereas
the losses are rainfall interception by the tree crown, drainage, run-off, soil evaporation and

transpiration by tree and crop (Ong et al., 1996; Ong and Swallow, 2003; Kurz-Besson ef al.,
2006).
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As with light interception, rainfall was also intercepted by tree crowns causing water loss
through evaporation before reaching the soil, thus reducing water availability for crops
growing under the tree crown compared to those grown in open area (Ong et al., 1996).
According to Ong and Swallow (2003), the loss of the annual rainfall due to tree crown
interception was between 3 and 10% in semi-arid agroforestry systems. Rainfall interception
by tree crowns depends on rainfall intensity. It increases as rainfall intensity decreases
(Breman and Kessler, 1995; Boffa, 1999). Breman and Kessler (1995) estimated that for
rainfall < 15 mm with low intensity interception loss was higher (up to 50%) than for rainfall
> 15 mm with high intensity (between 10-20%). The amount of rainfall intercepted and
evaporated also varies according to tree crown structure and environmental factors such as

wind speed and temperature (Breman and Kessler, 1995).

Rainfall that is not intercepted reaches the soil under the tree crown by two processes:
throughfall and stemflow. The water that reaches the soil surface first infiltrates until the soil
becomes saturated and then runoff starts causing water loss for the area under tree. Water
infiltration depends on soil proprieties, the slope of the land and rainfall intensity. Soil
proprieties that affect water infiltration in the soil are surface crusting, surface storage,
saturated hydraulic conductivity and presence of vegetation and residual vegetal elements
(Ong and Swallow, 2003). It is generally accepted that water infiltration is increased by the
presence of trees (Rao ef al., 1998; Boffa, 1999). According to Breman and Kessler (1995)
the factors by which tree improves soil water infiltration are the presence of old root channels
which act as macropores and litter which favour soil fauna activities resulting in soil high
porosity. Therefore, for equivalent amount of rainfall received on soil, the rate of water stored

under tree crown was higher than the rate in open area (Breman and Kessler, 1995).

In addition, part of the stemflow contributes to the deep soil water stock (Ong and Leakey,
1999; Ong and Swallow, 2003). A part of water stocked in the deep soil could be available to
crops when drained into the topsoil. Indeed, Ong and Leakey (1999) report that subsoil water
reserves could be returned to the topsoil through hydraulic lift created by tree roots. Howard
et al. 1997 after excavating 60cm of topsoil around Grevillea robusta trees obtained up to
85% of the initial stem flow, proving by trees were able to uptake water from deeper soil
horizons. In addition, Kizito et al. (2007) found that 45% of shrubs water demand in
Senegalese peanut basin was extracted from deep soil and some of this was distributed to

crops root layer causing an increase by 20% of the water storage in the topsoil. In summary,
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the water stock in topsoil may be greater under tree crown than in the topsoil of the treeless
area, if the losses due to soil evaporation under tree crown and tree and crop transpiration do

not exceed those in open area.

It has been shown in many publications that there is lower plant transpiration and lower soil
evaporation in crops grown under tree crowns compared to those grown in treeless zone
(Belsky et al., 1989; Rao et al., 1998; Boffa, 1999; Ong and Swallow, 2003). This reduction
of evapotranspiration in the area beneath tree results from a decrease in wind speed and
temperature due to tree crown shade (Boffa, 1999; Ong and Swallow, 2003). According to
Ong and Swallow (2003) soil evaporation could be reduced up to 30% due to the presence of
tree crown compared to a treeless area. In Burkina Faso, Jonsson (1995) found that
evaporation was 22% lower under P. biglobosa and V. paradoxa trees compared to the open.
The reduction of water lost through evaporation compensated rainfall interception by the tree
crown for low annual rainfalls less than 700 mm but the compensation was dependent on

rainfall intensity and soil physical proprieties.

Like soil evaporation, the transpiration of crops grown under tree crowns was lower compared
to the same crop transpiration in open area (Rao et al., 1998; Ong and Swallow, 2003). The
low transpiration rates of crops underneath trees were due to decreases in temperature and
decreases in solar radiation which are a result of increased tree shade (Boffa, 1999). In the
Sahel region, the low transpiration rates underneath trees could be advantageous to crop
growth especially C3 plants which generally become light saturated in treeless areas (Ong
and Swallow, 2003).

The decrease in crop water use contributes to increased soil moisture content under the tree
crown, but if tree transpiration is taken into account, the water loss due to transpiration could
be higher compared to an area without trees (Radersma and Ong, 2003). The values of
transpired water varied from one year to another depending on the amount of rainfall and
PAR received (Bayala, 2002). The author showed that in a high rainfall year with lower PAR,
transpiration was low (146 1 h"' and 18 1 h™ for P. biglobosa and V. paradoxa trees,
respectively) compared to a low rainfall year and higher amount of PAR received (79 1 h™' and
9 1 h' for P. biglobosa and V. paradoxa trees, respectively). In the Sahel region, such
amounts of water loss could be expected to drastically reduce crop growth under trees if all

the water transpired is taken from topsoil where crop and trees interact. However, many
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studies reported that water use efficiency (i.e. biomass of crop produced per unit of water

used) beneath trees was higher than that observed in an open area (Ong and Swallow, 2003).

This higher productivity was due to the fact that trees meet part of their water demand from
subsoil and also due to the higher soil moisture content under tree crown. Kizito ez al. (2006)
found in Senegal that that the water volumetric content of soil decreased from the base of
shrub trunk to 2 m distance and that the roots of pearl millet were found in topsoil (0.2 to 0.5
m) whereas shrubs roots were found deeper (0.9 to 1.2 m). Therefore, water balance of soil in
tree and crop association depends greatly on whether there was an overlap in the fundamental
niches of the component species. In an optimal association where trees and crops do not
compete for water niche differentiation occurs resulting in higher crop production (Ong et

al.).

2.2.3.The effect of tree shade on weeds composition and biomass

The microclimate created under tree crowns could be favourable for some weeds. According
to Libert and Eyog-Matig (1996) the effect of Faidherbia albida tree shade is associated with
lower weeds diversity and a significantly lower density of the plant parasite Striga hermontica
compared to open areas. Similar observation was made by Gworgwor (2007) in Nigeria where
the author found none emergence of S. hermontica under F. albida trees whereas the parasite
was causing up to 17.13% reduction of millet panicle yield in open area. Boffa (1999)
suggested that the lack of radiation under trees selectively suppresses plants, which have high
demand for light for their development. As an example the author described a study by Sabiiti
and Cobbina (1992) which showed that more palatable and shade tolerant weeds (Panicum
maximum and Brachiaria spp) were found under P. biglobosa crown than in open areas where
the weeds species consisted of mainly Andropogon and Imperata spp.. Breman and Kessler
(1995) reported that in the Sahel region, C3 grass species are more frequent under the shade
of individual trees than in open area even though C4 grass species are dominant in the region.
The authors explained this dominance of C3 grasses under tree by the low temperature and

shade unfavourable to C4 plants growth under trees crown.

In addition to its effects on weeds composition, tree crowns also influence the phenology of
weeds as reported in the literature (Boffa, 1999). Libert and Eyog-Matig (1996) reported an

early growth of weeds under F. albida tree crown compared to open areas in accordance with
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the general observation made by Breman and Kessler (1995) on grass species in African
savannahs. This early growth of weeds under tree crowns may be a disadvantage to farmers

because of the high labour demand of weeding.

Rao et al. (1998) have summarized the effects of tree crowns on weeds as a reduction in
density, a change in species composition and a decrease in both perennial rhizomes and the
annual seed bank. These effects are favourable for crop growth under trees. Many workers
have also reported a higher biomass production of weeds underneath of trees compared to
open areas (Breman and Kessler, 1995; Boffa, 1999). In the sahelian zone of Ferlo (Senegal),
Grouzis and Akpo (1997) noted a higher amount of above ground and root biomass of grasses
(1.5 to 4 times and 2 times, respectively) than under full sunlight. Higher growth of weeds
under P. biglobosa and V. paradoxa tree crowns compared to open areas was also noted by
Kessler (1992) in a farmed parkland of Burkina Faso. According to Kessler (1992), the effects
of parkland trees on weeds ecology may be one of the major limitations tothe cultivation of

shade tolerant plants at large scales by farmers farming in parklands.

2.2.4.The effect of tree shade on soil characteristics

The major positive biophysical effect of trees in parklands was soil fertility improvement.
This was well understood by local farmers (Bayala et al., 2006). The improvement of soil
physical and chemical properties was the result of litterfall from trees in addition to animal
and bird excreta (associated with the tree cover) which increased soil organic matter under
tree crowns and reduced erosion due to soil stabilisation by tree roots and litter cover of soil

(Breman and Kessler, 1995; Soumaré, 1996; Young, 1997; Garcia-Barrios and Ong, 2004).

It has been proven that due to both the higher organic matter and moisture content of soil, the
population of both macro-fauna and micro-fauna was higher under trees compared to the open
(Rhoades, 1997; Buresh and Tian, 1998; Boffa, 1999). Munoz et al. (2007) found in a
semiarid zone that microbial biomass carbon was higher under trees (357-1105 mg kg™)
compared to the outside (277-366 mg kg™) and that soil respiration was higher under trees
than outside due to greater microbial activities. As a result of macro-fauna and micro-
organism activities, more macroporosity and lower bulk density were found in soils under
trees (Rhoades, 1997; Munoz et al, 2007). This allowed better aeration and water infiltration

compared to open areas. Soil texture was also affected by the presence of trees. Increased
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activities of termites and deposition of windborne soil particles under trees result in finer soil

texture under tree crowns than in the open (Mando and Miedema, 1997; Boffa, 1999).

The decomposition of organic matter by soil macro- and micro-fauna contributes to increased
nutrient contents under trees (Buresh and Tian, 1998; Boffa, 1999; Brussaard et al., 2007). In
addition, trees also capture airborne nutrients which are deposited on leaves and released
under trees (Tomlinson et al., 1995; Rhoades, 1997; Boffa, 1999). Trees are also capable of
taking up nutrients from deeper soils and releasing them on surface soils through fine root and
leaf litter decomposition (Rao et al. 1998). In conclusion, the concentration of nutrients
derived from various sources was higher under trees crown compared to open areas in the

Sahel region (Kater et al., 1992; Kessler, 1992; Tomlinson et al., 1998; Bayala 2002).

2.2.5.The effect of tree shade on associated crop production

As reported above, tree shade reduces PAR and temperature which have an impact on the
morphology, anatomy and physiology of crops grown beneath tree crowns. The
morphological changes attributed to shade effect on crops were mainly observed in leaf size
and stem height which vary from one species to another depending to its capacity to tolerate
light reduction (Wong, 1991). Accordingly, Wilson ez al. (1998) observed that the leaf area
ratio and the specific leaf area of sorghum were higher under néré trees than those in full
sunlight. In addition, Caesar (1980) showed that Xanthosoma sagittifolium responded to shade
in well-watered condition by increasing its petiole length and leaf blade size. In Peru,
Midmore et al. (1988) noted an increase in potato (Solanum spp) plant height and a decrease
in branching in shade condition compared to its performance in full sunlight. Lin e al. (2001)
showed that leaf area and internodes length were increased while specific leaf dry weight was
deceased under shade compared to the area in full sunlight for fifteen legume and grass
species. According to Wong (1991) shade reduced tiller production but improved specific leaf
area and leafistem ratio in shade tolerant forage grasses. These morphological changes in leaf
are related to anatomical adaptation to shade condition in some shade tolerant plants. Leaves
in shaded areas have thinner palisade and spongy mesophyll that result in a thinner total
lamina (Wong, 1991). In addition, an increase in chlorophyll content per unit area and
stomatal density of leaf was observed in shade tolerant plants such as Colocassia esculenta

(Johnston and Onwueme, 1998; Onwueme and Johnston, 2000).
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Physiological responses of crops in shade condition also vary from one species to another.
Reduced light and temperature and increased air humidity under tree crowns affect plant
photosynthetic parameters. Schaffer and O'Hair (1987) reported that CO, assimilation rate
(5.3 pmol CO, s"'m™), transpiration rate (7.8 mmol CO, s 'm?) and stomatal conductances for
CO; (339.0 mmol CO, s'm™?) and water (491.0 mmol CO, s’ m?) were higher for taro plants
in 40% shaded area compared to the figures recorded in full sunlight (4.1 pmol CO,s'm™, 5.3
mmol CO; s'm?, 197.0 mmol CO, s'm? and (286.0 mmol CO, s'm?, respectively). In
contrast, Zomboubré et al. (2005) found that maize photosynthetic rate was lower on 40, 50
and 60 days after sowing (DAS) under karité tree shade (16.71, 6.81 and 3.34 umol ni* gt
respectively) compared to open areas (28.06, 14.44 and 8.70 pmol m™ s, respectively).

These two different results illustrate the difference in photosynthetic behaviour between a C3
shade tolerant plant (taro) and a C4 plant (maize) sensitive to light reduction. The efficient
CO, assimilation rate in plants with C3 photosynthetic pathway in shaded environment could
be explained by three major factors. Firstly, in order to perform additional carboxylation steps
in photosynthesis and intercellular transport of intermediate metabolites, C4 plants require
more light energy than C3 plants. Secondly, since C3 plants have light saturation under high
radiation, the photosynthetic process improved when radiation was reduced. Finally, the
quantum efficiency of C3 plants is higher at low temperatures (under 15-16°C) compared to

C4 plants (Hay & Porter, 2006; Osborne et al., 2008).

Kater ef al. (1992) observed that the stalk of millet and sorghum plants was longer in the open
area than those in the shaded area under karité trees, but under néré trees millet plants showed
a reverse trend (i.e. longer stalk under trees). Similar result was observed by Wilson et al.
(1998) on sorghum grown under néré trees; sorghum plants were shorter under trees
compared to plants in open area. Zomboubré et al. (2005) found that height and number of
leaves of maize were lower under karité trees compared to open areas. They also observed
that number of leaves of maize was reduced by heavy shade under karité trees with ball
shaped crown compared to trees with brush shaped crown. Boffa ef al. (2000) noted that
sorghum plants in a zone of 2 m around trees were shorter than plants in zones further than 2
m from the trunk. Bakhoum e al. (2001) observed a similar growth trend of millet and

sorghum under Stercula setigera trees where plant height increased with distance from the
trunk.

Because of the difference in growth rate between plants in shaded area and in full sunlight,
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crop yield was also affected depending how tolerant the species was to shade. Many studies
reported a decrease in cereal crop yield under tree crowns compared with crops in the open
(Maiga, 1987; Kessler, 1992; Boffa et al., 2000; Bayala ef al., 2002). However, a study of the
influence of néré and karité trees on millet yield conducted during a good rainfall season has
shown no difference of yield under tree crowns compared to open areas (Jonsson et al., 1999).
These contradictory results suggest that shading was not the only limiting factor for millet
growth under tree crowns. Root competition between trees and crop for water and nutrients

was also implied as shown by Bayala ef al. (2002).

