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Abstract Tree/shrub species are used in farmer
fields of sahelian agroforestry parklands to conserve
and restore degraded lands, improve soil fertility and
increase crop yield. A field study was conducted to
investigate the effect of five tree species (Annona
senegalensis, Balanites aegyptiaca, Faidherbia
albida, Guiera senegalensis and Piliostigma reticula-
tum) on soil fertility and crop yield under different
fertility management practices in semi-arid Niger.
Three factors (tree species, positions to tree trunk and
fertilizer management) and four levels of fertilizer
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microdosing management (DAP, NPK, manure and
control) were investigated. We found that tree species
improved soil fertility and crop yield differently. F.
albida, improved the soil quality far better than other
four tree species for all soil nutrients analyzed. The
highest millet yield was recorded under P. reticulatum
and F. albida for both grain (1011 and 1005 kg ha™",
respectively) and straw yields (3662 and
3786 kg ha™!, respectively). The yield was found to
be two- to four-folds higher under direct tree crown
compared to close neighborhood or treeless outside.
The combined tree species and fertilizer effect were
additive and the positive effect can extend to the
outside crown. However, the combined effect of
mineral fertilizer with tree species on yield was better
than that of manure. Integrated tree species and
moderate fertilizers was effective and can be used as
a sustainable fertility management practice in Sahelian
countries where organic amendment is frequently
scarce and it is difficult for smallholder farmers to
adopt high recommended mineral fertilizer for crop
production. Further investigations are needed to assess
the economic performance and the long-term sustain-
ability of the integrated trees and soil fertility
management in the Sahel.

Keywords Tree species - Tree-crop integration -
Fertilizers management - Millet yield - Sahel
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Introduction

Pearl millet is the primary staple crop in Niger which
is widely grown in semi-arid to arid climate due to its
adaptation to erratic and low rainfall, low soil fertility
and frequent droughts (Ibrahim et al. 2016). Declining
soil fertility was reported to be the primary limiting
factor of millet productivity in Sub-Saharan Africa
agriculture (Bationo and Mokwunye 1991). A long
term low input agriculture on sandy soil texture with a
poor structure and low organic matter combined with
wind erosion are the major causes of soil fertility
decline.

In Niger where soils allocated for crop production
are very low in Nitrogen and Phosphorus (Bationo and
Mokwunye 1991), application of mineral fertilizers
are recommended to improve crop yield (Fatondji and
Ibrahim 2018). Ibrahim et al. (2015) reported that plots
which received fertilizer microdosing of 6 g NPK /hill
and 2 g DAP / hill increased millet grain yield
respectively by 39% and 72% compared to control
plot. Vanlauwe et al. (2014) reported that the use of
mineral fertilizer is a key component for agricultural
intensification. But it has been shown from long-term
experiments that lone application of this fertilizer
could not sustain nutrient reserves and consequently
decline soil fertility and crop yields (Schlecht et al.
2006; Camara et al. 2013). The decline in soil fertility
and crop yield due to the continuous use of mineral
fertilizer might have resulted from many mechanisms
such as decreasing soil organic content, base satura-
tion, increasing exchangeable aluminium and aggra-
vation of soil acidification (Adams et al. 2016). In
addition, nutrients uptake to straw and grains were
higher than were added to the soil (Bationo et al. 2007,
Ibrahim et al. 2015). Literature, also showed that
combined application of inorganic fertilizer and
organic amendment could minimize the negative
effect the mineral fertilizer alone (Akponikpe et al.
2008; Ibrahim et al. 2016). The combined use of
organic amendment could compensate many environ-
mental functions such as supply of carbon to the soil,
improvement of soil micro-organims activity, nutri-
ents mineralization, soil physical quality and rehabil-
itation of degraded lands, but organic sources are
limited in this environment.

Tree-crop integration is a soil management practice
used by smallholder farmers in the Sahel and through
Sudanian and Guinea Savannah ecozones to improve
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and maintain soil fertility level, reduce crop water
stress, and increase crop yield (Bayala et al. 2012;
Abasse et al. 2013). Indigenous trees are also main-
tained on farm-fields for a wide range of non-timber
forest products (NTFPs) (food, fodder, medicines,
etc.) and wood-products (poles, wood-fuel, etc.) (Faye
et al. 2011). The use of trees in cropland has been
shown to increase soil organic matter and improve soil
quality (Dossa et al. 2013).

