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Niger: case of the apple of the
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Cultivation of the ‘Apple of the Sahel (also known as Indian Jujube) is central
to the food security, nutrition, and income of rural communities in developing
countries like Niger. However, rainfall variability significantly impacts the
development of this plant. This study aims to determine the effects of seasonal
water regimes on the growth and productivity of the Apple of the Sahel. The
trials were conducted in 2020 and 2021 during the rainy and dry seasons at
the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT)
experimental site in Sadore, Niamey, Niger. The experiment was arranged in a
factorial design with three irrigation doses (D) and three irrigation systems (G) as
main and subplot factors, respectively. The sub-subplot factors were irrigation
frequencies (F) and growth boosters (B), each with two levels. In the dry season,
irrigation dose application significantly (p = 0.001) increased soil volumetric water
content (vwc). A similar increase in soil vwc was achieved under small-scale drip
irrigation with an application of the same dose of organic material (p = 0.001).
The diameter of the Apple of the Sahel trees significantly increased (p = 0.03)
under the small-scale drip irrigation systems with 6.72 mm recorded under the
two-drip irrigation system (G,) as compared with the manual system (Go). In the
dry season, the total fruit harvest of Apple of the Sahel recorded had increased
(p = 0.04) under the irrigated system, varying from 112 to 246% depending on
the number of drippers, and compared to the manual system. These results
highlight that small-scale drip irrigation should be used in combination with
appropriate water and fertilizer management to improve water availability and
tree yield in agroforestry systems in arid regions such as Niger.
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1 Introduction

In Niger, a Sahelian country located in West Africa’s Sudano-
Sahelian zone, the agro-silvo-pastoral sector employs more than 80%
of the population. Hence, it is considered to be the most significant
sector and the primary source of income for the majority of the
population (FAO, 2017). Farming is dominated by family farms where
subsistence agriculture and dryland farming are mostly practiced. The
major crops grown include pearl millet (Pennisetum glaucum L.),
cluster bean [Cyamopsis tetragonoloba (L.) Taub.], and rice (Oryza
sativa L.). However, these sectors are heavily impacted by climatic
hazards and the pressure of an increasing population, leading to the
continuous degradation of natural resources and limiting their
potential to increase and sustain their contribution to family food
security (Traore et al., 2015; FAO, 2017; Nord et al., 2022). To reverse
this problematic trend, some essential change within the sector is
required, such as implementing initiatives to establish a more
integrated agricultural sector focusing on the development of
manpower employment, food self-sufficiency, and the production of
feedstock for both domestic use and export. Nonetheless, the
introduction of high-value fruit trees in the Sudano-Sahel rain-fed
agroforestry production system could help improve farmers’ income
as part of their annual crop production system (Leakey et al., 2005,
2017). Despite the reported benefits, the rate of agroforestry adoption
in the Sudano-Sahelian zone remains relatively low (Zougmoré
etal., 2018).