Caesar (1980) showed that taro corm yield was reduced by 20% under shade and water stress
condition compared to the yield in an area under full sunlight where water supply was
optimal. The author concluded ‘that light and water availability was probably of equal
importance for taro corm development and yield. In contrast, Rogers and losepha (1993)
reported that the best quality of taro corms was obtained in shade condition without mulch.
Miyasaka et al. (2003) also found that low temperature combined with low solar radiation did
not affect taro corm yield. It appears that these contradictory results of taro performance under
shade could be due to other environmental factors such as nutrient availability and also

probably due to different varieties of taro used in these experiments.

In summary, shade has a negative effect on plant growth but this impact seems to be less on
C3 crops than in C4 crops. Shade effect was also accentuated by adverse environmental
conditions such as the lack of water and nutrients. Water and nutrients availability combined
with root competition between trees and crops should determine the choice between common

cereal crops and shade tolerant crops in areas influenced by parklands trees.

2.2.6.The effect of tree shade on the nutritive composition of associated crops

Although several studies have been carried out on the effect of shade on crop growth and
yield, there was a lack of information on crops’ nutritional content in relation to shade.
Although there are few studies, they are mostly related to forage species quality of parkland
pastures. These previous studies have shown a general increase in protein content in forage
species grown under shade (Smith ez al., 1984; Lin et al., 2001; Ladyman et al., 2003; Peri et
al., 2007). According to Smith ez al. (1984), nitrogen content in the cells of pearl millet was
greater (1.53%) for 75% shaded condition than the value found in plants in full sunlight
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(0.60%). The positive effect of shade on protein content in forage species varies with species
as shown by Lin ef al. (2001) in their study of fifteen grass and legume species. They found
that shade effect was less important in legumes than grasses grown under 50% and 80%

artificial shades.

Shade effect on the content of other macro-nutrients in forage species reported in literature
was contradictory. According to Ladyman et al. (2003), there was no change in the content of
neutral and acid detergent fibres in grasses grown under shade compared to those in full
sunlight. Ajithkumar & Jayachandran (2003) studied the influence of shade on growth and
yield of ginger. The authors noted an increase of volatile oil and starch content in the
rhizomes of ginger with an increase of shade while in contrast, an increase in shade resulted

in a decrease of fibre content in the crop.

In a temperate pasture, Peri ef al. (2007) found that when photosynthetic photon flux density
(PPFD) level decreased from 100% to 24%, the contents of macro-nutrients (P, K, Mg Ca and
S) in Dactylis glomerata leaves increased but organic matter digestibility was little affected.
Accordingly, Norton et al. (1990) showed that shade had no significant effect on the chemical
composition of leaf and cell walls. In contrast of the results above, Johnson et al. (2002)
found that the nutritive values of Arachis glabrata (leaf and stem) decreased by shading

compared to open areas.

The major reason for high nutrient content of plants under shade was attributed to the high
nutrient content of soil under trees (Lin et al. 2001, Peri et al., 2007). The higher nitrogen
content of grasses grown in shade condition could also be due to a decrease in photosynthesis
that increases nitrogen concentration in plants cells (Peri et al., 2007). These results of shade
effect on nutrient content observed in forage species could also apply to crop species. Thus, it
was expected that the protein content of the vegetative parts of crop plants may be higher
under parkland trees than those grown in full sunlight although an increase in nutrient content
in vegetative parts does not necessary imply a similar increase in reproductive organs such as

grains or tubers.
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2.3. Differential responses of C3 and C4 plants to shade and to water and nutrients

availability

The number of CO, molecules attached to the first organic molecule generated by the primary
carbon fixation process determines the type of photosynthesis pathway. Plants with a single
chloroplast type that converts light energy into chemical energy used to fix CO; on ribulose-1,
5-bisphosphate (RuBP) to generate a three carbon compound 3-phosphoglycerate are called
plants of C3 pathway of photosynthesis. The enzyme ribulose-1, 5-bisphosphate carboxylase-
oxygenase (rubisco) that catalyzes this primary carbon fixation also catalyze another process
called photorespiration. Photorespiration is where O, competes with CO, in reactions with
rubisco, resulting in the wasteful fixation of O, to produce 3-phosphoglycolate and 3-
phosphoglycerate. 3-phosphoglycolate must be recycled to phosphoglycerate to be used in the
photosynthetic carbon reduction cycle (PCR). Therefore, the photorespiration process requires
more energy to convert 3-phosphoglycolate to phosphoglycerate, so reduces the efficiency of
the C3 pathway of photosynthesis. Photorespiration occurs at a higher rate at high levels of

solar radiation and at higher air temperatures, such as are prevalent in savannah climates.

This photorespiration process is mostly suppressed in plants with the C4 pathway of
photosynthesis. These plants have two types of chloroplast and their leaves possess the Kranz
anatony: an outer ring of mesophyll cells surrounding a ring of bundle sheath cells around a
vein. Mesophyll cells without Rubisco fix CO, using phosphoenolpyruvate carboxylase
enzyme to produce the four-carbon dicarboxylic acid oxaloacetate compound. This acid
compound is converted into malate or aspartate with regard to plant species. When these acids
diffuse into inner ring cells, they are decarboxylated to increase CO, concentration at this site
of Rubisco. Then, CO, is fixed by Rubisco. By this complex adaptation, plants of C4 pathway
reduce or avoid the photorespiration process by excluding O, from the inner ring of bundle

sheath cells.

2.3.1. Differential responses of C3-and C4 plants to shade

The competition between CO, and O, fixation in the C3 pathway of photosynthesis combined
with the energy cost to convert 3-phosphoglycolate to phosphoglycerate result in a lower rate
of net photosynthesis compared to C4 pathway of photosynthesis. Consequently, C4 plants

are expected to have higher quantum yield compared to C3 plant in similar conditions. Then,
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C4 plants may have higher light use efficiency under shade condition compared to C3
pathway plants. However, under shade condition C3 plants adapt their leaves morphology and
anatomy as describe in section 2.2.5 to harvest more light energy compared to C4 plants.
Therefore, the net photosynthesis of C3 plants is less reduced under shade condition
compared to C4 plants. In addition, light saturation point (point at which increase in light does
not result in increase in photosynthesis) is higher for C4 plants than C3 plants and high
temperatures reduce photosynthesis in C3 plants in contrast of C4 plants (Hay & Porter, 2006;
Osborne et al., 2008). Consequently, photosynthesis in C3 plants may perform better under
tree shade where temperature is reduced compared to the open field of Sahel region with
temperatures up to 30-40°C. Yang et al. (2004) in arid and semi-arid area in China using
Phaseolus radiatus L. and Setaria italica (L.) Beauv. demonstrated these differential response
in light saturation and high temperature between C3 and C4 plants. Indeed, the authors
showed that S. italica, a C4 plant, had high capacity to control or regulate the reduction state
of the primary electron acceptor of PSII in contrast of P. radiatus, a C3 plant. Hence, the C4
plant dissipates the excessive energy due to intense irradiance and high ambient temperature

and maintains a high net photosynthesis rate.

In summary, because of high irradiance and high temperature in Sahel region, C3 pathway
plants should have better photosynthesis performance under tree shade compared to the open
field. In contrast, a better photosynthesis performance of C4 pathway plants should be

expected in the open field.

2.3.2.Differential responses of C3 and C4 plants to water stress

According to Pearcy & Ehleringer (1984) the carbon concentrating mechanism of C4 pathway
plants allows maximal rates of net photosynthesis at lower stomatal conductance than C3
pathway plants. By this mechanism C4 plants reduce their evapotranspiration and conserve
water in hot conditions such as in Sahel region. Accordingly, Feldhake & Boyer (1986)
observed that grasses of C4 pathway had a higher resistance to water loss compared to C3
type grasses. In addition, Feldhake & Boyer (1986) noted that forages with the C4 pathway
had 30% lower evapotranspiration at 13°C soil temperature compared to those of C3 pathway
and the difference of evapotranspiration between the two photosynthesis pathway decreased

to 10% at 29°C soil temperature. Consequently, C4 pathway plants have higher generally a
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higher Water Use Efficiency (WUE) compared to C3 plants when placed in the same
environmental conditions (Ripley et al., 2007). However, C4 plants lose the advantage of
their higher photosynthesis rate over C3 plants under severe drought condition because of a
higher metabolism limitation of C4 plants under such conditions (Ripley et al., 2007).
According to Ghannoum (2009) the decline of photosynthesis of plants under water is due to
stomatal and non-stomatal factors. The reduction of stomatal conductance with the decline in
leaf water status results in a decrease of photosynthesis rate. Essentially, the non-stomatal
factors are a reduction of photosynthetic enzyme activity, an inhibition of nitrate assimilation,
an induction of early senescence and changes to the leaf anatomy and ultrastructure.
Ghannoum (2009) suggested after a review of the subject that the limited capacity for
photorespiration or the Mehler reaction to act as significant alternative electron sinks under
drought condition in C4 pathway plants could explain why C4 plants are similarly or more

sensitive to water stress compared to C3 pathway plants despite their higher WUE.

2.3.3. Differential responses of C3 and C4 plants to nutrients stress

Previous work showed that the response of plants to nutrients stress differs according to the
pathway of photosynthesis (Smith et al., 1984; Sage & Pearcy, 1987; Halsted & Lynch, 1996;
Abraham et al., 2007; Ripley et al., 2008). Halsted & Lynch (1996) observed a greater
reduced total biomass production of C3 plants than C4 plants under phosphorus (P) stress.
However, the authors showed that plants of the two pathways photosynthesis (C3 and C4) had

similar photosynthetic P use efficiency.

In contrast, several workers observed a higher photosynthetic N use efficiency (PNUE) of C4
plant compared to C3 plants (Sage & Pearcy, 1987; Abraham et al., 2007; Ripley et al.,
2008). Ripley et al. (2008) showed that the higher PNUE in the C4 than C3 subspecies was
linked with greater investment in sexual reproduction and storage that gives to C4 plants an
advantage over C3 plants in disturbed and infertile ecosystems. The last authors explained the
lower N demand of C4 plants by their CO, concentrating mechanism that reduce or avoid
photorespiration. Therefore, C3 plants must invest more in Rubisco because of the
photorespiration and then increase their demand of N. The difference between the C3 and C4
photosynthetic N-use efficiency (PNUE) increase at high temperatures due to the decrease of
Rubisco specificity for CO, with increasing temperature (Ripley ez al., 2008).
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According to Smith er al. (1984), a higher concentration of iron in nutrient solution is
necessary for the maximum growth of C4 plants compared to C3 plants because of a different
ability of root of the two plant types to absorb iron. However, the authors noted a higher
concentration in the leaves of C3 plants compared to the counterpart in leaves of C4 plants.

Then, C4 plants are likely more sensitive to iron stress than C3 plants.

Apart from these general differential responses of C3 and C4 plants to nutrient stresses, millet
and taro have different nutrients demand. Generally, the nutrients demand of taro plants as
given in previous works is rather higher than millet, and even between cultivars. Goenaga &
Chardon (1995) demonstrated differential nutrients uptake of two cultivars of taro (“Blanca”
and “Lila). The maximum nutrients uptake were 208 kg ha™ N, 70 kg ha™ P, 376 kg ha™ K,
106 kg ha™ Ca, 24 kg ha™ Mg and 0.88 kg ha™ Zn for the cultivar “Blanca”. Except for Mg,
the values recorded for the cultivar “Lila” were lower compared to the cultivar “Blanca”: 154
kgha' N, 48 kg ha' P, 254 kgha” K, 62 kg ha Ca, 25 kg ha” Mg and 0.71 kg ha™ Zn.

Kay (1987) also noted a high demand for potassium (K) and for calcium (Ca) in taro plants.
The author recommended a complete formulation such as 12:6:20 NPK when taro is grown on
poor soils. However, Onwueme (1999) observed a widely variation of inorganic fertiliser type
and quantities applied according to countries such as 13:13:21 at 400 kg ha™ in Fiji and only
200 kg N ha'in the form of urea in Papua New Guinea.

In contrast, millet is known as a crop with low nutrients requirement that grows well on poor
soils and in low rainfall conditions (Maman et al., 1999; Payne, 2000). Indeed, Roy ef al.
(1980) estimated the nutrients removal from soil to be 26.6 kg N ha™, 9.4 kg P ha” and 32.6
kg K ha™ for a millet grain yield of 1000 kg ha™, nearly the average yield in Burkina Faso.
For millet grain production between 100-500 kg ha™, Krogh (1997) estimated demand for
nitrogen, phosphorus in sandy soil was 3-23 kg N ha-1 and 0.11-1.04 kg P ha-1, and in
loamy/clayey soil, it was 6-36 kg N ha” and 0.30-1.23 kg P ha” in the northern zone of

Burkina Faso.

With regard to the two crops nutrients demand and the general low soil fertility in Sahel
region, the production taro in the open field may be more limited than millet. However, taro

could perform better under trees where higher soil fertility is expected compared to the open
field.
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CHAPTER 3: THE EFFECT OF PARKIA BIGLOBOSA (NERE)
AND ADANSONIA DIGITATA (BAOBAB) ON THE
PERFORMANCE OF AN ASSOCIATED SHADE-
TOLERANT AND SHADE-INTOLERANT CROP

3.1. Introduction

In parkland agroforestry systems, trees and crops interact with one another in the process of
capturing resources from the environment that are required for growth and development
(Sanchez, 1995; Ong, 1996; Ong and Leakey, 1999; Bayala et al., 2002). The interaction
between trees and crops can be complementary, neutral or competitive for both underground
and aboveground resources (Sanchez, 1995; Bayala 2002). Trees have been reported to affect
light and rainwater distribution as well as soil physical and chemical properties under their
crowns (Ong, 1996; Rao et al., 1998; Bayala, 2006). Several previous studies demonstrated
that tree shade was the major factor causing a decrease in the yield of associated crops such as
millet (Maiga, 1987; Kessler, 1992; Boffa et al., 2000; Bayala et al., 2002). However, Jonsson
et al. (1999) also reported a positive effect of tree shade on millet yield due to the increase in

soil water availability and the reduction in temperature under shade.

Light reduction by trees in parkland systems as reported by Belsky (1989), Kessler (1992),
Boffa et al. (2000) and Bayala et al. (2002) have been reported to result in a reduction in
temperature under tree crowns (Rao et al., 1998; Boffa, 1999 and Garcias-Barrios and Ong,
2004). Because of the temperature reduction, evapo-transpiration under tree crowns was
reduced compared to the open field ( Belsky ef al. ,1989; and Boffa, 1999). Despite higher
rainwater interception under trees (Breman and Kessler,1995); Boffa, 1999 and Ong and
Swallow 2004), several workers reported higher soil water availability under tree crowns due
to the reduced evapo-transpiration rate (Ong ef al., 1996; Garcias-Barrios and Ong, 2004; Ong
and Swallow, 2003). However, trees and crops compete for this available soil water if their

rooting systems occupy the same niche.
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Trees and crops also compete for soil nutrients although higher soil nutrient content under tree
crowns compared to the open field have been reported (Breman and Kessler, 1995; Young,
1997; Boffa, 1999; Bayala et al. 2006). The high soil nutrient and water availability
underneath trees provides a favourable condition for crop growth. However, the performance
of any crop under tree crowns depends on its ability to compete with trees for soil water and

nutrients and its photosynthetic efficiency under reduced light condition beneath tree crowns.