Literature showed that trees presence plays an
essential role in soil nutrients improvement and crop
yield (e.g. Kater et al. 1992; Bayala et al. 2012).
Preliminary studies in Niger under F. albida in
farmers’ fields showed that millet yield was about
36% higher than in the open area (Kho et al. 2001).
Other studies showed the potential benefits effect of P.
reticulatum leaf litter mulching in Burkina Faso to
improve soil moisture, restore degraded soil and serve
as a windbreak for seedling (Yélémou et al. 2014).

By maintaining soil fertility, trees/shrubs improve
nutrients recycling, and soil nutrients use efficiency
in low fertility conditions (Wezel et al. 2000; Dossa
et al. 2013). In these soil conditions of Saheliens
countries, Dossa et al. (2013) reported that the
integration of trees/shrubs-crops could be used to
minimize nutrient losses through leaching and to
recycle part of applied nutrients better. Moreover,
the use of crop residues or mulching and manure are
among other methods used to avoid soil particle
transport by wind, reduce water splash on soil,
increase soil moisture and to improve soil fertility
(Bationo and Mokwunye 1991; Bielders et al. 2002).
To improve crop yield, several practices are often
used in spatial combination by Sahelian smallholder
farmers in the same field because of the limited
nutrients resource. There is, therefore, a need to
better understand the differential effect of tree
species under different fertilizers management prac-
tices on crop yield. The main scientific questions of
this study were the following. Do different tree
species improve crop yield in the same manner?
How is tree effect influenced by fertilizers and
manure? Are these effects influenced by distance or
position to tree trunk?



Agroforest Syst (2021) 95:717-730

719

Materials and methods
Description of study area

The study was conducted in the village of Korto (13°
49' 29" N; 2° 69’ 28" E, 183 m asl), 12 km south of
Dantiandou rural district and 90 km West of Niamey
the capital, (Niger). In this locality, soils are classified
as Arenosol (FAO classification system) or Psammen-
tic Paleustalf (USDA Soil Taxonomy) with 90% of
sand in horizon A, high infiltration rate, low organic
carbon and low cation exchange capacity CEC (Diallo
et al. 2019). The climate is semi-arid characterized by
erratic rainfall events and a monomodal rainy season
that occurs between June and September, and yearly
average rainfall is about 560 mm (Sivakumar et al.
1993). The average temperature is 29 °C.

Subsistence farming is a common practice in Korto.
Farmers rely on rain-fed agriculture associated gener-
ally with trees and shrubs. The major crop is pearl
millet grown alone or in association with cowpea
(Vigna unguiculata) or roselle (Hibiscus sabdariffa) to
improve further soil quality, weed control, millet yield
and on-farm income.

Tree/shrubs species studied

The present study includes five tree/shrubs species:
Annona senegalensis (Pers., Annonaceae), Balanites
aegyptica (L. Del., Zhygophyllaceae), Faidherbia
albida (Del. A. Chev., Fabaceae), Guiera senegalensis
(J. F. Gmel, Combretaceae) and Piliostigma reticula-
tum (DC. Hochst., Fabaceae). B. aegyptiaca, F. albida
and P. reticulatum are classified as trees of 6—12 m,
20-30 m and 10-15 m optimal natural height respec-
tively, whereas A. senegalensis and G. senegalensis
are considered as shrubs or small trees with 2—6 m and
3-5 m optimal natural height respectively. Character-
istics (Height, DBH, crown diameter) of the selected
trees are showed in Table 1. F. albida and P.
reticulatum are leguminous species. The five species
under study are among the commonly found trees in
Sahelian agroforestry parkland and in tropical dry
forests. They are adapted to modern yearly pruning
known as Farmer Managed Natural Regeneration
(FMNR) developed in the region. FMNR consists of
leaving a certain number of shoots per stump to
regenerate in the field (Cunningham and Abasse
2005). The excess shoots are cut, and side branches

trimmed halfway up the stems. These species are
recognized not to hinder crop growth (Dossa et al.
2013). They are managed in Sahel regions for their
substantial contribution to rural communities’ welfare
as they provide wood, food, fibre, wood-fuel and
medicines and some environmental services like
windbreaks, live fences, soil and water conservation
and fertility improvement (Faye et al. 2011). When
herbaceous forage becomes scarce in dry season, these
trees are pruned to feed livestock due to the high
nutritive quality of their fodder and their palatability to
stall-fed and browsing. Also, trees serve as a habitat
for insect pollinator and migratory or native birds that
may enhance agroforestry parkland productivity
(Sanchez 1995).