In Niger, integrating trees with high socioeconomic and
environmental value into the landscape plays vital social and
economic functions, including the provision of goods and services
for small-scale farmers (Adamou, 2009; Ibrahim et al., 2015b; Rabiou
et al., 2017). Ziziphus mauritiana L, also known as the ‘Apple of the
Sahel’ or ‘Pomme du Sahel’ in French, and commonly referred to as
the Indian Jujube or Indian Plum, is a multipurpose small tree species
belonging to the Rhamnaceae family, varying in form from shrubs to
small- or medium-sized trees that can be erect, semi-erect, or
spreading. This species is typically cultivated in the dry regions of
Africa and South Asia (Pasternak et al., 2009). It is commonly
cultivated in salt-affected arid and semi-arid areas for its nutritious
fruits, leaves, and wood (Singh and Meghwal, 2020). To cope with
salinity stress, the Apple of the Sahel uses adaptive mechanisms such
as enhanced root growth for water uptake (Ramoliya and Pandey,
2007), Na+exclusion (Gupta et al., 2002), maintenance of leaf
turgidity (Nejat and Sadeghi, 2012), increased accumulation of
osmolytes such as proline (Abdollahi et al., 2013), and activation of
free radical scavenging antioxidant systems (Sengwa et al., 2008). The
Apple of the Sahel enables diversified and sustained agricultural
production (Bado et al., 2021; Singh et al., 2021). Furthermore, the
fruits of the Apple of the Sahel contribute to income generation while
improving the productivity and resilience of farming systems (Singh
and Meghwal, 2020; Bado et al.,, 2021). They also contribute to
improving household food and nutritional security. Hence,
cultivation of the Apple of the Sahel is central to food security,
nutrition, and health, and a source of income for smallholder farmers
in arid and semi-arid areas (Ganaba et al., 2007; Singh et al., 2021).
In the arid and semi-arid zones, smallholder producers generally
cultivate crops using traditional practices for crop husbandry, fertility
management, and irrigation under the most popular integrated
agroforestry/cropping system. It includes growing crops such as pearl
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millet (Pennisetum glaucum L.), moth beans [Vigna aconitifolia
(Jacq.) Marechal], and cluster beans (Cyamopsis tetragonoloba L.)
under the Apple of the Sahel trees (Bado et al., 2021; Singh et al.,
2021). However, the proper development of this plant is impacted by
the variability of soil moisture in the rainy seasons, resulting in poor
fruiting (Ibrahim et al., 2015b). Furthermore, the growth dynamics
of trees depend on various factors, including the function of species,
socioeconomic profile (Singh and Meghwal, 2020; Singh et al., 2021),
agro-climatic conditions, and edaphic factors (Ibrahim et al., 2015b;
Singh et al., 2021). Therefore, understanding the growth of the Apple
of the Sahel is essential for displaying the dynamics of plantations of
the species. In arid and semi-arid regions, several studies have been
carried out on the socioeconomic aspect of the Apple of the Sahel
(Issoufou, 2011; Ibrahim et al., 2015b) and many other aspects such
as the inventory of the fruit insects that damage the Apple of the
Sahel (Ankoano et al., 2012) in Burkina Faso, the different usages of
the species (Sharif et al., 2019; Bussmann et al., 2020), the physical
characterization of the fruit properties (Abdel-Sattar et al., 2021), and
their medicinal and nutritional values (Aldhanhani et al., 2022).

It has been determined that improving irrigation was one way to
undertake successful cultivation of the Apple of the Sahel in arid and
semi-arid regions. Yet, the irrigation technologies commonly deployed
in the arid and semi-arid zones are still mainly aimed at meeting the
needs of large-scale farmers. These included furrow irrigation, drip
irrigation, pitcher irrigation, and micro-basin irrigation systems
(Postel et al., 2001; Burney, 2012; Singh et al., 2021). Several studies
indicate that there is a large potential for poverty alleviation through
increased and improved irrigation in small-scale agriculture (Postel
etal, 2001; Burney, 2012). However, few studies have focused on the
effects of water regimes on the growth of Apple of the Sahel trees using
small-scale irrigation systems in the dryland areas. Furthermore, little
is known about the growth dynamics of this species to define irrigation
systems with better growth performance (height, diameter, and total
biomass) in comparison with the current productivity parameters.
While research on the optimal effects of irrigation management on the
performance of the Apple of the Sahel remains inconclusive, there is
a need to identify the most suitable irrigation practices including
frequency, duration, and methods for cultivating that tree species.

Conventional drip irrigation facilitates crop cultivation in regions
where water scarcity impedes the application of surface irrigation
methods. However, drip irrigation has evolved into a knowledge-
intensive, technology-oriented operation, primarily designed for
larger land holdings and associated with high capital costs. The
implementation of conventional drip irrigation systems, due to their
cost, complexity, and delicacy, has long been considered too advanced
for operation and management by small-scale farmers (Chitsiko and
Mudima, 2002). Consequently, smallholder farmers necessitate cost-
effective, durable, simple, and low-pressure drip systems to harness
the benefits of drip irrigation. This highlights the need to comprehend
the effects of the water regime, using affordable and less costly
materials, on the growth of the Sahel apple in order to promote its
cultivation within agroforestry farming systems. This study aimed to
bridge the knowledge gap by (i) understanding the impact of rainfall
on soil volumetric water content, (ii) determining the effect of the
water regime on soil volumetric water content on the growth of the
Apple of the Sahel tree in a semi-arid zone, and (iii) proposing
applicable measures to augment the adaptive capacity of Sahel apple
tree growers in the region.
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2 Methodology
2.1 Experimental site