Thus, the favourable microclimate and the edaphic conditions created under tree shade may
favour shade-tolerant crops such as taro more than shade intolerant crops such as millet.
However, different results of shade effect on taro performance were reported in previous
studies. Caesar (1980) found a reduction of taro corm yield as a result of a combination of
shade and water stress effects. In contrast, Miyasaka et al. (2003) observed that low
temperature and low light availability did not significantly affect taro corm yield. In addition,
Rogers and Iosepha (1993) obtained best quality of corms (corm percentage dry matter) and
highest total plant biomass (dry weight) of taro under shade condition. However, no studies
comparing the effect of parkland trees on shade tolerant crops such as taro and shade

intolerant crops such as millet have been carried out.

Therefore, the present research was conducted to assess the effects of néré (Parkia biglobosa)
and baobab (Adansonia digitata) on the performance of associated millet (Pennisetum
glaucum), a shade intolerant crop, and taro (Colocasia esculenta), a shade tolerant crop, in a
parkland agroforestry system based on agronomic and physiological measurements. The two
tree species were chosen because they are the dominant and highly valued trees of parklands

in West Africa.

The hypotheses tested were:
1) Trees have no effect on the performance of taro and millet.

2) There is no relationship between the photosynthetic performance of the two crops and

their growth performance under trees
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3.2. Materials and methods

3.2.1.The study area

The study was carried out in parklands located 6 km from Nobéré village, a village located at
11°30° North and 00°58” West in the South-Central region of Burkina Faso (fig 3.1). Nobéré
is about 100 km south of Ouagadougou and 40 km north of P6. The village, with 4000
inhabitants, is in the department of Zoundwéogo province. The local climate is a soudanian
type with a rainy season of 4-5 months (Nikiéma, 2005). The 30 year average rainfall
calculated from data for 1971 to 2000 is between 800-900 mm (Ouedraogo et al., 2006). The
rainy season runs from May to September with a mean annual temperature of around 30°C.
According to official report by the Ministére de 1’économie et du Développement du Burkina
Faso (2005), the highest temperatures are from March to April (38°C) and the lowest from
December to February (20°C).

The rainfall in 2006 was 843.4 mm (from 38 rainy days) which was within the normal range
of the region’s rainfall (800-900 mm, Ouedraogo et al., 2006) (fig. 3.2). In 2007 and 2008,
however, the annual rainfall was 46.1 mm and 223.3 mm higher than the normal maximum
for the region, respectively. There were 56 and 59 rainy days on 2007 and 2008, respectively.
The high rainfall of 2007 was not evenly distributed compared to the rainfall of 2006. About
half of the annual rainfall was recorded only in august (412 mm). Therefore, there was water
shortage just before the crop harvests in October 2007. In contrast to 2007, the rainfall of
2008 was high and well distributed on the cropping season.

The main activities of the inhabitants are crop production and rearing of livestock. The major
crops grown in parklands around the village are millet, sorghum, maize, cotton, peanut and
cowpea. In addition farmers produced taro, sweet potato and vegetables such as eggplants,
chilli pepper, tomato and okra as cash crops. Cash crop production was located around a dam
and also during the beginning of rainy season in fields close to their homesteads. Livestock in
the area consisted of cattle, sheep, goats and donkeys. The autochthones (Mossi) have a small

number of livestock while the large herds belong to Fulani. In both cases, the animals graze in

the parklands.

The area of the site was around 100 ha and the most frequent tree species were fruit trees:
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Adansonia digitata, Lannea microcarpa, Parkia biglobosa and Vitellaria paradoxa. Trees
densities per species on the parkland were 0.25 trees ha” for 4. digitata (Baobab), 1.18 ha™
for L. microcarpa, 1.81 ha™ for P. biglobosa (Néré) and 9.76 ha™ for V. paradoxa (Karité).

The collective tree density for all species was 13.58 ha™.

The landscape of the site is characterised by a flat plateau with a slight slope oriented from
the south to the north. The soil is a luvisol with a sandy loam texture (clay = 11.5%, silt =
20.1% and sand = 68.4%) with low nutrient content (N = 0.69 g/kg, P =0.14 g/kg and K =
0.50 g/ kg) and low organic matter content (1.32%) in the uppermost 10 cm of soil. The
National Park named Kaboré Tambi borders the study area on its south size. The site consists
of fields and fallows of 2 to 5 years old used as pastureland on the cropping season (Nikiéma,
2005). Animal husbandry (cattle, sheep and goats) relies on field crop residues during the dry
season. In addition to farmers’ livestock estimated to be an average of four cattle, five goats,
four sheep and one donkey per household (Osman, 2008), large herds owned by Fulani use

the site as a pastureland after harvests until the next sowings.

3.2.2.Tree phenology

Trees phenology mainly determines their effect on light interception because trees that lose
their leaves during cropping season such as Faidherbia albida have low or no shade effect on
under grown crops. The two studied species (baobab and néré) have different phenology

especially with regard to their leafy period.

On the studied parkland, new leaves appear on baobab and néré by the end of April and all
trees of both species are leafy by the end of May at the beginning of the rainy season. Leaf
fall starts at the end of August for baobab and on November for néré. Therefore, néré remains
leafy from May to December while baobab is leafy from May to September. Diop et al.
(2005) noted in Senegal that baobab trees are leafy from June to October which gives a delay
of one month compared to the leafy period in the present study (May to September). The leafy
period of néré on the parkland is in accordance with the the findings of other workers on tree

phenology in Sahel region (Hall ez al., 1997; Bayala, 2002).

The reproduction of baobab happens during the rainy season (June to November) while for
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néré, it takes place on the dry season (January to April). The flowers of baobab appeélr from
May to June in Western Africa and fruits develop 5-6 months later (Sidibe & Williams,
2002). According to Sina (2006), the flowering of néré start on January and fruits

development last for 4 months from mid-February to mid-June in Burkina Faso.

3.2.3.Tree selection

Before establishing the trials, an inventory of all trees within the 100 ha of the parkland at
Nobéré was conducted and the co-ordinates of néré and baobab trees were recorded using a
Global Positioning System (GPS) unit. Trees were selected for the study based on the
following criteria: the tree was in good health, the tree was not shaded by neighbouring trees
and the willingness of the owner of the tree to participate in the trial. A total of 25 and 181
trees was found for baobab and néré, respectively. Four baobab trees and 26 néré trees were
discarded in the tree selection process because of their health or because they were pruned.
The rest of trees were numbered and random numbers were generated in Microsoft Excel
2003 to select trees for the trials. When a selected tree was too close to another tree (distance
less than 40m), it was rejected and a new random number was generated to select a new tree.
Using this procedure, eight (8) trees were randomly chosen within the area for each tree
species (néré and baobab). Tree characteristics such as height, circumference at 1.30 m and
average of crown N/S and E/W diameters of all the selected trees were measured (Table 3.1).
The crown diameter measurement was used to layout the experimental design as described in

Chapter 3 of this thesis.
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Fig. 3.1 : Location of the study site at Nobéré in Burkina Faso, West Africa
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Fig. 3.2 : Rainfall and number of rainy days during 2006, 2007 and 2008

Table 3.1 : Characteristics of studied trees in a parkland at Nobéré, Burkina

Faso (2006)
Species  Tree N° Crown Circumference at  Height
diameter (m) 1.30m (m) (m)

Baobab 1 13.16 7.48 15.61
2 13.30 4.85 22.00
3 19.88 4.88 14.63
4 1722 4.25 14.00
5 17.50 9.20 17.00
6 - 18.00 5.90 11.10
7 17.28 4.67 15.00
8 15.82 6.10 14.65
Average 16.52+0.82 5.92+0.59 15.5£1.10

Néré 1 20.44 2.71 12.21
2 18.72 2.09 10.56
3 19.44 2.13 11.41
4 16.46 2.15 11.83
5 16.92 2.60 11.90
6 17.09 2.08 10.90
7 13.86 1.88 9.64
8 14.2 1.85 10.10
Average 17.14+0.83 2.194+0.11 11.07+0.33
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3.2.4. Experimental design and layout

Figure 3.3 describes the experimental set up for each of the eight mature trees of Parkia
biglobosa and Adansonia digitata. The area around each selected tree was subdivided into

three concentric zones according to its crown size as follows:

Zone A - from the trunk of each tree up to half of the radius of the tree crown;
Zone B - from half of the radius of the tree crown up to the edge of the crown;

Zone C — from the edge of the tree crown to 3 m away from the tree crown.

A control plot of an area of 8 x 8 m was delimited for each sample tree to assess crop
performance in the open area. The control plot was situated at least 40 m away from the edge
of the crown of the sample tree and not shaded by any of the surrounding trees at any time of
the day throughout the cropping season (Fig. 3.3). Dividing the area under tree into concentric
zones was chosen over directional transects to reduce directional biases related to leaf and
rainfall, and micro-variability of soil fertility and to separate the different influence zones of

tree as defined by Rao ef al. (1998).

Taro was grown under four of the eight selected trees of each tree species and millet under the
remaining four trees of each species. The association of the crops to the selected trees was

again done randomly using random numbers generated by Microsoft Excel.

Before sowing, all the areas under trees and the control plots were ploughed using oxen and
plots limits were marked out. Crops were sown on 7 and 8 June 2007 on the first cropping
season. In the second cropping season, the sowing of crops was later on 19 and 20 June 2007
due to delays in the start of rains. In the last season, the sowings occurred on 8 and 9 June
2008. Crops were managed as farmers traditionally do on the parkland. On the three cropping
seasons, crops were planted at a density of 12 plants per m” for millet and 16 plants per m* for
taro. Millet plots were weeded twice each cropping season and at the reproductive stage plots
were ridged. Taro plots were weeded four times per cropping season. As is the normal
practice with farmers, fertiliser NPK (15-15-15) was applied during the first weeding (around
30 days after sowing) at a dose of 100 kg ha™ and 200 kg ha™ for millet and taro, respectively.
Urea (46-0-0) was applied during ridging in millet plots and on the third weeding in taro plots
(around 80 days after sowing) at a dose of 100kg ha™ for both crops.
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In the three cropping years, crops were harvested on November: taro was harvested on 6
November 2006, 12 November 2007 and 10 November 2008 for the three cropping years,
respectively while the harvest of millet occurred on 19 November 2006, 27 November 2007
and 24 November 2008.

Zone H

Distance > 40 m

3m
~away from the crown edge

Zone C

Fig. 3.3 : Experimental design with concentric zones around a tree trunk.

3.2.5. Agronomic assessment of crop performance
3.2.5.1. Crop yield and total dry matter production

Crop yield was assessed in each concentric zone and in the control plot by weighing all the
grains or corms harvested. In addition, total dry matter was also assessed. All straws of each
zone, grains of 30 panicles and 30 corms per zone and in the control plot were collected,

weighed and dried in an oven at 80°C for 48 hours and weighed again.
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The 30 panicles and 30 corms were selected randomly before harvesting in each zone. To
select plants on which the panicles and corms were harvested, each concentric zone was
subdivided into 48 sub-sections and the control plot was subdivided into 64 sub-sections (Fig.
3.4). These sub-sections were numbered for each concentric zone and for the control plot.
Then, 30 random numbers were generated between one and 48 for the concentric zones and
between one and 64 for the control plot using Microsoft Excel. Finally, the plant situated
roughly closest to the middle of the small section numbered as the random number generated

was harvested.

The dry matter weight of grains or corms in each zone was calculated using the ratio of dry
matter obtained from grains of 30 panicles or 30 corms. The total dry matter (kg ha™) in a
given zone was the sum of the dry matter of straw weight and the dry matter weight of grains

or corms in that zone.

1 1 1 1 1 1 1
T R M R U W
[ T T T T T
T T T TTE T
T R T VO (N S
[ & I I T
The bk e oy ke f obs Ik
[BPE S PN P [P )
T T T
- =+ = == 4 = - -
I
CTT T T T
1 1 1 1 1 1

— Limit of zones — — —. Subdivision of zones

Fig. 3.4 : Subdivision of concentric zones and the control plot for random sampling.
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3.2.5.2. Assessment of crop growth

The high fertility of soil under tree crowns may be favourable to crop growth as reported in
the literature, but light attenuation could inhibit this effect if the crops were not able to
photosynthesize efficiently in shaded conditions. Plant adaptation to shade was achieved by
changing of growth habits especially in leaf size and plant height. Thus, observations were

made to assess if these changes occurred in the two crop species during their growth period.

Because of the low number of plants (four) per concentric zone, it was possible to take in
account for the measurement and a possible existence of variation of shade effect according to
cardinal directions, one plant was selected on the each cardinal direction. All plant on a
cardinal direction (East-West-North-South) in good health were numbered and a random
number was generated to select one of them. These four crop plants per concentric zone and

per control plot were labelled and their height measured at weekly intervals.

Leaf area was also determined digitally using a planimetric method. Thirty (30) leaves were
randomly collected per concentric zone and in the control plot for each crop under each
studied tree. The outline of each collected leaf was traced on a sheet of paper (Plate 3.1).
Long and large leaves were cut into 2 or 3 parts to fit on a sheet. The drawings were scanned
and each leaf area was computed using the software Image] (NIH, USA, Freeware, Version
1.34s). An average leaf area was calculated per concentric zone and in the control plot for
each crop. The average value was used to calculate the total leaf area per plant. To determine
the ground area occupied by a single plant, the number of plants per concentric zones and
control plot were counted at harvest to estimate the final density of each crop (Table 3.2).
Then, plants density was calculated dividing the area (m®) of concentric zones or control plot
by the number of plants in the given plot. Finally, leaf area index (LAI) was calculated by
dividing the total leaf area (m?) per plant by the ground area (m?) occupied by a single plant.
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Table 3.2 : The planting density and the average plants densities (number of plants m™)
at harvest of millet and taro according to tree species and concentric zones during
cropping years 2006, 2007 and 2008 at Nobéré.

Density at harvest in

Planting
g zones
Tree species Crops densty A B C H
Baobab Millet 12 9 9 10 10
Taro 16 15 12 11 13
Néré Millet 12 9 10 11 11
Taro 16 16 14 13 12

Plate 3.1. Process of a leaf area measurement using a scanner and the
H, USA, Freeware, Version 1.34s)

3.2.6. Assessment of photosynthesis in crops

3.2.6.1. Photosynthetic maximum quantum yield

Photosynthetic maximum quantum yield is a measure of photosynthetic efficiency in plants.
Its value for non-stressed plants of all species was 0.83 but decreased for plants under stress
conditions such as drought, high or low temperature and lack of nutrients (Bjorkman and
Demming, 1987). The maximum quantum conversion yield was determined in the present

experiment by assessing the chlorophyll fluorescence in the leaves of both crop species.

Chlorophyll fluorescence measurements were made using a modulated fluorometer (Mini-
PAM, Photosynthesis Yield Analyzer, Waltz, Effeltrich, Germany), see plate 3.2.a.