Experimental design

The experiment design was a pseudo-split-split-plot
design with tree replications. Tree species were
considered as main plots, positions to tree trunk
(DUC, CNH and OUC) and fertilizer treatments
(DAP, NPK, manure and control) as subplots and
sub-subplots respectively. The trial was conducted
during 2015 and 2016 rainy seasons and three
individual mature tree/shrubs of A. senegalensis, B.
aegyptiaca, F. albida, G. senegalensis and P. reticu-
latum; were randomly chosen within the individuals of
the given species present in one farmer field under
parkland used for pearl millet cropping. Each concen-
tric zone around each tree specimen was divided into
four equal segments which received a given fertilizer
treatment (Fig. 1). Three concentric zones were con-
stituted around each tree according to its crown size
(experimental design, Fig. 1.):

1. Direct under crown (DUC) zone: from tree trunk
of each tree up to the edge of the crown,

2. Crown Neighbourhood (CNH) zone: from the
edge of the tree crown up to 2 m away,

3. Outside Crown (OUC) zone: from 2 m, away from
the crown up to 4 m away.

Tree crown was divided in four parts for fertilizer
treatment use: Diammonium Phosphate (DAP), Nitro-
gen- Phosphate-Potassium compound fertilizer
(NPK15-15-15), manure and no fertilizer control.
Concentric zones were used to reduce directional
biases to crop yield variability and to separate the
different influence zones of trees. In 2015 cropping
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Table 1 Average characteristics of the selected tree species for the study in the village of Korto farmers field (N = 3 for each tree

species)

Species Group Tree height [optimal height] Trunk diameter at breast height DBH Crown diameter
(N'=3) (m) (cm) (m)

A. Non- 1.67 & 0.29 [2-6]** 24.34 £ 14.01 3.43 £ 0.16

senegalensis leguminous

B. aegyptiaca  non- 5.84 + 0.82 [6-12]*" 116.67 + 28.87 7.02 £ 0.86
leguminous

G. Non- 2.14 + 1.1 [3-51** 397 £0.53 22+ 156

senegalensis leguminous
F. albida Leguminous 11.14 £ 3.2 [20-30]* 146.67 £+ 61.1 148 £54
P. reticulatum  Leguminous 1.47 £ 0.92 [10-15]** 22.34 £+ 21.46 2.65 + 0.86
+ Standard deviation, *Sotelo Montes et al. (2012), #Orwa et al. (2009)

DUC zone
Tree trunk
DAP application
CNH zone OUC zone

Manure application

NPK application

Fig. 1 Experimental design with concentric zones around tree trunk (DUC zone: direct under crown zone, CNH zone: crown
neighbourhood or transition zone, OUC zone: outside crown or treeless zone)

year, the only two first modalities of the crown
positions factor were considered: direct under the
crown (DUC zone) and crown neighbourhood (CNH
zone).

Fertilizer application

In this experiment, four fertilizer levels were used. A
no fertilizer control, 2 g of DAP per hill corresponding
to 20 kg DAP ha™' (equivalent to 4 kg P ha™' and
3.6 kg N ha™'); 6 g of NPK fertilizer per hill corre-
sponding to 60 kg NPK ha~' (equivalent to 4 kg P
ha™', 9 kg N ha~! and 7.47 kg K ha™"). These rates
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are the standard farmers’ recommended microdose
ones in the study area (Tabo et al. 2007). Manure was
applied by hill placement (Fatondji et al. 2009). Small
planting hills were dug and 20 g hill ™' of manure was
applied which represented 200 kg ha™' (equivalent to
75 10°kg P ha!, 56kgNha' and
0.28 kg K ha™'). For the current study, fertilizer
microdosing was applied two weeks after sowing
and manure was applied before planting.
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Planting and crop management

The local variety of pearl millet “Haini-kirey” (120
maturity days) commonly used in the region was sown
at the onset of the rainy season on 24 June in 2015 and
25 June in 2016. The plants were thinned to two plants
per hill corresponding to the recommended density of
10.000 hills per hectare.