The trials were conducted from 2020 to 2021 at the International
Crops Research Institute for the Semi-Arid Tropics (ICRISAT)
experimental site in Sadore, located 45km from Niamey, Niger, West
Africa. The site is situated at 13°15°N and 2°18’F, at an altitude of
240m. The climate is Sudano-Sahelian, with rainfall varying
significantly in time and space, characterized by a 5-month rainy
season between June and October, followed by a long dry season
(7 months) that dominates the rest of the year. The average annual
rainfall and temperature in Sadore from 1983 to 2018 were 560 mm
and 29°C, respectively, with a potential evaporation of nearly 2000 mm
per year™' (ICRISAT, climatological database). The soil is highly to
moderately acidic: pH 4.5-5.0 (Sanoussi et al., 2020). The main
characteristics of this soil are high sand content of more than 85% at
2-8m depth covering a series of stepped surfaces of cemented lateritic
gravel (West et al., 1984; Klaij and Vachaud, 1992), inherent soil
fertility with low organic carbon content (0.20% in the upper 40 cm of
soil), and low cation exchange capacity (Sanoussi et al., 2020). The soil
water content at field capacity is 0.09-0.10m3-m-3 (Akponikpe et al,,
2008). The soil at the experimental site was classified as a sandy
Arenosol (West et al., 1984; Klaij and Vachaud, 1992) according to the
FAO classification.

2.2 Features of the apple of the Sahel

The apple of the Sahel is a long-known traditional fruit that is
commonly referred to as the Indian Jujube or Indian Plum. It
belongs to the Rhamnaceae family species and is indigenous to
Southern Asia and Eastern Africa. The Apple of the Sahel is widely
cultivated throughout the world (Singh et al., 2021). The fruit
resembles a small apple in shape, which prompted authors to call it
the “Apple of the Sahel” or ‘Pomme du Sahel” in French (Pasternak
et al.,, 2009). It is semi-deciduous and can reach a height of 3-16m
or more, with many branches (Jin et al., 2018). The leaves, rich in
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lipids, iron, calcium, magnesium, and zinc, are consumed by both
humans and livestock (Danthu et al., 2004). The wood of the Apple
of the Sahel is strong and malleable. The barks and roots have a wide
range of medicinal uses, and the entire tree can serve as hedges and/
or windbreaks. The Apple of the Sahel is tolerant to drought,
flooding, salinity, and withering (Clark and Clark, 1999; Singh et al.,
2021) and is cultivated in dry regions of Africa (Ouédraogo et al.,
2006) and northwestern India (Singh et al., 2021). The fruit, locally
called “Magarya Nasara” in Hausa or “Annasara daréy” in Zarma,
has been reported to be larger than the local varieties, nutritious, and
rich in vitamin C, f-carotene, calcium, and phosphorus content
(Yacouba et al., 2018; Sharif et al., 2019; Aldhanhani et al., 2022) and
is widely harvested and marketed in the urban and rural areas for
human and animal food and income in the West African Sahel
(Ouédraogo et al., 2006; Ganaba et al., 2007; Ankoano et al., 2012).
To increase the productivity of the Apple of the Sahel tree, pruning
is conducted annually in May and the tree can yield fruit from
grafted seedlings in the 1st year of planting. Much more significant
production begins in the 5th or 6th year, but maximum productivity
is reached at 10years and can continue for almost 40 years (Ganaba
et al., 2007).

2.3 Experimental design

The experimental design was a split-split plot arrangement
with three replicates. The treatment on the main plots was the type
of irrigation dose (D) with three levels (D,=4L; D,=8L; D;=12L).
On the subplots, irrigation systems (G) with three levels were
tested, referred to as G,=manual input (control); G, =1 dripper;
G,=2 drippers. There were two factors in the sub-subplot,
including irrigation frequencies (F) with two levels (F,=every
2weeks and F,=every 3 weeks) and growth booster (B) with two
levels also (B, =with or B,=no growth boosters) (Appendix 1).
Each plot consists of two rows with a spacing of 8 m with a total of
four plants. In total, the experiment included 216 Apple of the
Sahel trees: 108 boosters and 144 water containers with drippers
(Figures 1, 2).

FIGURE 1
Growth booster installation (A) and growth booster installed (B).

Organic Material
Compartment

Soil Moisture Tube
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FIGURE 2
Drip irrigation system components (A) and Apple of the Sahel plants after 2 years of the experiment (B).