Measurements were made on one leaf per plant and on four different plants per concentric
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zone under four trees (2 trees associated with the taro and 2 trees with millet) and the control
plot. Measurements were taken over two days during the 2008 cropping season (14/09/2008
and 21/09/2008) and each day of measurement was run for 12 hours from 6 am to 6 pm at
intervals of two hours. The maximal (F,,) and the minimal (F,) chlorophyll fluorescence were
measured and stored in the Mini-PAM’s memory. The maximum quantum conversion yield
(Y) was calculated as follows:
o _(F.-F)

F

m

3.2.6.2. Photosynthetic rate

Photosynthetic rate in plants depends on environmental factors such as temperature and light
and nutrient availability. The process was also regulated by physiological mechanisms such as
stomatal aperture, and the amount of substances in leaf such as water, carbon dioxide and

carbohydrates.

Measurements of photosynthetic rate were made using a CIRAS-1 infra-red gas analyser (PP-
Systems, UK). Four plants not shade by other plants were selected in each concentric zone
under four trees (two trees associated with taro and two trees with millet) and in the control
plot using the process described in section 3.2.2.2. The second completely expanded leaf (7 to
14 days old) from the top of each selected plant was labelled for the measurements of the day.
Measurements were made at one-hour intervals, from 7 am to 5 pm for four days during the
vegetative growth phase of crops in the 2008 growing season: two days at the beginning and
two days at the end of the vegetative growth phase. As shown on plate 3.2.b, each leaf was
enclosed and placed perpendicular to the sun in the leaf chamber PLC-B (CIRAS-1, PP-
Systems, UK). Then, net photosynthesis (Pn), stomatal conductance (gs), photosynthetic
active radiation (PAR) and transpiration (E;) were recorded by the instrument (CIRAS-1).

The daily average net photosynthesis rate was calculated as the sum of the net assimilation
per hour of daytime. The net assimilation per hour was the instantaneous Py (pmol CO, m™ s’
") measured at the given hour multiplied by 3600 s. The mean daily net assimilation was
calculated estimated as the daily average of net photosynthesis multiplied by the LAI of each

crop in a zone. The instantaneous Radiation Use Efficiency (RUE;) and instantaneous Water
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Use Efficiency (WUE;) were calculated as the ratios between Py and PAR, and between Py
and E,, respectively. In some experiments RUE; was labelled as LUE (Light Use Efficiency)
see Grace et al. (2007). It was expressed as mmol of CO, captured per mol of PAR absorbed.

WUE; was defined as mmol of CO, captured per mol of water lost.

Plate 3.2. Apparatus for the measurement of photosynthetic maximum
quantum yield (Mini-PAM, Waltz, Germany) and photosynthesis rate
(CIRAS-1, PP System, UK)

Measurement of the
maximal (Fy;) and the
minimal (F,) chlorophyll
fluorescence of aJdeaf

]

Clips seated on millet and taro ™
leaves before measurements

a. Measurement of photosynthetic maximum quantum yield using Mini-PAM

i.’f"'“.':,; Sy ¥ T

b. Measurement of photosynthesis rate using

Photographs: SANOU Josias
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3.2.7.Rooting systems of trees, crops and weeds

The rooting system of trees, crops and weeds was studied by assessing their root length
density (RLD) and root weight density (RWD). RLD and RWD are defined as the length (cm)
and weight (mg), respectively, of fine roots in a volume of soil (cm®). The two parameters are
used to describe niche differentiation by plant roots and then, to estimate the competition

between different species of plants for soil water and nutrients.

Soil core sampling was made at the end of the crop vegetative growth phase, at 10 cm
intervals up to 60 cm soil depth in each concentric zone under trees and in the control plot
(Plate 3.3). Two sampling positions were randomly chosen within each concentric zone. So,
there were 12 samples that were bulked for each soil layer to obtain 6 composite samples for
each concentric zone and a total of 30 samples for each tree species. Roots were washed using
a Root Washer (Delta T Ltd, UK) in order to separate soil from roots (Plate 3.3). Cleaned
roots were sorted into three categories: trees, crops and weeds (roots of other plants). For both
annual (crops and weeds) and tree roots only fine roots (d< 2 mm) were collected to assess
root length density. Roots length (L) was estimated using the line intercept method described
by Tennant (1975) using the equation 4.8.

L =nND/4 (Equation 4.8)

where N = number of counts; D (cm) = grid size.

After root length measurement, collected roots were dried in an oven at 70°C for 48 hours and

weighed to determine root weight density (RWD).
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Plate 3.3. Fine roots processing for root length density and root weight
density estimation

a. Soil sampling b. Soil washing

c. Separated fine roots in Petri dishes d. 1 cm grid for line intercept counting

Photographs: SANOU Josias
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3.2.8.Data analysis

In the experimental design used for the study, it was not possible to randomise the concentric
zones that are a representation of the gradient of tree effect. The variation between zones can
not be analysed by ANOVA because it is not possible to calculate a valid estimation of error
as residuals of zones are correlated (see Wilson et al., 1998). Therefore, the variation of data
according to cropping years, tree species and crops were analysed using the ANOVA General
Linear Model (GLM) while the variation between concentric zones and the control plot was
tested using a pairwise t-tests. All these analyses were performed using modules of the
software Minitab 15 (Minitab Inc., USA). After a GLM analysis, means were compared using
Tukey’s test at a confidence level of 95%. The t-tests were performed assuming that the
difference between the two zones compared was equal to zero and this hypothesis was

rejected in case of a significant result of the test.

As crop performance is determined by many factors including physiological parameters and
biophysical parameters, a Pearson’s correlation test was run for each parameter to estimate a
possible influence on crop performance. Then, a multiple regression was used to estimate the
best-fitted relationship between crop performance and the physiological and biophysical

parameters in the chapter 4.

3.3. Results

3.3.1.Crop growth

3.3.1.1. Leaf area index (LAI)

The average leaf area index (LAI) varied significantly between the three cropping years
(P<0.01), the two crop species (P<0.001), the two tree species (P<0.001) and the three
concentric zones under trees (P<0.001). There were also significant interactive effects of
crops and tree species (P<0.05) on LAIL LAI of millet was higher in 2007 (P<0.01) than in
2006 and 2008 (1.2+0.06, 0.9+0.08 and 1.0+0.05, respectively) while no significant difference
in LAI was found for taro between the cropping years. Taro had a significantly higher LAI
over the three cropping years (P<0.001) compared to millet (1.7+£0.14 and 1.0+0.04,
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respectively). LAI of millet was almost the same under both baobab and néré while LAI of
taro was significantly higher (P<0.001) under néré than baobab (2.6+0.35 and 1.3+0.22,
respectively) (Fig. 3.5).

As shown in figure 3.5, LAI of millet was significantly higher (Table 3.3) in zone C
(1.440.13) under baobab when compared to the values in zones A, B and the control plot
(0.8+0.12, 1.0+0.09 and 0.9+0.12, respectively). Excepted LAI of millet in zone C that was
higher compared to the control plot (1.140.08 and 0.940.06, respectively), no difference in the
LAI was noted between the other zones under néré. LAI of taro decreased significantly (Table
3.3) from the tree trunk to the open area under both tree species. However, LAI of taro in zone
C under baobab was lower than the value in the control plot (0.5+0.09 and 0.9+0.09,

respectively).

Table 3.3 : Pairwise T-tests on differences of millet and taro Leaf Area Index

(LAI) between zones under baobab and néré

Crops Tree species Compared zones N T-value Significance

Millet Baobab A-B 12 -1.94 ns
A-C 12 -5.93 kK

A-H 12 -0.38 ns

B-C 12 -5.39 K

B-H 12 1.10 ns

C-H 12 4.00 ek

Néré A-B 12 -0.79 ns
A-C 12 -1.42 ns

A-H 12 -0.03 ns

B-C 12 -0.86 ns

B-H 12 1.10 ns

C-H 12 3.86 *k

Taro  Baobab A-B 12 3.46 ¥
A-C 12 4.24 i

A-H 12 3.04 &

B-C 12 5.72 Hkk

B-H 12 0.87 ns

C-H 12 -2.85 *

Néré A-B 12 -0.67 ns
A-C 12 6.66 .

A-H 12 9.30 Hk

B-C 12 8.57 *kk

B-H 12 6.24 * Kk

C-H 12 1.94 ns

*=P<0.05 **=P<0.01and ***=P <0.001
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Fig. 3.5: Average Leaf area Index (LAI) of millet and taro according to zones under

baobab and néré (A, B and C) and the control plot (H) (Nobéré, 2006, 2007 and 2008)

3.3.1.2. Plant height

Height of millet varied significantly (P<0.001) between the three cropping years except on 76
and 97 days after sowing (DAS) (Table 3.4). Significant differences in height of millet were
also found between tree species. Millet was taller in 2008 (192.9+5.16 cm) compared to 2006
and 2007 (158.3+£6.24 cm and 143.5+£6.00 cm, respectively). At the end each season, taller
plants of millet were found under baobab (180.3+5.24 cm) compared to those under néré
(151.1+4.38 cm). On 48 and 55 DAS, millet was taller in zone C and in the control plot
compared to zones A and B under baobab (Table 3.5 and Fig. 3.6). Under néré, however,
height of millet in zone A was lower compared to the height in the other zones during the
same DAS (Fig. 3.6).

Height of taro also varied between cropping years and tree species on all dates of
measurement except on 34 and 41 DAS where no significant differences were found between
tree species (Table 3.5). The height of taro increased from the cropping year 2006 (27.1+1.11
cm) to 2008 (31.9+1.25cm and 38.6+1.11 cm). In contrast to millet, taro was taller under néré
(35.5+1.06 cm) than under baobab (29.5+0.89 cm). As shown in figure 3.6, taro plants in zone
A of baobab were significantly taller (Table 3.5) compared to plants in other zones. In
contrast of baobab, taro plants in zones A and B was similar and taller compared to plants in

zone C and the control plot.



Table 3.4 : Results of ANOVA on height of millet and taro according to

cropping years and tree species

Crop DAS Year Species Year*Species

Millet 34 * ns ns
41 ek ns ns
48 ok kK kg ns
55 sskosk ns kk
62 sk ns %k
69 skskosk ns sk
76 ns ns
83 * ns
90  ¥k* ns ns
97 ns il ns

104 Fooksk sksk sk ns

Taro 34 xk ns ns
4 ek ns ns
48 ¥ ckock sk ns
55 skkk skskook ns
62 EE skskook ns
69 ook sk kok ns
76 %k ok sk ¥k ns
83 %k kock skoskook ns
90 sk skosk skoskosk *
97 ok kk sk *

104 sokosk skskock *

*=P<0.05 **=P<0.0]1 and ***=P <0.001
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Table 3.5 : Pairwise T-tests on differences of millet and taro height according to

the number of days after sowing between zones under baobab and néré

Compared zones of baobab Compared zones of néré

Crops DAS A-B A-C A-H B-C B-H C-H A-B A-C A-H B-C B-H C-H

Millet 34 ns ns ns ns ns ns ns ns ns ns ns ns
41 ns ns ns ns ns ns ns ns ns ns ns ns
48 ns *K ok ] * ns ns ns ns ns ns ns
55 ns k¥ L % ns ns ns ns ns ns ns
62 ns ns ns ns ns ns ns ns ns ns ns ns
69 ns ns ns ns ns ns ns ns ns ns ns ns
76 ns xN ns ns ns E¥ ns % ns ns ns ns
83 ns %X ns ns ns 1 D o ns ns ns

90 *% *% * ns ns ns  REE ckEE o okokx ns ns ns
97 ns %% ns ns ns T ns ns ns
104 %k ok skokok ns ns ¥ k¥ % sk ok kR skock ns ns ns
Taro 34 ns b ns * ns ns ok ns ns * ns ns
41 ns CkEk ns kA ns (¥F* ns  *¥ ns N ns ns
48 £ skokck skoksk %ok skok ns ns skkk skokosk ok ok sk ok ns
55 skk skokok skskosk sksk sksk ns ns kKK skkok kkk kokock ns
62 skok ok kkk sookock ksk kok ns ns ookock s kock sk ckook kskock ns
69 kk koK L ksk ns ns ns sk k ok % sk ok skkk ns
76 skokok skookook skskock skok ns ns ns kokook ko ck kkok kkk ns
83 ockk %kk %k % sk ok ook sk kok ns ns sockock EE sk sk sk sk ok ns
90 skockk Kk kokok %ok sk skockock ns ns kkk *okok skkok ok ok ns
97 Sk sk kok sk doskook sookock £ ns ns Fkkok kokock skskk ko ns
104 *Fk*  kEk kwk kkk k% ns ns  FRE O kEEk kkk ok ns

DAS=Days After Sowing, * =P <0.05 **=P <0.01 and ***=P <0.001
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Fig. 3.6 : Height (cm) of millet and taro grown in association with baobab and néré
according to the number of days after sowing (DAS) and the the concentric zones
compared to the open field at Nobéré (2006, 2007 and 2008)
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3.3.2.Crop yield

There was no significant difference in millet yield between cropping years. However, millet
yield varied significantly between trees species (P<0.001). Millet yield under baobab
(806.1£121.48 kg ha) was higher than the value in the control plot (595.9+72.79 kg ha™)
while the yield under néré (320.2+59.91 kg ha™) was lower than the yield in the control plot
(Fig. 3.7).

Taro yield varied significantly between cropping years and tree species (P<0.001, and
P<0.001, respectively). Yield of taro under néré (4124.0+469.05 kg ha™) was higher than the
yield in the control plot (2336.9+662.21 kg ha™) and under baobab (2738.3+595.61 kg ha™)
(Fig 3.7).

1000 5000
900 - 4500 - X
800 - 4000 - 7
o~ 700 1 ~ 3500 - /
S 600 - S 3000 - /
£ 500 - £ 2500 - % {
S 400 - I % 2000 - /
~ 300 - 7 = 1500 - /
200 - / 1000 - %
100 - / 500 - /
0 T A T 0 . A
Baobab Néré Control Baobab Néré Control
plot plot
Millet yield Taro yield

Fig. 3.7 : Millet and taro yield under baobab and néré and in the control plot (Nobéré,
2006, 2007 and 2008)

Yield of millet under baobab was significantly higher in zones B (908.8+162.19 kg ha™) and
C (860.7£89.25 kg ha™) compared to the values in zone A (648.9+113.00 kg ha™) and the
control plot (595.8+62.15 kg ha™) (Table 3.6 and Fig. 3.8). Under néré, however, it increased
from the tree trunk to the control plot (Fig. 3.8).

Yield of taro under baobab was significantly higher only in zone A (4200.2+764.18 kg ha™)
compared to the value in the control plot (2336.9+662.21 kg ha™) (Table 3.5 and Fig. 3.8).
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Under néré, however, taro yields in zones A and B (4455.6+462.38 kg ha' and

5088.0+536.47 kg ha™, respectively) were higher compared to the values in zone C and the

control plot (2828.5+408.30 kg ha™ and 2336.9+662.21 kg ha™, respectively) (Fig. 3.8).