Data collection
Soil sampling and analysis

Soil samples were taken in 2015 under direct crown
(DUC zone) and crown neighborhood (CNH zone) of
each tree species. Under DUC zone and CNH zone
(1-2 m from crown limit), and prior to fertilizer or
manure application one sample was taken under each
tree zones for the four cardinal directions (middle).
Then, the samples were bulked into one composite
sample for each soil depth. Soil samples were taken
with soil auger at three depths (0-10 cm, 10-20 cm
and 20-30 cm). Soil samples were air dried and sieved
(2 mm) before chemical analysis. The soil samples
were analyzed in the laboratory of the National
Agricultural Research Institute of Niger. Each sample
was analyzed for pH (H,O) using pH meter (with a
1:2.5 soil:water ratio), soil organic carbon (SOC) by
Walkley and Black (1934), total nitrogen (N) was
determined using Kjeldahl method. Soil available
phosphorus was determined using the Bray-1 method
described by van Reeuwijk (1993). Exchangeable
bases were determined by the ammonium acetate
(NH40Ac) solution at pH 7 using the
extractable method. In each treatment, the yield
parameters were measured at harvest (number of hill,
heads, weight of fresh and dry stems and grains).

Statistical analysis

In the present study, data were checked for variance
homogeneity and normality. Pairewise 7-test was used
to test the effect of crown positions to the tree trunk
because it is not possible to randomize the concentric
zones under tree gradient influence (Sanou et al. 2012;
Bayala et al. 2015). Therefore, it is not possible to
calculate a valid estimation error because residuals of
tree influence zones are correlated. The variation
between cropping years, tree species and interaction

were analyzed using General Linear Model (GLM)
analysis of variance in Genstat discovery v9.2. When
year by the treatment analysis was significant, the
analysis was done for each year. Differences between
treatments were considered at an error probability of
0.05 and means were separated using the least
significant difference (LSD).

Results
Rainfall distribution during the cropping period

The cumulative rainfall recorded throughout the
growing season was higher in 2015 compared to
2016 (774 mm and 668 mm, respectively). Moreover,
rainfall was more evenly distributed in 2015 compared
to 2016 (Fig. 2). A dry spell of 23 days occurred from
97 to 120 days after sowing (DAS) and coincided with
grain filling and maturing stage in 2016. The growing
season of 2016 was a harsh year that may severely
impact productivity in the region.

Long-term differential effect of trees on soil
chemical properties

There was significant difference of tree species for all
the parameters analyzed (P < 0.001) pH, SOC, N, P
CEC K and Mg (P < 0.01). The highest values were
recorded under F. albida (pH, SOC, N, P, CEC, K, Mg,
Ca) (Table 2). The lowest means were reported under
B. aegyptiaca for pH, A. senegalensis for SOC, P.
reticulatum for P, G. Senegalensis (for CEC, K, Mg
and Ca).

There was a significant difference among positions
to tree trunk for only SOC content (P < 0.01, Table 2).
A slightly higher mean of SOC was recorded under
DUC zone (0.15 £ 0.01%) compared to CNH zone
(0.14 + 0.01%, Table 2).

Grain and straw yields

Year effect

There was a significant interaction between the
cropping years and tree species (Year x Species) for
both grain and straw yields. Therefore, the yield of

each growing season was analyzed separately
(Table 3).

@ Springer
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Fig. 2 Rainfall distribution in 2015 (upper panel) and 2016 (lower panel)

The results showed that grain and straw yields were
significantly affected by the cropping years
(P < 0.001) (Table 3). Average millet grain and straw
yields were better in 2015 compared to 2016.

Effect of tree species and positions to tree trunk
on millet performance

There was a significant effect of tree species on both
grain and straw yields (P < 0.001) in 2015 only
(Table 3). Millet yield was higher under P. reticulatum
and F. albida while the lowest yield was recorded
under B. aegyptiaca (64% less). The highest straw
yield was observed under F. albida and the lowest
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under A. senegalensis. There was no significant
difference in both millet grain and straw among tree
species in 2016 (Table 3). Yet, numerically higher
millet grain yield was recorded with P. reticulatum
compared to the lower grain yield observed with F.
albida. The highest straw yield was observed with F.
albida and the lowest with B. aegyptiaca.