2.4 Data collection

2.4.1 Measurement of soil moisture

The irrigation was carried out based on an established schedule.
Before applying the different irrigation doses, soil volumetric water
content (vwc) was calculated using the neutron probe (Didcot
Instrument Company Limited, Station Road Abingdon, Oxon OX143
LD), with data collected weekly from a two-meter-long access tube
installed in each experimental plot. All plots underwent measurements
performed at 0.15m intervals at three different levels of the root
profile (0-15cm, 15-30cm, and 30-45cm depth). Prior to the
measurements, the neutron probe was calibrated in situ (for the soil
of the experimental field) using the gravimetric method as described
by the manufacturer. Thus, the volumetric soil water content was
calculated taking into account the treatment applied with reference to
the formula used by Fatondji (2002) as follows:

Ov=a+b(C/Cs)

where v is volumetric water content (vwc) expressed in %; a is
the intercept, and b represents the slope of the equation
(v =49.081+1.4961x) resulting from the neutron probe calibration
curve. From this equation, y is the volumetric soil water content; x is
the relative count ratio [ratio of the neuron probe reading in the field
(C) to the standard count reading from the access tube installed in
pure water (Cs)].

2.4.2 Apple of the Sahel measurement

Aerial biomass was estimated by non-destructive measurements:
tree height and stem section measured on the Apple of the Sahel tree
for treatment. Simultaneously, nine Apple of the Sahel trees were
harvested randomly (Rabiou et al., 2017), including three with large
trunk diameters (> 25.6cm), three with medium trunk diameters
(12.5cm < diameter <25.5cm), and three with small trunk diameters
(1.0cm < diameter < 12.5cm), located outside the plots in each field.
A linear relationship was established between height as an independent
variable and aerial biomass as a dependent variable. The correlation
coefficient square was 0.82, and a linear regression model was used to
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compute the aerial biomass of the recorded trees on the plot
(Appendix 2). Growth measurements were started at the beginning of
the experiment and every 30days thereafter. Tree height (m) was
measured using a tape ruler, and trunk diameter (cm) was measured
using a caliper (Rabiou et al., 2017; Jin et al., 2018; Figures 1, 2).

2.4.3 Data processing and analysis

Prior to the statistical analysis, data were cautiously checked for
variance homogeneity and normality. Data were subjected to ANOVA
using a General Treatment Structure (for split-split plot block Design)
in GENSTAT v.9. Mean separations were performed, and values were
compared for significant differences using Duncan’s multiple range
tests at a significance level of <0.05.

3 Results
3.1 Rainfall distribution trend

The climate is characterized by a 5-month rainy season that
occurs between June and October followed by a lengthy dry season
dominating the remainder of the year (Figures 3A,B). Rainfall
averages of 842 mm over 37 rainy days and 633 mm over 34 rainy
days were recorded for the years 2020 and 2021, respectively.
August and September were the wettest months, accounting for half
of the total rainfall. October was the driest month, with several
dry spells.

3.2 Effect of seasons on soil volumetric
water content

As expected, soil vwc at all soil depths was higher in the rainy
season than in the dry season (Table 1; Figure 4). In both seasons, soil
vwe decreased significantly with increasing soil depth. In addition, as
the irrigation system was not applied during the rainy season, soil
moisture was uniformly ensured by rainfall across all treatments.
Therefore, we opted to concentrate the analysis on the individual
effects and interactions during the dry season.
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FIGURE 3
Rainfall distribution in 2020 (A) and 2021 (B).

TABLE 1 ANOVA of the season on soil volumetric water content, p <0.05.

Source of variation d.f. p value Means
Season 3 <0.001
Year 1 Rainy Season (Y1R) 17.47
Year 1 Dry Season (Y1D) 10.72
Year 2 Rainy Season (Y2R) 16.52
Year 1 Dry Season (Y2D) 9.91
Depth 2 <0.001
0-15cm 14.14
15-30cm 13.41
30-45cm 11.4
Interaction Season vs. Depth 6 0.002

d.f, degrees of freedom; Y1R, Year 1 Rainy Season; Y1D, Year 1 Dry Season; Y2R, Year 2 Rainy Season; Y2D, Year 2 Dry Season.