Table 3.6 : Pairwise T-tests on differences of millet and taro yield between zones

under baobab and néré

Crops Tree species Compared zones N T-value Significance
Millet Baobab A-B 12 -2.48 -
A-C 12 -2.23 =

A-H 12 -1.85 ns

B-C 12 0.38 ns

B-H 12 2.47 %

C-H 12 2.22 i

Néré A-B 12 -6.85 S

A-C 12 -5.14 o

A-H 12 -2.23 *

B-C 12 -1.86 ns

B-H 12 0.10 ns

C-H 12 1.62 ns

Taro  Baobab A-B 12 3.36 ek
A-C 12 6.55 i

A-H 12 2.38 %

B-C 12 2.32 *

B-H 12 -0.36 ns

C-H 12 -1.60 ns

Néré A-B 12 -1.49 ns

A-C 12 3.54 bl

A-H 12 3.31 i

B-C 12 5.88 b

B-H 12 4.53 =

C-H 12 1,12 ns

*=P<(0.05 *=P<0.01 and ***=P <0.001
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Fig. 3.8 : The yield of millet and taro according to zones under baobab and néré and
the control plot (Nobéré, 2006, 2007 and 2008)

3.3.3.Dry matter production

Aboveground dry biomass varied significantly between crops, cropping years and tree species
(P<0.001, P<0.001 and P<0.01, respectively). Dry matter production of millet under baobab
(2220.9+188.46 kg ha™) was equal to the value in the control plot (1820.4+241.70 kg ha™) but
higher to the value under néré (1303.9£111.05 kg ha™). In contrast, dry matter production of
taro was higher under néré compared to the value in the control plot (1025.3+80.14 kg ha™
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and 752.2+122.50 kg ha™, respectively). But no difference was found between the values in
the control plot and under baobab (875.4+£105.78 kg ha™) (Fig. 3.9)
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Fig. 3.9 : Dry matter production of millet and taro under baobab and néré and in the

control plot (H) (Nobéré, 2006, 2007 and 2008)

The table 3.7 gives the results of pairwise t-test on differences of crops dry matter production
between zones. As shown in figure 3.10, dry matter production of millet was lower in zone A
under both tree species compared to the values in zones B and C and the control plot. In
contrast, the dry matter of taro was higher in zone A under baobab compared to the values in
zones B, C and the control plot. Dry matter production of taro under néré decreased from the

tree crown to the open area (Fig. 3.10).



Table 3.7 : Pairwise T-tests on differences of millet and taro dry matter

production between zones under baobab and néré

Crops Tree species Compared zones N T-value Significance

Millet Baobab A-B 12 -2.64 *
A-C 12 -3.27 Bk

A-H 12 -2.10 ns

B-C 12 0.17 ns

B-H 12 -0.07 ns

C-H 12 -0.15 ns

Néré A-B 12 -3.61 ¥k
A-C 12 -3.90 i

A-H 12 -1.68 ns

B-C 12 -0.05 ns

B-H 12 0.94 ns

C-H 12 1.24 ns

Taro  Baobab A-B 12 2.38 *
A-C 12 3.22 *

A-H 12 1.75 ns

B-C 12 1.39 ns

B-H 12 0.47 ns

C-H 12 -0.27 ns

Néré A-B 12 -0.55 ns
A-C 12 5.05 Wk

A-H 12 4.62 *%

B-C 12 4.82 ok

B-H 12 4.79 .

C-H 12 1.46 ns

*=P<0.05 **=P<0.01 and ***=P <(.001
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Fig. 3.10 : The dry matter production of millet and taro according to zones under the
baobab and néré and the control plot (Nobéré, 2006, 2007 and 2008)

3.3.4.Photosynthesis

3.3.4.1. Photosynthetic maximum quantum conversion yield (Y)

All the values of the maximum quantum conversion yield (Y) recorded for millet and taro
during the two assessment dates were lower than the reference value for a non-stressed plant

(0.83). On 14/09/2008, Y ranged from 0.19 to 0.81 and its values were between 0.02 and 0.68
on 21/09/2008.

Y recorded on the first measurement date (0.5+0.01) was significantly higher (P<0.001) than
the value recorded on the second measurement date (0.4+0.01). On both measurement dates,
Y was significantly different between the two crops (P<0.001 and P<0.001). On the first
measurement date, Y of taro (0.6+0.01) was higher than the value of millet (0.5+0.01),
whereas the reverse was observed on the second measurement date when Y of millet

(0.5+£0.01) was higher than the value of taro (0.4+0.01).



x5

Y of millet varied significantly (P<0.05) between tree species on the first date but not on the
second date of measurement. In contrast, Y of taro did not vary between tree species on the
first date but it was significantly different between tree species on the second date of
measurement (P<0.001). Y was higher under néré (0.5£0.01 and 0.42+0.02 for millet and
taro, respectively) compared to the values under baobab on the second date for millet
(0.5£0.01) and for taro (0.3+0.02).

The significant variations between zones under both tree species of Y of millet and taro on the
two dates of measurement are given in tables 3.8 and 3.9. On the first date of measurement, Y
of millet was higher in zone A under both tree species compared to the value in the control
plot (Table 3.10). Y of taro recorded in zones A and B under both tree species was higher than

the value in the control plot.

On the second date of measurement, Y of millet decreased from the tree trunk to the control
plot under both tree species. The same trend was observed for taro. As shown in table 3.11, Y
of millet recorded at 7h and 9h were the highest values of the day in zone C and the control
plot while Y in zones A and B were similar during the day. The highest value of Y of taro was
recorded at 9h under baobab while under néré the highest values were recorded at 7h and 9h

in zone C and the control plot (Table 3.11).
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Table 3.8 : Pairwise T-tests on differences of millet and taro maximum quantum
conversion yield (Y)according to daytimes between zones under baobab and

néré on 14/09/2008 at Nobéré

Compared zones of baobab Compared zones of néré

Crops Hours A-B A-C A-H B-C B-H C-H A-B A-C A-H B-C B-H C-H
Millet 7 ns k= ns  ¥*¥ ns EE EwEE kR ns ns ns
9 ns ns FE* ns Ll ns ns ns e ns ns R

11 * L ns ns ns ns ns ok ns ns *

13 ns skook ok Hkok ns ns ns 8k ok s okook S kok ko ns kg

15 * ns ng  k* *k ns R ns % ns ns ns

17  ns ns ns ns ns ngE ng ng *MF g A ¥R

Taro 7 ns ns ok iy (kR ns ns ns ns ns ns
9 ns ns *k ng EEE ek ns ns ns ns  ** ns

11 ns ns ns  ns ® L ¥k ns  ns  ns

13 ns ns ns ns ¥¥ ns ns ns ns ns * ns

15 ns ns ns ns ns ns ns ns ns ns ns ns
17 ns ns ns ns ns ns ns ns ns % ok ns
*=P<(0.05 *=P<0.01 and ***=P <0.001

Table 3.9 : Pairwise T-tests on differences of millet and taro maximum quantum
conversion yield (Y)according to daytimes between zones under baobab and
néré on 21/09/2008 at Nobéré

Compared zones of baobab Compared zones of néré

Crops Hours A-B A-C A-H B-C B-H C-H A-B A-C A-H B-C B-H C-H
Millet 7 ns ns ns ns ns ns ns ns B ns * *
9 ns kk Kok ns *k ns skkosk kkok skokosk ns £ ns

11 ns  kEkE kkk ns ns ns  REE Rk kskk * ns ns

13 ns k¥* ns ns ns ns ns e ns  ¥* * ns

15 * ns ¥k ns ns ns Kok skokook kokook kK kok ns

17 sk okock k% skookook ns ns ns * skskosk sk sk * ns ns

Taro 7 fig§ RE ckekk * ns ns ns ns ns ns ns ns
9 ns ns ek ns * ns ns CkE* ns * ng ok

11 ns ns ns  ns ns ns ns * ns * ns Ck¥F

13 ns ns ns ns ns *k ns ns ns ns ns ns

15 ns ns ns ns ns ns g Xk Ak ns  *¥ i

17 ns ns ns ns ns ns s EEE Ekk ns # *
*=P<0.05 **=P<0.0]1 and ***=P <0.001



Table 3.10 :The maximum quantum conversion yield recorded for millet and taro every two hours from 07h to 17h under

baobab and néré and the control plot on 14/09/2008 at Nobéré

Tree species Millet Taro
Hour A B C H A B C H
Baobab 07h  0.5+0.02 0.5+0.05 0.4+0.06 0.4+0.02 0.5+0.10 0.5+0.06 0.5+0.03 0.4+0.05

09h  0.6+0.01 0.5+0.03 0.5+0.05 0.4+0.01 0.6+0.08 0.6+0.07 0.6+0.02 0.5+0.14
11Th  0.6+0.00 0.6+£0.05 0.5+0.04 0.5+£0.02 0.6x0.04 0.6+0.03 0.6+0.00 0.5+0.06
13h  0.7+0.01 0.5+0.14 0.4+0.02 0.4+0.02 0.6+0.07 0.6+0.01 0.6+0.06 0.5+0.07
15h  0.5+0.05 0.6+0.02 0.5+0.03 0.4+0.03 0.6+0.06 0.6+0.05 0.5+0.09 0.5+0.08
17h  0.6+0.03 0.6:+0.03 0.5+0.05 0.6+0.04 0.6+0.03 0.7+0.07 0.5+0.09 0.6+0.07

Néré 07h  0.6+0.05 0.5+0.02 0.5+0.04 0.5+0.03 0.5+0.07 0.5+0.09 0.5+0.07 0.5+0.05
0%  0.6+0.03 0.5+0.06 0.6+0.02 0.5+0.07 0.6+0.05 0.7+0.03 0.6+0.07 0.6+0.02
11h  0.6+0.03 0.5+0.06 0.6+0.02 0.5+0.07 0.5+0.11 0.6+0.02 0.6+0.03 0.6+0.03
13h  0.6+0.02 0.6+0.05 0.6+0.02 0.4+0.01 0.6+£0.05 0.6+0.00 0.6+0.04 0.5+0.06
15h  0.6+0.02 0.5+0.04 0.5+0.06 0.5+0.05 0.5+0.08 0.6+0.01 0.5+0.06 0.6+0.02
17h  0.6+0.02 0.6+0.03 0.6+0.05 0.5+0.04 0.6+0.05 0.6+0.02 0.5+0.04 0.5+0.04

Table 3.11 :The maximum quantum conversion yield recorded for millet and taro every two hours from 07h to 17h under

baobab and néré and the control plot on 21/09/2008 at Nobéré

Tree species Millet Taro
Hour A B C H A B C H
Baobab 7.00 0.5+0.07 0.5+0.05 0.5+0.03 0.5+0.02 0.4+0.05 0.3£0.06 0.2+0.05 0.3+0.01

9.00 0.6+0.04 0.6+0.04 0.5+0.03 0.5+0.01 0.56+0.10  0.4+0.07 0.5%0.07 0.5+0.02
11.00 0.6+0.01 0.5+0.09 0.4+0.04 0.4+0.04 0.4+0.11 0.3+0.15 0.49+£0.03  0.5+0.05
13.00 0.6+0.03 0.5+0.08 0.5+0.04 0.5+0.05 0.4+0.12 0.2+0.11 0.2+0.08 0.5+0.07
15.00 0.5+0.03 0.4+0.10 0.4+0.06 0.5+0.03 0.3+0.12 0.3+£0.10 0.2+0.03 0.3+0.08
17.00 0.5+0.03 0.4+0.10 0.4+0.06 0.4+0.03 0.4+0.13 0.3+0.12 0.3+0.06 0.3+0.03

Néré 7.00 0.6+0.03 0.6+0.02 0.6+0.02 0.5+0.05 0.5+0.04 0.5+0.07 0.5+0.07 0.5+0.027
9.00 0.6+0.03 0.5+0.04 0.5+0.04 0.6+0.00 0.5+0.03 0.5+£0.04 0.6+0.02 0.4+0.02
11.00 0.6+0.02 0.5+0.04 0.4+0.04 0.4+0.03 0.4+0.03 0.4+0.04 0.5+0.03 0.3+0.12
13.00 0.5+0.06 0.5+0.04 0.4+0.08 0.4+0.07 0.4+0.03 0.4+0.07 0.4+0.07 0.3+0.12
15.00 0.5+0.03 0.5+0.01 0.3+0.10 0.4+0.05 0.5+0.07 0.3+0.10 0.3+0.07 0.2+0.09
17.00 0.6+0.03 0.5+0.02 0.4+0.11 0.4+0.04 0.5+0.04 0.4+0.12 0.4+0.03 0.2+0.09
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3.3.4.2. Net photosynthesis (Py)

The mean net photosynthesis (Pn) recorded in the control plot was higher for millet plants
(24.79+1.621 pmol CO, m™ s™) compared to taro plants (14.320.71 pmol CO, m?s™). The
highest Py values for both crops under both trees species were recorded between 10h and 15h
in zone C and the control plot (Fig. 3.11). In the association of millet with baobab tree, the
highest values of Py were observed between 8h and 9h in zone A and between 12h and 13h in
zone B. Py values did not vary diurnally in zones A and B under néré for both crops and
under baobab for taro only. The main difference of Py between zones was noted between 9h
and 15h. During this period, the Py of the two crops was reduced under the tree crown (A and
B) compared to the values in zone C and the control and the reduction was more noticeable in

zones under néré than under baobab (Fig. 3.11).

Cumulative Py per day or daily assimilation rate was significantly different between the two
crops (P<0.01) but there was no difference according to tree species. Py of millet
(669.1£99.35 mmol CO, m™ day™) was higher compared to the value of taro (428.5+42.05
mmol CO, m™day™). The significant differences of daily values of Py between zones for both
crops are shown in table 3.12. The average daily Py of the two crops increased from the trunk
of both species to the open area (Fig 3.12). The reduction of daily PN values in zones
influenced by trees (zones A, B and C) compared to the open field was more accentuated for
millet plants (72%, 60% and 22%, respectively) compared to taro plants (53%, 44% and 11%,
respectively). Therefore, the two crops had comparable daily Py values in zone under trees (A
and B) while the values of daily Py of millet were higher in zone C and the control plot when

compared to the values of taro.
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Table 3.12 :Pairwise T-tests on differences of millet and taro daily net
photosynthesis rate between zones under baobab and néré
Crops Compared zones N T-value Significance

Millet A-B 8 -3.44 *
A-C 8 -9.32 Hkk
A-H 8 -7.64 Hokk
B-C 8 -9.18 i
B-H 8 -7.22 AN
C-H 8 -4.56 i
Taro A-B 8 -2.48 ns
A-C 8 -7.42 *okk
A-H 8 -4.84 *E
B-C 8 -4.42 ik
B-H 8 -3.73 wk
C-H 8 -1.88 ns

*=P<0.05 **=P<0.0]1and***=P <0.001
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with baobab and néré trees according to the zones at Nobéré (2008)
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Fig. 3.12 : Daily average of net photosynthesis (Py) rate of millet and taro according to

zones under the influence of baobab and néré trees and the control plot

For both crops, the mean daily net assimilation varied between trees species (P<0.01 and
P<0.05 for millet and taro, respectively). Table 3.13 shows the significant differences of the

daily net assimilation of millet and taro between zones of both tree species.