There was a significant difference among positions
to tree trunk for both grain (P < 0.01) and straw yield
(P < 0.001) in 2015 and also for both grain (P < 0.05)
and straw yield (P < 0.05) in 2016 (Fig. 3). In 2015,
both millet grain and straw yields were higher in DUC
zone with an increase of 117% and 122%, respec-
tively, compared to the CNH zone. In 2016, millet
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Table 3 Grain and straw yields in 2015 and 2016

Treatments Grain yield + STD (kg ha™") Straw yield & STD (kg ha™")
2015 2016 2015 2016
A. senegalensis 517 + 475.68b ND 1805 + 1384.01b ND

B. aegyptiaca
F. albida

G. senegalensis
P.reticulatum
LSD

Year

Species

Year x Species
Species (S)
Fertilizers (F)

Species x Fertilizers

365 £ 266.96b
1005 + 453.33a
544 + 529.34b
1011 £ 1025.44a
346.4
df F pr
1 < 0.001
4 < 0.001
4 < 0.001
4 < 0.001
3 ns
12 ns

137 + 116.58a
136.3 £ 119.49a
ND

169.4 £+ 125.75a
56.4

F pr

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001
0.02

1870 £ 1221.50b
3786 + 1767.16a
2175 £ 1772.51b
3662 + 2774.11a
1065.7

F pr

< 0.001

< 0.001

< 0.001

ns

ns

ns

499 + 604.68a
779 £ 622.69a
ND

571 £+ 660.14a
294.2

F pr

< 0.001

< 0.001

< 0.001

ns

< 0.001

ns

df degree of freedom, F pr. Fisher’s probability (of significance), Average values £ STD standard deviation, ND non-determined, ns
non-significant; Different letters show difference between treatments
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3
Cd 800 -
=
£ 600 A b
£
[
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Fig.3 Average grain and straw yields in 2015 and 2016 under crown positions regardless all tree species and fertilizers treatment. The
vertical bars show LSD and different letters indicate difference between treatments
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grain yield was higher in DUC zone while the lower
grain yield was recorded in CNH zone, although not
significantly different from that of the treeless OUC
zone. The same trend was observed with straw yield
which was significantly higher in DUC zone compared
to CNH zone and OUC zone.

Effect of fertilizer on millet performance

There was a significant difference among fertilizer
treatments in 2016 for both grain (P < 0.001) and
straw yields (P < 0.001) but not in 2015. In 2016, the
highest millet grain yield and straw were recorded
with DAP, while the lowest were observed with the
control. There was no significant difference between
NPK fertilizer and manure amendment. But, the grain
yield was numerically higher with NPK fertilizer
compared to that of manure while the opposite was
observed with straw yield. A similar trend was
observed in 2015, although not significant when the
higher grain yield was recorded with fertilizer micro-
dosing compared to manure and the control. On
average, millet yield was increased by 30% for DAP
and 13% for NPK. There was no significant difference
between manure and the control.

A significant interaction between tree species and
fertilizer (P < 0.05, Table 3) was observed for grain
yield in 2016 (Fig. 4). Under B. aegyptiaca, the
response of millet grain yield to DAP was the highest
while it was the lowest with manure, NKP and the
control.

350

Discussion
Year effect

There was a significant cropping year effect in millet
grain yield and straw in the current study, where grain
yield and straw were higher in 2015 compared to 2016.
This could be attributed to the higher amount and
better rainfall distribution observed in 2015 compared
to 2016, which favoured better plant growth and
productivity (Fatondji and Ibrahim 2018). The inter-
action between rainfall amount and nutrients use was
reported in Sahelian soils conditions and dry spells are
detrimental to yield when it occurs at sensitive crop
stages like grain filling and maturity (Akponikpe et al.
2008; Ibrahim et al. 2016; Fatondji and Ibrahim 2018).
When fertilizer was applied, rainfall is beneficial to
dissolve dry fertilizers and move nutrients into the
plant rooting zone that can favour crop growth and
development. Rainfall by increasing soil moisture
increase organic matter mineralization and soil nutri-
ent availability for plants. Dry spells in drought years
induce water stress aggravated when fertilizer is
applied. In semi-arid zones, where drought is frequent,
adequate amount and well distributed rainfall provide
the required water, allowing plants to benefit from
moisture and nutrient uptake.