3.3 Effect of treatments on soil volumetric

P=0.002 Ls.d=0.376

water content at different depths in the dry
season

3.3.1 Effect of irrigation doses (D)

In the dry season, the irrigation doses significantly increased
(p=0.001) the soil volumetric water content (vwc) with an average of
9.28+2.02%, 10.42+2.29%, and 11.2+2.22% for D, D,, and D;,
respectively (Table 2). Across depth, an average of 12.79+1.54% and
13.59+1.51% of soil vwc was recorded at the 0-15cm soil depth for an
irrigation dose of 8L (D,) and 12L (D), while 11.61+1.15% was recorded
with an irrigation dose of 4L (D,) at the same soil depth (Figure 5A). This
trend decreases with depth, ranging from 10.11£1.39% to 8.37 £1.26%
for D, and from 11.01+1.10% to 9.11+1.09% for D; at depths of 15-30cm
and 30-45 cm, respectively. In contrast, the D, shows lower soil vwc with
measurements of 8.85+0.1% and 7.38+0.8% at depths of 15-30cm and
30-45cm, respectively (Figure 5A).

3.3.2 Effect of drip irrigation system (G)
The irrigation system (G,, G;, and G,) influenced the soil
volumetric water content (vwc) by significantly increasing (p=0.001)
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FIGURE 4
Season effect on soil volumetric water content.

the soil vwe (Table 2). In the dry season, Figure 5B shows an average
of the soil vwc decreased from 12.27+1.7% to 8.17£1.25% for one
drip irrigation system (G,). Additionally, at the depths of 0-15cm,
15-30cm, and 30-45cm, the vwc decreased from 12.68+1.6% to
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TABLE 2 ANOVA of dry season soil volumetric water content and apple of the Sahel tree development parameters, p < 0.05.

Soil vwc Diameter Height Total biomass
d.f. P-value = Means (%) p value Means pvalue Means p value Means
(mm) (cm) (kg. ha-1)

Irrigation Dose (D) 2 0.001 0.52 0.21 0.003

D, (41) 9.28 5.65 47.06 1,026
D, (8) 10.42 5.64 50.76 1,254
D; (12) 11.24 5.85 51.39 1,229
Drip System (G) 2 0.001 0.03 0.66 0.01

G, (Manual) 10.67 5.69 49.08 1,148
G, (1 Dripper) 10.05 5.71 49 1,072
G, (2 Drippers) 10.22 6.73 51.11 1,290
Frequency (F) 1 0.001 0.008 0.04 0.003

F, (every 2 weeks) 10.55 6.22 51.92 1,260
F, (every 3 weeks) 10.08 5.57 47.55 1,080
Booster (B) 1 0.08 0.84 0.94 0.04

B, (— booster) 10.39 5.73 49.65 1,110
B, (+ booster) 10.25 57 49.81 1,230
Interaction effect

DxG 4 0.02 0.84 0.94 0.46

DxF 2 0.001 0.88 0.89 0.91

DxB 2 0.55 0.2 0.45 0.49

GxF 2 0.45 0.44 0.83 0.44

GxB 2 0.001 0.33 0.02 0.41

FxB 1 0.01 0.02 0.004 0.77

DxGxF 4 0.003 0.01 0.41 0.15

DxGxB 4 0.001 0.69 0.41 0.85

DxFxB 2 0.02 0.42 0.53 0.14

GxFxB 2 0.23 0.24 0.17 0.04

DxGxFxB 4 0.27 0.42 0.14 0.41

d.f, degrees of freedom; D, irrigation doses; G, drip system; F, frequency; B, booster.

8.11£1.21%. The manual irrigation (G,) shows the most important
soil vwc range from 13.03+£1.4% to 8.58+1.37% for 0-15cm,
15-30cm, and 30-45 cm depths (Figure 5B).

3.3.3 Effect of irrigation frequency (F)

Irrigation frequency significantly (p=0.001) increased soil
volumetric water content (vwe; Table 2) in the dry season. The soil
vwe decreases with depth from 13+ 1.6% to 8.45+1.3% when using F,
(every 2 weeks watering) at soil depths of 0-15cm, 15-30cm, and
30-45cm (Figure 5C). The three-week irrigation frequency (F,) shows
the lowest soil vwc from 0-15 cm to 30-45cm with an average from
12.36+1.5t08.11+1.17% (Figure 5C).