As shown in figure 3.13, the mean daily net assimilation in zone A under baobab was higher
for taro compared to millet (864.7+174.94 mmol CO, m™ day” and 227.7+31.42 mmol CO,
m™ day’, respectively). In zones A and B under néré, daily Py of taro was higher
(566.5+49.16 mmol CO, m? day”’ and 692.3+76.19 mmol CO, m™ day”, respectively)
compared to the values of millet (307.1+44.6 mmol CO, m™ day™ and 450.4+39.9 mmol CO,

m~day™, respectively).

The mean daily net assimilation of millet increased from the tree trunk to the open area under
both tree species (Fig. 3.13). For taro, the highest mean daily net assimilation was recorded in
zone A under baobab and the lowest was in zone C (864.7+174.94 mmol CO, m™ day™” and
306.5+42.78 mmol CO, m™* day ™). No difference in mean daily net assimilation was recorded

between zones for taro under néré (Fig. 3.13).
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Table 3.13 :Pairwise T-tests on differences of millet and taro mean daily net
assimilation between zones under baobab and néré

Crops Tree species Compared zones N T-value Significance

.-.5‘.-...1.-1.-\.-.-1.-1.-\.-.-.-\.-5.-\.-'1.-5-.-5-.-1. o

",

R ek e k]

ot

Millet Baobab A-B 12 -7.17 A
A-C 12 -10.64 ¥
A-H 12 -5.17 Ew
B-C 12 -9.10 ok
B-H 12 -3.85 *¥
C-H 12 2.31 ¥
Néré A-B 12 -2.79 *
A-C 12 -10.31 et
A-H 12 -10.77 FEEF
B-C 12 -9.47 s
B-H 12 -10.01 L
C-H 12 -3.42 i
Taro  Baobab A-B 12 3.02 *
A-C 12 3.80 e
A-H 12 2.19 ns
B-C 12 3.85 o
B-H 12 -0.27 ns
C-H 12 -2.43 ®
Néré A-B 12 -1.92 ns
A-C 12 -1.21 ns
A-H 12 0.09 ns
B-C 12 0.19 ns
B-H 12 1.14 ns
C-H 12 0.95 ns
*=P<0.05 **=P<0.01 and ***=P <0.001
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3.3.4.3. Radiation use efficiency (RUE))

The instantaneous radiation use efficiency (RUE;) was significantly different between crop
species (P<0.05). Higher RUE; was recorded for millet (20.3+2.45 mmol CO, mol’ PAR)
compared to value of taro (14.7+1.15 mmol CO, mol" PAR). There was no significant
difference in RUE; between tree species in both crops. However, RUE; values were
significantly different between zones for taro (Table 3.14) but not for millet. RUE; values of
taro decreased from the tree trunk to the control plot (Fig. 3.14).

Table 3.14 :Pairwise T-tests on differences of millet and taro RUE between zones

under baobab and néré

Crops Compared zones N T-value Significance

Millet A-B 8 1.43 ns
A-C 8 1.16 ns
A-H 8 1.15 ns
B-C 8 0.71 ns
B-H 8 0.60 ns
C-H 8 -1.26 ns
Taro A-B 8 5.15 ek
A-C 8 3.24 it
A-H 8 10.08 ¥aE
B-C 8 2.19 ns
B-H 8 12.95 e
C-H 8 3.07 il

*=P<0.05 **=P<0.01and***=P <0.001
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Fig. 3.14 : Average instantaneous RUE; of millet and taro according to zones under the

influence of baobab and néré trees and the control plot
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3.3.4.4. Instantaneous Water Use Efficiency (WUE;)

There was significant difference in the instantaneous water use efficiency (WUE;) between
the two crops (P<0.001). WUE; of millet was higher compared to the value of taro (4.8+0.45
mmol CO; mol™ H,0 and 2.3+0.17 mmol CO, mol” H,0, respectively). WUE; values did not
significantly differ between tree species for both crops. For both crops, WUE; varied
significantly between zones (Table 3.15). The values of WUE; increased from the area under

the tree crown (zones A and B) to zone C and the control plot for both crops (Fig. 3.15).

Table 3.15 :Pairwise T-tests on differences of millet and taro WUE between

zones under baobab and néré

Crops Compared zones N T-value Significance

Millet A-B 8 1.88 ns
A-C 8 -5.55 ik
A-H 8 -4.88 e
B-C 8 -5.72 ok
B-H 8 -5.84 .
C-H 8 -1.09 ns
Taro A-B 8 -1.92 ks
A-C 8 -5.72 *%
A-H 8 -4.83 kK
B-C 8 -3.17
B-H 8 -2.98
C-H 8 -0.58 ns

*=P<0.05 *=P<0.01 and ***=P <0.001
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Fig. 3.15 : Daily average of WUE; of millet and taro according to zones under the

influence of baobab and néré trees and the control plot
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3.3.4.5. Stomatal conductance (gs)

The maximum and the minimum stomatal conductance (gs) varied significantly between
crops (P<0.01) but not between tree species. Maximum and minimum values of gs were
higher for taro (589.9+67.60 pmol m? s and 150.8+22.05 pmol m? s”', respectively)
compared to the values for millet (319.4+25.44 pmol m? s™ and 69.6+13.13 pmol m™ s™,
respectively). The maximum gg of taro was higher compared to millet in all zones while the

minimum gs of taro was only higher in zones A and B compared to millet (Fig. 3.16)

3.3.5.Correlation between photosynthesis parameters (mean daily net assimilation, RUE; and
WUE)) and crop growth

Height, yield and dry matter production of millet were negatively and significantly correlated
with RUE; (-0.30, -0.55 and -0.37, respectively). No significant relationships were found
between mean daily net assimilation and WUE; and the performances of millet except that the
LAI was positively correlated to the mean daily net assimilation (Table 3.16). In contrast,
height, LAI, yield and dry matter production of taro were positively and significantly
correlated with RUE; (0.63, 0.63, 0.36 and 0.32, respectively). There was also a significant
negative correlation between height and dry matter of taro and WUE; (-0.68, -0.67, -0.45 and -
0.38, respectively). Daily assimilation rate was positively and significantly correlated with the

LAL yield and dry matter production of taro (0.75, 0.30 and 0.31) (Table 3.16).
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Fig. 3.16 : Maximum and minimum values of stomatal conductance (GS) of millet and

taro according to zones under the influence of baobab and néré trees and the control
plot
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Table 3.16 :Pearson’s correlations between daily gross assimilation, RUE;, WUE;

and growth (plants height and dry matter) of millet and taro

Height LAI Yield Dry matter
Millet  Daily assimilation rate 0.03 ns 0.6]F** 0.08 ns 0.11 ns
: RUE; -0.30** -0.06 ns -0.55 ¥x . 37F
WUE; 0.32 ns 0.09 ns -0.04 ns 0.15ns
Taro Daily assimilation rate 0.16 ns 0.75 *** 0.30 ** 031 **
RUE; 0.63%%* 0.63 *>* (.36 *** 0.32%*
WUE; -0.67***  .0.67 ¥¥* (.45 Fk* (. 38***

n=32 *=P<0.05 **=P<0.01and***=P <0.001

3.3.6.The distribution of trees, crops and weeds roots

3.3.6.1. Root Length Density and Root Weight Density

Root length density (RLD) and root weight density (RWD) were significantly different
between tree species, millet, taro and weeds (P<0.001 and P<0.001, respectively). RLD and
RWD of both tree species were higher compared to millet, taro and weeds in all soil layers

under tree crown.

According to the pairwise T-tests on the differences between soil layers, RLD and RWD of
both crops, weeds and both tree species decreased from the soil top layer to 50 cm depth.
Pairwise T-tests on the differences between zones showed that RLD of both tree species were
similar in zones A, B and C but lower in the control plot compared to the values in the three
zones under trees (Fig. 3.17). However, RWD of both tree species decreased from the tree
trunk to the open area (Fig. 3.18). Few roots of baobab and néré were found in three and 5
control plots, respectively. Therefore, tree roots are extended more than 40 m as assumed in

this study.

Millet in association with baobab had a similar RLD in soil top layer (0-10 cm) of zones B
and C compared to baobab trees. In the same layer, millet RLD was only statistically equal to
néré tree RLD in the zone C. RLD of taro from the top layer to 50 cm depth was lower
compared to either of the two tree species in zones A, B and C except in the top layer of zone
A of the baobab tree. In the control plot, few roots of the two tree species were found and at

30 cm depth, the RLD of millet and weeds were higher compared to taro (Fig. 3.17).
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The RWD of both tree species was higher compared to both crops and weeds in zones under
the tree crown. In zone C of both tree species, tree RWD was higher only in the 10-20 cm
layer compared to crops and weeds (Fig. 3.18). The RLD and RWD of millet increased from
the tree trunk to the control plot while these parameters were similar in zones for taro.
However, there was a trend for RLD and RWD of taro plants to decrease from the tree trunk
to the open area. Weeds RLD and RWD followed the same trend of millet: increase with
distance from tree trunk (Fig. 3.17 and 3.18).

There was no significant correlation between the performances of millet and taro and the root
length density of baobab (Table 3.17). The RLD of néré at the 10-20 cm soil-depth was
negatively and significantly correlated with the total dry matter of millet (Table 3.18). Taro
performance was positively correlated with the RLD of néré at the 0-10cm soil-depth. At 10-
20cm soil-depth, the RLD of néré was also positively correlated with the yield and total dry
matter of taro. A positive correlation was also found between the RLD of néré and taro yield
at the soil-depth of 40-50cm (Table 3.18).

No significant correlation was found between the performance of both crops and the RLD of
weeds (Table 3.19). The RLD of millet was not correlated with its performance in association
with baobab and néré (Table 3.20). In contrast, positive correlation was found between the
RLD of taro at the 30-40 cm soil-depth and the performance of the crop in association with
baobab while in the top soil (0-10cm), only the LAI of taro was positively correlated with the
RLD of the crop (Table 3.21). In the association with néré, the RLD of taro at the 10-20cm
soil-depth was only negatively correlated with the LAI of the crop. The coefficient of
correlation was positive in the topsoil but was negative in the soil-depth lower than 0-10 cm

(Table 3.21).
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Fig. 3.17 : Root length density (RLD) of millet, taro, weeds and the associated trees
(baobab and néré) according to the zones at Nobéré (2007)
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Table 3.17 :Pearson’s correlation between RLD of baobab and the performance
of millet and taro

RLD of baobab

Depth 0-10 cm 10-20cm  20-30cm  30-40 cm  40-50 cm
Millet  LAI 0.37 ns 0.14 ns -0.08 ns  -0.11mns -0.20 ns

Yield 0.35ns -0.18ns -0.21ns  -0.30ns -0.28 ns

Dry matter 0.13 ns -023ns  -0.30ns  -0.10 ns -0.23 ns
Taro LAI -0.13 ns -0.20ns -0.26ns  0.07 ns 0.18 ns

Yield -0.06 ns -0.28ns -0.28ns  0.02 ns 0.33 ns

Dry matter 0.07 ns -0.06 ns -0.06ns  0.15ns 0.37 ns

n=32

Table 3.18 :Pearson’s correlation between RLD of néré and the performance of
millet and taro

RLD of néré

Depth 0-10 cm 10-20cm  20-30cm  30-40 cm 40-50 cm
Millet  LAI 0.34 ns 0.01 ns -0.07ns  0.10ns -0.12 ns

Yield -0.31 ns -040ns -0.30ns -0.36ns -0.06 ns

Dry matter -0.40 ns -0.51* -0.480ns -0.43 ns -0.21 ns
Taro LAI 0.60** 0.36 ns 0.12 ns 0.17 ns 0.48 ns

Yield 0.54%* 0.54%* 0.34 ns 0.46 ns 0.56*

Dry matter 0.60* 0.53% 0.26 ns 0.31 ns 0.49 ns

n=32 *=P<0.05 **=P<0.01and ***=P <0.001

Table 3.19 :Pearson’s correlation between RLD of weeds and the performance of
millet and taro

RLD of weeds
Depth 0-10 cm 10-20cm  20-30cm  30-40 cm  40-50 cm
Millet  LAI -0.25 ns 0.24 ns -0.24ns  -0.08 ns -0.10 ns
Yield 0.27 ns 0.25 ns 0.23 ns -0.03 ns -0.08 ns
Dry matter 0.11 ns 0.08 ns 0.00 ns -0.15 ns -0.08 ns
Taro LAI -0.02 ns 0.01 ns -0.11ns  -0.12ns -0.26 ns
Yield 0.28 ns 0.36 ns 0.40 ns 0.06 ns -0.16 ns

Dry matter 0.35 ns 0.21 ns 0.44 ns 0.20 ns -0.34 ns

n=32
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Table 3.20 :Pearson’s correlation between RLD of millet and the performance of

the crop
RLD of millet

Depth 0-10 cm 10-20cm  20-30 cm  30-40cm  40-50 cm
Baobab LAI 0.36 ns 0.17 ns 0.15 ns -0.33 ns -0.25 ns

Yield 0.29 ns 0.14 ns 0.06 ns 0.01 ns 0.07 ns

Dry matter 0.11 ns 0.01 ns -0.06 ns  -0.14 ns -0.08 ns
Néré LAI -0.23 ns 0.04 ns -0.23ns  -0.11ns -0.06 ns

Yield 0.35ns -0.03ns  0.24 ns -0.07 ns 0.17 ns

Dry matter 0.41 ns 0.08 ns 0.44 ns 0.16 ns 0.24 ns

Table 3.21 :Pearson’s correlation between RLD of taro and the performance of

the crop
RLD of taro

Depth 0-10 cm 10-20cm  20-30cm  30-40cm  40-50 cm
Baobab LAI 0.59 * 0.07 ns 0.12 ns 0.55%* 0.43 ns

Yield 0.41 ns 0.01 ns 0.32 ns 0.69 ** 0.51 ns

Dry matter 0.37 ns 0.13 ns 0.38 ns 0.56 * 0.34 ns
Néré LAI 0.16 ns -0.51%* -0.40ns  -0.40 ns -0.44 ns

Yield 0.17 ns -0.35ns  -0.11ns -0.36ns 0.01 ns

Dry matter 0.08 ns -027ns  -0.13ns -0.19ns 0.09 ns

n=32 *=P<0.05 *=P<0.01
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3.4. Discussion

3.4.1.Crop LAI and plant height

As reported in previous studies, plants usually adapt to shade by increasing their total leaf
area and number of leaves (Caesar, 1980; Wong, 1991; Wilson et al., 1998 and Lin ez al.,
2001). In the present study, an increase in leaf area index (LAI) of both crops was observed
under tree crowns compared to the control. The highest LAI of taro was found in the areas
with most shade: within zones A and B of néré trees and zone A of the baobab trees. Johnston
and Onwueme (1998) observed a similar result of the effect of shade on leaf area of taro. In
contrast, the highest LAI of millet was recorded in zone C of the baobab trees while LAI of

millet in all zones under néré was similar to the control plot.