300 ~

250 A

200 -

150 +

100 4

Grain yield (Kg ha'!)

50 4

DAP Manure

0 B. aegyptiaca EF.albida EP.reticulatum

NPK Control

Fertilizers

Fig. 4 Interaction effect between tree species and fertilizers in 2016 on millet grain yield. The vertical bars show LSD
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Trees species improve differently soil fertility
and millet yields

The results showed that millet yield and straw differed
among tree species. The grain yield was higher under
P. reticulatum and F. albida compared to other tree
species. These results corroborate previous findings on
soil fertility improvement by the two species (Dossa
et al. 2013; Diallo et al. 2019). In this study, soil
nutrients analysis showed that tree species influenced
the distribution of soil nutrients differently. The higher
mean of pH, SOC, N, P and K analyzed was recorded
under F. albida and the higher mean of CEC, Mg and
Ca was observed both under F. albida and P.
reticulatum compared to other species. The current
results reinforce the earlier reported by Diallo et al.
(2019) on soil fertility regarding the effectiveness of
F. albida and P. reticulatum to improve soil fertility in
millet based systems of Sahelian regions. This differ-
ence may be explained by tree leaf nutrients content,
released through mineralization and crown morphol-
ogy (Kater et al. 1992). The importance of F. albida
and P. reticulatum in soil fertility and crop yield
improvement have also been shown in the literature
(e.g. Kho et al. 2001; Dossa et al. 2013; Yélémou et al.
2014). F. albida (N-Fixing) and P. reticulatum (not
N-fixing) are leguminous tree species which have
compound leaves made of leaflets which are prone to a
more rapid decomposition and mineralization
(Rhoades 1995). In addition, the crown size of tree
species may be considered as another factor, which
can make a difference in soil fertility improvement
and consequently in crop yield. Wezel et al. (2000)
reported that P. reticulatum trees have denser and
compact foliage, which may trap more dust sand than
other species. These dust sand ameliorate top soil
layers in nutrients (Bielders et al. 2002). In this study,
the mean value of CEC was higher under the two
species (F. albida and P. reticulatum, 15.56 and 7.5
respectively) compared to the other species (A.
senegalensis, B. aegyptiaca and G. senegalensis,
6.72; 3.1 and 0.72 respectively). High soil CEC
indicates high organic matter content and conse-
quently a greater water holding capacity for crop
benefit. The decomposition of organic matter
increases the availability of essential nutrients such
as K, Ca, and Mg for plant uptake, improving crop
growth and development. Wezel et al. (2000) reported
that the influence of tree species on soil pH explains
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the CEC behaviour as a function of the species. These
authors showed that an increase of one pH unit leads to
a decrease of 30% of AI’" + H™ saturation and an
increase of 30% of Ca’" saturation. Besides, the
difference between tree species can be linked to the
type of litter produced. Indeed, G. senegalensis have
acidic litter than P. reticulatum, the decomposition of
acidic litter leads to leaching of Ca2+, which is
replaced by H™ and AI’T in the exchange capacity
(Wezel et al. 2000). The mean value of pH was higher
under P. reticulatum than G. senegalensis. Higher
CEC content in soil increase the availability of
nutrients in soil solution that may explain an improved
crop yield under their species (F. albida and P.
reticulatum).

In this study, except for pH, Mg and Ca, all soil
nutrients contents were numerically higher under tree
crown (DUC) compared to the neighbourhood (CNH)
and the outside crown (OUC). Diallo et al. (2019)
reported no difference for Mg under DUC and CNH.
In the current study, the mean of SOC was higher
under DUC compared to CNH. Under direct tree
crown, there was an accumulation of organic matter
due to the accumulation of leaf litter, which increase
micro-organisms activities. The decomposition of
organic matter under tree crown increase soil nutrients
release (Diallo et al. 2019). Rhoades (1997) reported
that the soil near the tree trunk is also rich in nutrients
because of the leaching of dust from the leaf surface,
scraps of dead insects and nutrients from the tree trunk
carried by flowing water or rainfall, which concen-
trates under tree crown. Also, Wezel et al. (2000)
showed that in the presence of shrubs, the soil
properties (N, P and K) were significantly high within
0.50 m radius from the tree trunk and became less
outside 1.50 m radius. This improvement of soil
fertility increase crop yield and straw dry matter
under tree crown compared to outside crown.