3.3.4 Effect of growth booster (B)

At the same depth scale, soil volumetric water content (vwc) did
not vary significantly regardless of the presence or absence of the
booster (Table 2). However, significant differences were observed
between soil depths. The mean value of the soil vwc varied from
13.4+1.5% to 11.9+1.4% at the depth of 0-15cm compared with
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10.02£1.5 and 8% *1.3%, respectively, for depths of 15-30cm and
30-45cm (Figure 5D).

3.3.5 Effect of treatment interaction
(DxGxFxB)

Interaction analysis shows significant relationships between dose,
boosters, and frequency (p=0.02; Table 2). Regardless of whether it is F,
or F, frequency, the highest level of soil volumetric water content (vwc),
11%, was consistently obtained with the D; dose, irrespective of the
presence or absence of boosters, compared with the lowest value with D,
being less than 9% (Figure 6A). The interaction between irrigation doses
(D), irrigation frequencies (F), and irrigation systems (G) indicated that
regardless of the irrigation system (Gy, G,, or G;) or irrigation frequency
(F, and F,), the highest soil vwc (>12%) was obtained with the D; dose,
while the lowest was obtained with dose D, (8%; Figure 6B).
Furthermore, a similar trend was obtained with the interaction between
irrigation dose, booster, and irrigation system (Figure 6C). Except for
manual application (G,), the soil vwc was higher without the booster
than that with the booster under G, and G; (Figure 6C).
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3.4 Effect of treatments on the apple of the
Sahel tree development

3.4.1 Plant diameter

The irrigation dose (D;, D,, and D;) had no significant effect
(p=0.52; Figure 7A) on the diameter section of the Apple of the Sahel
tree during the dry season. However, with the small-scale drip irrigation
system, the diameter of the Apple of the Sahel trees has significantly
increased (p=0.03; Table 2). With an average diameter of 6.73 mm, the
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two-drip irrigation system (G,) achieved the largest diameter. The
manual irrigation system (G,) with 5.69mm had the smallest trunk
diameter (Figure 7B). Irrigation frequency (F) significantly increased
(p=0.008) the diameter of the Apple of the Sahel trees, with the 14-day
watering showing the best performance, with an average of
F,=6.22+0.84mm. On the other hand, the F, frequency had the lowest
average performance with 5.57 mm (Table 2; Figure 7C). Booster had
no significant effect (p=0.84) on the diameter growth of the Apple of
the Sahel trees (Figure 7D). However, a significant interaction effect was
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Diameter development of the Apple of the Sahel tree in the dry season. NS, non significant, Lsd, least significant difference.

observed between irrigation frequency and booster (F x B; p=0.02) on
the diameter of the Apple of the Sahel trees (Table 2), with the largest
diameter (6.11 mm) obtained with F,B, combination compared with the
lowest diameter (5.28mm) with F,B, (Figure 7E). Furthermore, a
significant interaction effect was observed between D x Gx F (p=0.019)
on the diameter of the Apple of the Sahel trees (Table 2). The largest
plant diameter was obtained with the combination of manual watering
combined with D, (4) and F, (D,F,G,), with an average of
6.45+0.15mm followed by D;F,G, with an average of 6.15+0.32mm
(Figure 7F).

3.4.2 Plant height

Irrigation dose and irrigation system had no significant direct effect
(p=0.21) on the height of the Apple of the Sahel trees (Table 2;
Figure 8A). However, irrigation frequency significantly increased
(p=0.048) the height of the Apple of the Sahel tree (Table 2; Figure 8B),
with the highest height of 55.42cm obtained with F,—watering
frequency of 14days (Figure 8C) while the lowest height was recorded
with F,—watering frequency of 21days with an average height of
46.63cm (Figure 8C). Booster supplement had no significant effect
(p=0.94) on the height of the Apple of the Sahel tree during the dry
season (Figure 8D). The interaction between the booster (B) and the
small-scale drip system (G) as well as with irrigation frequency
significantly increased the height of the Apple of the Sahel trees
(Table 2). The two-dripper irrigation system with booster (G,B,)
recorded the highest tree height at 57.4cm (Figure 8E), while the
combination of irrigation frequency and booster resulted in the highest
increase with B,F, (58.7 cm), followed by B,F, with 52.07 cm (Figure 8F).