A positive linear relationship between LAI and light interception, which was directly related
to crop performance, was reported by Ewert (2004) and Monteith (1977). LAI of taro was
increased under shade as part of the plant’s strategy to enable it to intercept more light and
consequently it was able to grow better under shade. In contrast, millet did not show clear
differences in LAI under shaded and open areas, suggesting the absence of an adaptation

strategy of the crop to shade condition.

The main difference between zones in height of millet was observed at the end of each
growing season. Millet plants in zones B and C were the tallest under baobab while plants in
zone A were the shortest under néré. Therefore, millet’s growth performance was negatively
affected by the heavy shade in zone A around tree trunk, as it was a shade-intolerant crop. In
contrast to millet, the shade of both tree species had a positive effect on the height of taro
plants. In addition, the difference in height between shaded plants and plants in open area was

more noticeable under néré.

3.4.2.Crop yield and dry matter production

Yield of millet recorded in the open area of the present study (595+83.43 kg ha™) was within
the range of values recorded in Saponé (Burkina Faso) by Bayala et al. (2002) but lower than
the average national yield of 934 kg ha™ in 2007 reported by MAHRH (2007). The higher
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national average of millet yield is mainly due to the better performance of millet in the South-
west, Haut-Bassins and Cascades regions of the country (1151 kg ha™, 1353 kg ha™ and 1909
kg ha™', respectively) where soils are more fertile and rainfall is higher compared to the rest of
the country (MAHRH, 2007).

The yield of taro in the open area (2337 +617.04 kg ha™) was low compared to the worldwide
average yield of 6000 kg ha™ cited by previous workers (Onwueme, 1991; Goenaga, 1995;
Goenaga and Chardon, 1995). The low performance of taro in the present study could be
attributed to unfavourable site conditions in the parkland of the present study area, such as
low soil fertility and water availability (Caesar, 1980; Bussel and Bonin, 1998). In addition,
taro has a variable growing period, up to 18 months in the wet lands and less than 6 months in
the dry lands (Kay, 1987) that result in a highly variation of its corms yield from less than
1000 kg ha™ to 75 000 kg ha™ (Kay, 1987; O’Hair, 1990; Onwueme, 1999; Tumuhimbise et
al., 2009).

Millet performed better in terms of yield and total dry matter production under baobab
compared to its performances under néré and in the open field. Similar observations were
made by Kater et al. (1992) and Bayala et al. (2002) who reported that millet yield decreased
from the open area to the trunk of néré trees because of the effect of shade. Millet yield in
zone C of baobab was nearly twice as high as the yield recorded in zone C of néré
(860.7+89.25 kg ha™ and 469.6+74.22 kg ha™, respectively). The high yield of millet under
baobab may be due to the early leaf fall (August) in baobab which increased light availability
under the tree crowns between September and October (see plate 3.3). This period
corresponds to the millet reproductive stage during which, according to Bieler (1992)
cumulative assimilation rate increases which leads to high crop yield. Therefore, the
improvement of light availability combined to improved soil fertility in zones B and C of
baobab resulted in better millet yield. However, total dry matter production of millet was
similar under both tree species; only the total dry matter in zone A was lower compared to the

control plot.

In contrast, the best performance (yield and total dry matter) of taro was obtained under néré.
Yield and total dry matter production of taro under baobab was higher only in zone A
compared to the control plot while under néré, taro performed better in zones A and B

compared to the control plot. Therefore, the performance of taro, being a shade tolerant plant,
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was enhanced due to the favourable microclimate created by heavy shade while its weak
performance in the open field could be related to its C3 photosynthesis pathway. Indeed, the
performance of the C3 plant (taro) was decreased by the additional energy loss through the
increase of photorespiration because of the high temperature and light saturation in the open
field as previously reported in C3 plants (Yang et al., 2004; Hay & Porter, 2006; Osborne et
al., 2008).

The performance of taro in the present study was similar to the results obtained by Rogers &
Tosepha (1993) while Caesar (1980) reported 20% reduction of corm yield due to shade and
water stress. These contradictory results could be due to the difference in study site
conditions. In the study site of Caesar (1980), temperature and light at noon were 29.2°C and
160000 lux (2500 pmol m™s™) in the open while in the present study the maximum values of

these parameters were 38.2°C and 1619.4 pmol m™s™ reported in Chapter 4.

Plate 3.1. View of a parkland showing baobab leaf fall on 16 September
2007 at Nobré, Burkina Faso

Photograph: SANOU Josias
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3.4.3.Crop photosynthesis

3.4.3.1. Photosynthetic maximum quantum conversion yield

The values of the maximum quantum conversion yield (Y) of both crops were lower than the
reference value of 0.83 reported for non-stressed plants (Bjorkman and Demming, 1987). The
result shows that both crops were stressed under both tree species. The stress may be due to
unfavourable environmental conditions such as drought (Yordanov et al. 2000; Winkel et al.,
2002), high temperature (Yu and Ong, 2002; Wang et al., 2003) and low level of light (Jiang
and Zhu 2001, Peng and Gilmore 2003) (see Chapter 4 for details).

The values of Y recorded on the first date of measurement were higher compared to the
values of the second date of measurement for both crops. The first date of measurement
occurred when rain was still regular, while on the second date, rain was scattered and of low
intensity. So, the lower values of Y on the second date could be mainly due to lack of soil
water on the second date compared to the first date. The higher Y values of both crops in the
shaded zones under trees could be explained by relatively lower temperature under shade.
High temperatures are known to cause stress to plants (Yu and Ong, 2002 and Wang et al.,
2003). On the second date, the combination of temperature and water stresses may be the
cause of the decrease of Y values from the tree trunk, where temperatures are low and soil
moisture was high, to the open area with high temperature and low soil moisture content (see
details in Chapter 4). Plate 3.4 shows the stress gradient of taro plants from the open field to
the trunk of tree.

3.4.3.2. Net photosynthesis

The diurnal trend of net photosynthesis (Py) of both crops in the control plot showed no peak
as also noted in a previous study by Boegh ez al. (1999). As shown above by the results of the
maximum quantum conversion yields, both crops were stressed in all zones. Stressors of
plants in parklands that could limit photosynthesis are mainly high temperature, water deficit
and lack of nutrients, all of which were high in the control plot in the present study area. The
peak of Py was expected around noon when daylight intensity was optimum, but at this time,

temperature was also high and top soil moisture was reduced compared to the morning. So,
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these two unfavourable factors could explain for the lack of a peak in the diurnal course of Py

in the control plot.

The average Py of millet (24.3+5.01 pmol CO, m™s™) recorded in the control plot in the
present study was within the range of values of 4.4 to 62.94 pmol CO, m™s” reported by
previous studies (Mac Pherson, 1973; Warner and Edwards, 1988; Masojidek et al., 1991,
Tewolde et al., 1993; Boegh et al., 1999). The average Py of taro in the control plot
(13.8+1.18 pmol CO, m™s™) was also within the range of values reported by Sugimoto et al.
(1997), Sato et al. (1978) and Schaffer and O’Hair (1987), (4.1, 12.62 and 30.93 umol CO, m"

*s!, respectively).

The daily net photosynthesis rate of both crops increased away from the tree trunk to the open
area, showing that the photosynthesis of both crops was limited by PAR availability under
tree crowns. However, the daily rate of net photosynthesis in taro was less affected in the
shaded area than millet. Therefore, in contrast with zones of the open field, the daily net
photosynthesis of taro in the shaded zones (A and B) was comparable to the value recorded
for millet. The maintenance of such net photosynthesis levels requires adaptation of the
photosynthesis system of taro plant to shade as reported by Onwueme (1998) and Onwueme
and Johnston (2000).

An increase in chlorophyll content per unit area as observed by Johnston and Onwueme
(1998) and an increase in stomatal density as observed by Onwueme and Johnston (2000)
may have also occurred in taro under shade. In the present study, it was observed that
minimum stomatal conductance of taro was the same in shaded zones and in the open field
while the minimum stomatal conductance of millet decreased with an increase in shade. It
may be concluded that taro, through such an adaptation, increased its efficiency of PAR
capture in the shaded area. Indeed, the results of the analysis of the radiation use efficiency
(RUE)) of taro showed a decrease from the tree trunk to the open area while no variation was
observed in millet between zones. The increase in RUE; of taro may have helped it to avoid a

drastic reduction of net assimilation production in shade conditions.

The mean daily net assimilation increased for millet from tree trunk to the open field while
higher value of mean daily net assimilation was found for taro associated with baobab in zone

A and no difference was noted between zones under néré. This high net assimilation per unit
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land area by taro plant was also made possible by the increase in the crop leaf area index in
the shaded zones. Therefore, the increase in leaf area in the shaded area may have allowed
taro to accumulate more daily assimilate per plant than millet. These results confirm that taro

was better adapted to the conditions under tree shade than millet.

The WUE,; values of both crops were lower in shaded areas (zone A and B) compared to zone
C and control plot and WUE; value of taro was lower than that of millet. The low WUE;
values in shaded zones indicate that both crops lost more water per unit PAR captured
perhaps due to more open stomata. The result of the stomatal conductance indicates that taro
had more open stomata than millet in all zones because higher stomatal conductance indicates
higher number of open stomata. The number of open stomata in millet leaves increased from
the tree trunk to the control plot while the number did not vary between zones in taro. These
results indicate that taro in shaded zones maintained a high number of open stomata to harvest
more CO,, but at the same time also lost more water as a result of the open stomata. The
similar open stomata number of taro leaves in the open area and under shade could be an
expression of the stresses due to high irradiance, high temperature and low soil moisture in
the open field. In contrast, millet had fewer open stomata and less transpiration in shaded
areas and captured less amount of PAR. The increase in WUE; of millet from the tree trunk to
the open indicates that WUE; in millet increased with an increase in environmental stress and
this was in accordance with the findings of Singh and Singh (1995) who showed that WUE; of

millet increased with an increase in water stress.

Accordingly with the behaviour of taro under shade condition reported by Johnston and
Onwueme (1998) and Onwueme and Johnston (2000), the morphological and anatomical
adaptations of the crop to shade resulted in a better performance of taro than millet in the
shaded area under tree crowns. Indeed, the strong and positive correlation between taro
performances (plant height, LAI, yield and dry matter production) and RUE; and mean daily
net assimilation shows a strong adaptation of taro to shade. In contrast, the negative
correlation observed between RUE; and millet performances may also indicates that millet
was indeed shade-intolerant. Contrary to RUE;, WUE; of taro was negatively correlated with
its growth parameters. Therefore, taro production in open area seems to be limited by water

availability as also observed by Caesar (1980) who noted the importance of light and water in

taro production (see plate 3.4).
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3.4.4.Root distribution of tree species, crops and weeds

Root length density (RLD) and root weight density (RWD) of baobab and néré decreased with
soil depth. A similar observation was made by Bayala (2002) on karité¢ and néré. RLD and
RWD of crops and weeds showed the same trend. Therefore, the fine roots of tree species,
crops and weeds were concentrated in the top soil (0-20 cm). RLD of both tree species was
the same in zones under tree crowns but their RWD decreased with distance from the tree
trunk. RLD of trees was not significantly different in zones A, B and C, although a trend of
decrease from A to C was noticeable. Such results were reported in previous works by
Odhiambo et al. (2001) and Bayala (2002). RLD and RWD of millet, however, increased
from the tree trunk to the open area and this observation was in close agreement with the
findings by Odhiambo ef al. (2001).

The absence of significant correlation of the RLD of baobab with the performance of both
crops suggests an absence of competition between the tree species and the crops. In contrast,
the RLD of néré was negatively correlated with millet total dry matter production and a
positive correlation with the performance of taro in the topsoil. This result suggests a possible
competition between néré and millet and an absence of competition between and taro néré for
water and nutrients. The positive correlation between taro performance and the RLD of néré
could be due to the niche differentiation that occurred between fines roots of néré and taro.
Weeds roots were found in all zones despite the weedings in all plots of the trial. This result is
due to the manual weeding used traditionally by farmers that consists of removing the above
ground part of weeds using a hoe. Therefore, some weeds species grow again from the
remaining roots. This ability of some weeds species to grow from roots could explain why
RLD and RWD of weeds increased from the area under tree crown to the open field. Indeed,
Boffa (1999) stated that there is a selective effect of tree shade on weeds species, which
according to Breman and Kessler (1995) results in more C4 species in the open area and more
C3 in the area under tree. In addition, Rao et al. (1998) observed that the effect of tree crown
results in a reduction of weeds density and in both perennial rhizomes and seed bank under

tree.

In sum, the manual weeding used in the plots did not eliminate the possibility of competition
between crops and weeds roots. In addition, there was potentially more competition between
crops and weeds roots in the open area and the competition may be more drastic for taro

plants as the RLD and RWD of the crop were lower compared to weeds.
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Plate 3.1. The gradient of the stress due to temperature and soil water
content on taro plants from the open field to the trunk of néré tree at
Nobéré, Burkina Faso (2008)

Photograph: SANOU Josias
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CHAPTER 4: BIOPHYSICAL FACTORS UNDER TREES AND
THEIR RELATIONSHIPS WITH THE PERFORMANCE OF
ASSOCIATED CROPS

4.1. Introduction

Several previous workers reported changes in microclimate parameters under trees compared
to the conditions in the open field (Ong ef al., 1996; Rao et al., 1998; Boffa, 1999; Bayala,
2002; Ong and Swallow, 2003; Noordwijk et al., 2004). The microclimate due to tree
presence was characterised by lower solar radiation reaching the soil, lower air and soil
temperature, higher air and soil moisture compared to conditions in the open field (Boffa,
1999). The reduction of sunlight under tree crowns, which varied with tree architecture
according to Breman and Kessler (1995) and Bellow and Nair (2003), resulted in a decrease

of temperature that reduced evaporation under tree crowns.

In semi-arid agroforestry parkland systems, the reduced temperature and increased soil
moisture under trees was favourable to plants growing under tree crowns (Boffa, 1999). In
contrast, light reduction under tree can result in slower development of plants growing under
trees unless they are shade-tolerant. The presence of trees in agroforestry parklands induced a
change in plant community structure in the system where only shade-tolerant species thrived
under tree crowns. For example, Breman and Kessler (1995), Rao et al. (1998) and Boffa
(1999) observed differences in weeds floristic composition between areas under tree crowns

and in the open field in their studies.

A number of studies have identified an increase in soil organic matter content under tree
crowns (Breman and Kessler, 1995; Soumaré, 1996; Young, 1997; Garcia-Barrios and Ong,
2004). The combination of high organic matter and increased moisture content of soil under
trees resulted in an increase in soil fauna populations (Rhoades 1997; Buresh and Tian, 1998
and Boffa, 1999). An increase in soil fauna resulted in increased macro-porosity of soil under
trees which improved soil aeration and water infiltration. Plants growing under tree crowns

may benefit by having a better roots development than those growing in the open field.
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In the present study, biophysical factors under baobab and néré were assessed to determine
their impacts on the performance of millet and taro. Therefore, the following four null
hypotheses were tested in this study:
1- Light interception by baobab and néré is similar and has no effect on the performance
of millet and taro
2- Transpiration rate by baobab and néré is similar and has no effect on the performance
of millet and taro
3- The physical and chemical properties of soil under the crowns of baobab and néré and
in the open field are similar and have no effect on the performance of millet and taro
4- The root systems of taro and millet under trees are similar and compete more

efficiently for water and nutrient with the roots of trees and weeds.