Another reason for the differential tree species
effect on soil quality and crop productivity may be
linked to sunlight incidence. Trees and shrubs may
reduce the amount of sunlight reaching soils and crops
through shading (Bayala et al. 2015) depending on
crown dimensions, tree phenology and leaf density.
Tree species by reducing sunlight projection under
crown, may also moderate soil temperature and
evapotranspiration. Light (amount and direction)
affect soil organisms repartition that affects organic
matter decomposition (Boffa 1999). Under crown, soil
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moisture is increased and induces organic matter
decomposition by soil micro-organisms that better
improve soil quality and crop yield under tree crown
than outside crown. In Niger, Vandenbelt and Wil-
liams (1992) reported an improved millet growth
during seedling establishment due to the positive
effect of shade on soil water and temperature. In
contrast, a yield depression was reported under trees
due to the reduction of light intensity for C, plants that
were adapted to higher sunlight intensities (maize,
sorghum) compared to C; crops (millet) which were
known to tolerate lower light intensities (Sanou et al.
2012; Bayala et al. 2015). Furthermore, F. albida has a
reverse phenology. In full leaf during dry season it
defoliates at the beginning of the rainy season
minimizing light competition between trees and crop.
Tree crown orientation has also a significant impact on
soil nutrients contents due to wind direction or
asymmetrical crown distribution on organic matter
accumulation. In Mali, Diakité (1995) reported higher
soil nutrients concentration in the west side of V.
paradoxa than in the east due to the north-eastern
Hamattan winds. In addition, in Malawi, Rhoades
(1995) reported that nitrogen was mineralized more
rapidly on the northern and eastern sides of large F.
albida canopies compared to the southern one,
because canopy volume is greater on the north side
of trees where the sun trajectory is during the growing
season. In the present study, differential sunlight
incidence and related effect might have been minimal
as tree and shrub species used for experiments were
pruned yearly to avoid competition for light, soil
nutrients and water between tree species and crops
according to the FMNR practice implemented in the
region.

Integrated tree species and fertilizers further
increase grain and straw yields

The results showed that grain yield and straw differ
among fertilizers types. Fertilizer improved millet
yield and straw compared to the unfertilized control.
The yield improvement was in agreement with the
findings of recent studies in West Africa on fertilizer
use in farmers’ fields (Bielders and Gérard 2015;
Tovihoudji et al. 2017). An increase in millet grain
yield associated with fertilizer application could be
explained by the low inherent soil fertility and low
organic matter characteristics of the Sahelian sandy

soil, which contribute to the positive response of pearl
millet to any application of soil fertility management
(Fatondji and Ibrahim 2018). These amendments
induce better development and plant growth, which
relatively increase yield production. In the present
study, the positive response of manure application
may have been enhanced because of the hill placement
of manure. The positive effect of manure hill place-
ment can be attributed to the supply of additional
nutrients such as Ca and Mg and the early root
proliferation favoured by this method (Fatondji et al.
2009). Ibrahim et al. (2015) reported that the positive
effect of manure hill placement could result from a
better scavenging of the limited amount of nutrients by
the roots due to the early root proliferation favoured by
manure hill placement. The positive effect of manure
application in sandy soil can be explained by low
organic matter level which may limits nutrients and
soil water retention. In addition, manure fertilizer
decomposition increases available P and exchange-
able K but mineral fertilizer increases strongly avail-
able P and to a lesser extent exchangeable K
(Tovihoudji et al. 2017). This explains, the present
result, which showed that the higher crop yield was
recorded with mineral fertilizer microdosing. In
general, mineral fertilizers release nutrients faster,
making them readily available to be used by plant
immediately and its ability to improve the early crop
development (Tabo et al. 2007).

Pearl millet response to microdosing depends on
the type of fertilizer applied. The study showed that
millet yield was better increased with DAP compared
to NPK fertilizer. The higher response of pearl millet
with DAP in Sahelian sandy was due to the higher
supply of ammonium that stimulates plant use of soil
water and nutrients (Bagayoko et al. 2000; Bielders
and Gérard 2015). The result showed that under tree
species the fertilizers microdosing performance is
better than that of manure and the control. Moreover,
the effect of one fertilizer management alone (like
manure or fertilizer micro-dosing and the use of tree
species) cannot reach the crop optimal need leaving a
gap on yield due to the very low soil fertility in
Sahelian soils. The combined effect of tree species and
fertilizers management practice can lead to better
achieve crop needs and consequently to increase crop
yield. Many authors reported that to obtain better crop
yield in Sahelian sandy soil, it is necessary for
smallholder to combine minerals fertilizer with
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organic amendment (Akponikpe et al. 2008; Bielders
and Gérard 2015).