4.2. Materials and methods

4.2.1.Light interception by tree

Photosynthetically active radiation (PAR) was measured during three cropping seasons (2006
- 2008) using Delta T quantum sensors (Delta T Ltd, UK) (see Plate 4.1). Data from these
sensors were continuously logged at 10 minutes intervals using a Delta T data logger (DL2e,
Delta T Ltd, UK). The measurements of PAR under each tree were made at three positions
corresponding to the three concentric zones described in the experimental design in Chapter 3,
and at one location in the open area as a reference measurement. To select the measurement
points, each concentric zone was subdivided into 16 smaller grids and the location of sensors
in these grids was determined by means of random numbers. The measurement under each
tree lasted for 96 hours. After four days of monitoring, the equipment was moved to another
tree of the other species. This continued until all the sample trees were measured for the both
tree species. Then, the equipment was shifted to the first tree where the measurement started
for a new cycle. These measurement cycles were repeated for all the 16-studied baobab and
néré trees during each cropping season from May to November. To measure the amount of
light incident on the associated crop layer accurately, the light sensors were raised from the

ground progressively with the growth of crop plants.

4.2.2. Tree transpiration

Trees transpiration was estimated through their sapflow (SF) using Thermal Dissipation
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Probes (TDP) (Delta T Ltd, UK) (see Plate 4.1). TDP is an improved heat dissipation sensor,
which measures the temperature difference (dT) between a heated needle implanted in the
sapwood of a tree and a second needle at the sapwood temperature located below (Granier,
1985). The temperature difference is used to calculate sap flux density (SFD, cm’ cm? s7)
using the equation 4.1 proposed by Granier (1987). Finally, the sapflow (cm’ s™) is computed
multiplying the sap flux density by the sapwood cross-sectional area (cm?) of the tree trunk at

the height of heated probe see equation 4.2 (Granier, 1987).

Three installation points were prepared at 60° intervals around the stem of each tree and at 1.5
m above the ground. The TDP needles of 8 cm length were inserted in the trunk and each
TDP set up was insulated against solar radiation, wind and rain by covering it with aluminium
foil. The readings were taken at a minute intervals and a 30-minute average was stored in the
data logger. The measurement on each tree lasted for 96 hours and these were taken
simultaneously with the measurement of PAR described above. To estimate the natural
thermal flux occurring in the morning and at sunrise, measurement on the first day of the four
days was made without heat supply. During the next three days, energy supply was provided.
The data for those three days were corrected by subtracting from them the value of the first
day measurement that was due to natural thermal flux (Bayala, 2002). The measurements
were made during the whole cropping season from May to November from 2006 to 2008.

dTmax-dT) LE81

SFD=119x10-6( =

(Equation 4.1)

where SFD = sap flux density, dTmax = temperature difference when there is no flow
(SFD=0), dT = temperature difference
SF=SFD x Sp (Equation 4.2)

where SF = sapflow and Sa = sapwood cross-sectional area.

The sapwood cross-sectional area (cm”) of each trunk of the eight baobabs and eight néré was
estimated to calculate the sapflow as shown in equation 4.2. A core was extracted from each
trunk using a drill at the same level where TDP probes were installed. From this the depth of
the sapwood (Lsy, cm) was measured and the sapwood cross-sectional area was estimated
using equation 4.3.

Sa=m Lo (R-Lsw)

where Sa = sapwood cross-sectional area, R = radius of the trunk at 1.5 m above ground and

Lsw = length of the sapwood
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Plate 4.1. Apparatus for photosynthetically active radiation (PAR) and
transpiration measurement

b. Measurement of transpiration using Thermal Dissipation Probes (TDP)

Photographs: SANOU Josias
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4.2.3.Soil physical and chemical properties

4.2.3.1. Soil texture and chemical properties

Soil samples were randomly taken at two points in each concentric zone and in the control
plot at depths of 0-10 cm, 10-20 cm , 20-40 cm , 40-60 cm and >60 cm. Two samples were
taken at each depth and in the same zone were mixed, so there was a total of 20 composite
samples per tree for analyses of soil physical and chemical properties. The samples were air
dried and sent to the laboratory of the Bureau National des Sols (BUNASOL), Burkina Faso,
for analysis of the following soil properties. The percentage content of clay, sand and silt
were assessed for each sample using the Robinson pipette method on sieved soil (<2mm)
dried at 105°C (as described in Mathieu and Pieltain, 1998). Total carbon and organic matter
content were determined using the Walkley-Black method (as described in Allison, 1965).
The Kjeldahl method was used to assess the total nitrogen content and acid mineralization
was used to determine the total phosphorus content (Houba et al., 1985). Silver thiourea
attraction was used to assess the level of available phosphorus, total potassium, calcium ions
(Ca™), magnesium ions (Mg""), potassium ions (K), sodium ions (Na") while the cation
exchange capacity (CEC) was assessed according to the method described by Walinga et al.
(1989).

4.2.3.2. Soil water infiltration

Infiltration measures were made during the dry season (February 2007) using two tension disc
infiltrometers: model SW 080 and model SW 080 B (SDEC, Paris, France). The SW 080
infiltrometer has a disc diameter of 8.255 cm and the SW 080 B a disc diameter of 20 cm.
Three tensions of water pressure, -10 cm, -5 cm and 0 cm (1, 0.5 and 0 kPa, respectively),
were applied to the contact surface between the disc and the soil. The soil surface was levelled
and covered with a thin layer of wetted clean sand (Plate 4.2). The measurements were made
at two positions in each of the three concentric zones under trees and in the control plot for
the three pressure heads, starting with the lowest. Measurements were replicated twice for

each pressure and zone.

The volume of infiltrated water was recorded as a function of time from the beginning of

measurement to the end; the steady infiltration rate was determined as the slope of the
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regression of infiltrated water volume by time. The steady infiltration rate was used to

calculate the hydraulic conductivity according to Wooding’s equation:
0= K{l + i} (Equation 4.3),
o

where r (mm) is the disk radius, Q (mm h™) the steady infiltration rate, K (mm h™") the

hydraulic conductivity and a. is a constant dependent on soil porosity (Wooding, 1968).

According to Gardner (1958) there is an exponential relationship between hydraulic

conductivity (K(h)) at the applied pressure head (h) and saturated hydraulic conductivity
(Ksar):
K(h)=K_, exp(ah) ( Equation 4.4)

The calculation of K requires the measurement of infiltration for at least two pressure heads

(h; and hy). The following equations were derived from equations (4.3) and (4.4):

O(h,) =K, exp(ah, )[1 - —4—} (Equation 4.5)
mra

O(h,) = K., exp(ch, )[1 g i} (Equation 4.6)

where Q(h,) is the steady-state infiltration rate at the applied pressure head h;.

The constant o could be calculated dividing equation 4.5 by 4.6:

_ ln(Q(h/Q( )

(h, —h,)

4.7

Two values of a were calculated: a; between pressure heads of -10cm and -5¢cm and o,

between pressure heads of -5m and Ocm.

Kt was calculated using equations (4.5) or (4.6) with the o calculated from equation (4.7),
the pressure heads h; and h, fixed and the corresponding Q measured. Finally, the hydraulic
conductivity K was calculated using equation (4.4) and the parameters o and K, associated

with each of the applied pressure heads.
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Plate 4.1. Measurement of soil infiltrability using an infiltrometer SW
080 (SDEC, France)

Photograph: Casimir GARBA

4.2.3.3. Soil moisture content

Soil water content was determined gravimetrically with samples immediately weighed in the
field. Then samples were oven dried at 105°C for 24 hours to obtain dry weights. Soil water
content was calculated as the difference between the wet and the dry weights and expressed as

a percent of the wet weight.

The sampling was carried out once in the dry season and twice during the wet season of 2007.
In the dry season, two samples were taken, the first when a water infiltration of 0 cm pressure
head after steady infiltration was obtained. The second sampling in the dry season was done
close to the infiltration measurement point where soil was not watered. The two sampling
periods during the wet season were in September when rainfall was of low intensity and
intermittent (116.4 mm for 9 rainy days). The first sampling was on 18/09/2007 and the
second on 29/09/2007. At each sampling time, two soil samples were collected in each zone
of the 16 studied baobab and néré trees giving a total of 32 samples per zone and 128 samples

per sampling time.
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4.2.4.Data analysis

Data were analysed as noted in section 3.2.4 with regard to the systematic arrangement of the
concentric zones around tree. Therefore, the ANOVA General Linear Model (GLM) was used
to analyse the variation of data according to cropping years, tree species and crops while a
pairwise t-tests was used to test the variation between concentric zones and the control plot
using modules of the software Minitab 15 (Minitab Inc., USA). After a GLM analysis, means
were compared using Tukey’s test at a confidence level of 95%. The t-tests were performed
assuming that the difference between the two zones compared was equal to zero and this

hypothesis was rejected in case of a significant result of the test.

As crops performance is determined by many factors including physiological parameters and
biophysical parameters, multiple linear regressions were used to estimate the best-fitted
relationship between crop performance and the physiological and biophysical parameters. The
best subsets module of regression was run in Minitab 15 to explain the three years average
total dry matter production and yields of millet and taro by the RUEi, WUEi and RLD of
millet and taro, soil properties (contents of OM, N, P, K and water, hydraulic conductivity),
the transpiration rate of baobab and néré. The best predictors, which give the highest 1*, were
used in a regression to test if their relationship with crops performance was significant. The
distribution of the residuals of the model was checked. The t-test on predictors was examined
and when a there was no significant evidence that the coefficient of a predictor was not zero
(p<0.05) and if by removing the predictor, r* did not significantly decreased, then the

predictor was removed from the model.
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4.3. Results

4.3.1.Light interception by the crown of baobab and néré

Photosynthetically active radiation (PAR) did not vary between cropping years but was
significantly different between trees species (P<0.01) and the hours of the day (P<0.001). The

diurnal course of PAR in each zone under baobab and néré is shows in figure 4.1.

The average PAR recorded per day in the open area was 67.78 mol m™ for the three cropping
years (2006, 2007 and 2008). PAR was more reduced under néré (83%, 55% and 18%, in
zones A, B and C, respectively) compared to the values under baobab (62%, 38% and 15%, in

the zones A, B and C, respectively) (Fig. 4.1).

The highest PAR was recorded between 11 am to 12 noon under both tree species in zones B,
C and H, while in zone A, PAR level remained constant from 8 am to 3 pm (0.40 mmol m?s’

and 0.19 mmol m?s™) for Baobab and Néré, respectively (Fig. 4.1).
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Legend: —ZoneA -=-ZoneB -~ZoneC -—~ZoneH
Fig. 4.1 : Diurnal course of average PAR (mmol m? s7) received under baobab

and néré trees compared to the open area (Zone H) on 2006, 2007 and 2008 at
Nobéré (Burkina Faso)
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4.3.2. The physical and chemical properties of soil

4.3.2.1. The textural and chemical contents of soil

There was no significant difference in soil texture (% clay, % silt and % sand) between the
tree species. Clay and sand content varied significantly according to soil layer (P = 0.001 and
P = 0.003, respectively) but no variation was noted for silt content. Clay content increased
from top layer to the layer of 40-50 cm, while sand content decreased with soil depth (Fig.
4.2.). There was no significant variation between zones according to the pairwise t-tests. The
average contents were 11.52, 20.10 and 68.39%, for clay, silt and sand, respectively. The

texture of the soil was sandy loam according to FAO classification.

80.00
70.00 - o
60.00 :
50.00 -
40.00 -
30.00 -
20.00 -
1000 |
0.00 A |

0-10 1020 2030 3040  40-50

Soil layer (cm)
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Fig. 4.2 : Clay, silt and sand contents in soil layers of 0-10, 10-20, 20-30, 30-40
and 40-50 cm in a parkland at Nobéré (2007)

The organic matter and chemical contents of soil were influenced by the two species of trees.
Soil organic matter content decreased from the trunk of the both tree species to the open area
(Fig. 4.3.). The contents of N, P, K and cation exchange capacity in soils under baobab trees
(zones A and B) were higher compared to the soil of the control plot. Cation exchange
capacity of soils decreased from néré tree trunks to the open while the contents of N and K
were higher in zone A of néré trees compared to the control plot. The pH of soil was lower in
the control plot compared to zone A of both tree species (Fig. 4.3.). With the exception of the
top layer of zone A (10 cm for néré trees and 20 cm for baobab) where the pH was neutral, all
the soils pH were acidic under both tree species and in the open area.

With regard to tree species, the total phosphorus content was higher under baobab trees
(187.20 ppm) compared to néré trees (106.45 ppm) and soils under néré trees were more

acidic (pH=6.26) compared to soils under baobab trees (pH=6.78).
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Fig. 4.3 : Organic matter and chemical content of soils as a function of the depth

and zone (Nobéré, Burkina Faso: 2006)
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4.3.2.2. Soil infiltrability

At the three tensions (-10, -5 and 0 cm), the steady-state infiltration rates (Q) were not
significantly different between trees species. There was also no significant difference between
zones at tension head 0 but at tensions -5 and -10 cm, Q values were higher in zone C
compared to zones A and B under both species. The general trend in Q values was a decrease

from zone C to the tree trunks (Table 4.3).

The saturated hydraulic conductivity (Ks:) was not significantly different between tree
species. The average value for all zones of both species was 65.67£13.56 mm h'. K values

in zone A were lower compared to the values in zones B and C and the control plot (Table

4.3).

The hydraulic conductivity (K) value did not vary according to tree species at the three
tension heads. K values decreased from zone C to zone A at the three tension heads (Fig. 4.4).
As shown on figure 4.4, K values in zone C at tension — 10 cm were also significantly higher

compared to the control plot (17.12+ mm h™ and 12.27+1.33 mm h™, respectively).

Table 4.1 : Steady-state infiltration rate (Q, mm h-1) and saturated hydraulic
conductivity (Ksat, mm h-1) for the concentric zones under baobab
(Adansonia digitata) and néré (Parkia biglobosa) trees and in the control
plot at different tension heads (-10 cm, -5 cm and 0 cm), Nobéré, Burkina

Faso (2007)
Zones Tension heads
-10 cm -5 cm 0Ocm

Q+SE Q+SE Q+SE K xSE
A 26.09+4.25 43.45+£5.94 163.50+£23.93  39.77+8.36
B 30.9743.49 57.41£5.07 171.58+£16.48 75.88+20.86
C 36.62+3.74 70.71£5.29 178.30+£17.21 74.76+10.59
H 26.06+3.33 56.59+6.03 173.57£20.41 72.28+14.42
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Fig. 4.4 : Hydraulic conductivity (K, mm h™") as function of tension heads in the
zones under baobab (4dansonia digitata) and néré (Parkia biglobosa) trees (A,

B and C) and the control plot (H) at Nobéré (Burkina Faso)
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