The presence of trees in Sahelian farmer fields
increases soil moisture availability, which enhances
micro-organisms activities, including mycorrhizae,
leaf litter decomposition, and nutrient mineralization
(Dossa et al. 2009).

Kessler and Breman (1991) reported that long
taproot permit species to exploit water and nutrients
leached to deep soil layers. These nutrients were then
recycled upward to the topsoil through leaf litter
(Kessler and Breman 1991). This can explain the case
of F. albida which has deeper roots that can reach
40 m (Vandenbelt 1992) compared to B. aegyptiaca
(7 m), G. senegalensis (4 m) and P. reticulatum
(between 2.5 and 3 m) and A. senegalensis (between
1.5 and 1.8 m), (Diack et al. 2000; Rabelo et al. 2016).

Moreover F. albida is a leguminous tree and
leguminous tree are well known for nitrogen fixation,
which, also may be limited by soil phosphorus content
(Divito and Sadras 2014; Martins et al. 2017). In this
study, higher mean content of phosphorus was
recorded beneath F. albida, which can increase
nitrogen fixation (Kessler and Breman 1991). The
symbiosis between roots and rhizobia-mycorrhiza
association, and leaf litter decomposition by micro-
organisms, both influenced by soil moisture, increase
nutrients release and uptake by millet crop under F.
albida compared to other species (Vandenbelt 1992;
Kho et al. 2001; Diallo et al. 2019). Although P.
reticulatum is not an N- fixing species, several studies
suggest that its leaf litter increases micro-organisms
activities and nematodes diversity, which improve soil
organic matter decomposition and nutrient mineral-
ization, improving soil quality (Kizito et al. 2006;
Dossa et al. 2009).

Under B. aegyptiaca, the response of millet grain
and straw yield to DAP was higher while it was the
lowest for other tree species under manure, NKP and
the control. The chemical analysis showed that soil
under B. aegyptiaca was acidic with low CEC
indicating low organic matter. Indeed, low soil P
content was also recorded beneath this species. The
acidity increases Ca>" leaching, which is replaced by
H" and AI’" in the exchange capacity (Wezel et al.
2000). Ibrahim et al. (2015) reported that small dose of
DAP fertilizer can increase the pH surroundings crop
roots zone and increase soil nutrients availability (P,
Ca and Mg) at early crop growth and development and
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might explain the better crop yield with DAP under B.
aegyptiaca compared to the other species (F. albida
and P. reticulatum).

Conclusion

Tree/shrubs species are essential for soil fertility
restoration mainly in semi-arid zone like in Niger
where the low soil fertility is the primary constraint of
crop production. A field study was conducted to
investigate the combined effect of tree species and soil
fertility management practice on millet yield. We
found that tree species improve soil fertility and crop
yield differently and better under direct tree crown
compared to the neighbourhood and treeless outside
zones. F. albida and P. reticulatum improved more the
crop yield than the other tree species. Integrated tree
species and fertilizers performed far better than that of
the control. Higher millet grain and straw yields were
recorded with mineral fertilizer microdosing (DAP)
under tree species. The combined trees and fertility
management, mainly mineral ones were effective and
can be used as an integrated fertility management
practice in Sahelian countries where organic amend-
ment is generally scarce and smallholder cannot affort
purchasing the recommended quantity of mineral
fertilizer for crop production. We recommend, Tree
species selection in farmer field based on soil nutrients
improvement and integration with moderate fertilizers
to sustain food production for Sahelian smallholder
farmers where low soil fertility is yet the primary
constraint for crop production. This experiment covers
only two years and included few replicates of tree
species while tree effect occurs on the long run
involving several factors. Further investigations
would be needed to assess the the economic perfor-
mance, for instance using a system productivity
perspective, and the long-term sustainability of the
integrated trees and soil fertility management in the
Sahel.
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