3.4.3 Total biomass and fruit production

a) Total biomass production of the Apple of the Sahel trees in the
dry season

Frontiers in Sustainable Food Systems

The irrigation dose significantly increased (p=0.003) the total
biomass of the Apple of the Sahel tree (Table 2; Figure 9A). With a
total biomass of 1,254+ 64.6kgha™', D, produced the highest total
biomass, followed by D; with a total biomass of 1,230+49.9kgha™".
The lowest total biomass was obtained under D, dose, with
1026.4+50kgha™". There was a significant effect (p=0.01) of drip
irrigation system (G; Figure 9B) as well as irrigation frequency (F;
Figure 9C; Table 2) on the total biomass. With the irrigation system,
the two-dripper small-scale irrigation (G,) recorded the highest total
biomass of the Apple of the Sahel tree with 1,290 +52.8 kgha™" while
with the irrigation frequency, F,—every 2 weeks watering achieved the
highest total biomass with 180kgha™" of total biomass more than that
obtained with F,—21 days watering frequency (Figure 9C). Booster
(B) has a significant effect (p=0.04) on the total biomass of the Apple
of the Sahel tree with an increase of 120kgha™" from B, to no booster
(B,) with 1,230+40.2kgha™" and 1,110+51.7kgha™", respectively
(Figure 9D). The interaction effect between the small-scale irrigation
system (G), irrigation frequency (F), and booster (B) on total biomass
production was significant (p=0.04; Figure 9E), with the most efficient
total biomass obtained by combining G,F,B,, yielding 1,416 +kgha-1,
compared with the manual method GyF,B,, which produced
1,298 +kgha™ of total biomass.

b) Apple of the Sahel fruit production in the dry season

The small-scale drip irrigation presented higher fruit production
with 3,935 fruits ha™! and 62,519 fruits ha™! harvested under the G,
dripper system in 2021 and 2022, respectively (Table 3) while, the
manual irrigation (G,) obtained the lowest fruit production in both
years, with only 1,597 fruits ha™' and 47,459 fruits ha™", respectively
(Table 3). The total fruit of the Apple of the Sahel trees recorded
increased significantly (p=0.04) with 8 L of water application through
a two-dripper irrigation system. The weight of fruit harvested shows

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1282235
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Traore et al.

10.3389/fsufs.2024.1282235

Height (cm-1)

Height (cm-1)

FIGURE 8

NS

Lsd=53

Di@) D2(8)) D3(12)
Irrigation Dose

NS Lsd=4.32

:

:

Booster

Height (em-1)

NS

Lsd=5.29

GO (Vanual) G1(1drip) G2 (2 drip)

P=0048 Lsd=433

| [

F1 (every2 weeks) F2 (every 3 weeks)

Drip System E Irrigation Frequency
1 P=0.02 Lsd=75 ]
] ] P=0004 Lsg=6.11
0
Bo | B1 | Bo | B1 | Bo | BI B0 ‘ B1 B0 ‘ B1
c|co|cl|cl|e]| e FI FI P2 F2

Plant height development of the Apple of the Sahel tree in the dry season. NS, non significant, Lsd, least significant difference.

|’I‘ntnl Biomass (kg.lm-l)l

Total biomass (kg ha-1

FIGURE 9

1600
1400
1200
1000
800
600
400
200

1600
1400
1200
1000
800
600
400
200

P=0.003

Lsd =139

Di@) D2(8) D3(12)
Irrigation Dose

P=0.043

Lsd=114

BO (- Booster)

Booster

B1 (+ Booster)

I'I‘ntul Biomass (kg.ha-1) |

1600
1400
1200
1000
800
600
400

[Total Biomass (kg.ha-1)]

Total biomass of the Apple of the Sahel tree in the season. GO:

200

1600
1400
1200
1000
800
600
400
200

P=0.011

GO (Manual) G1(1drip) G2 (2 drip)
Drip System

Lsd=1393

P=10.046

Total Biomass (kg.ha-1)

1600
1400
1200 +
1000

800
600
400 4
200

P=0003 Lsd=113.7

F1 (every2 weeks) F2 (every3 weeks)
Frequency

Lsd =161

F1
BO

F1
Bl

|

oGo

o0G1

BG2
F2

B0 | BI ‘

manual, G1: 1 drip, G2: 2 drips, Lsd, least significant difference.

Frontiers in Sustainable Food Systems

09

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1282235
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Traore et al.

10.3389/fsufs.2024.1282235

TABLE 3 The apple of the Sahel fruit production in different irrigation methods.

Fruit production

Weight of fruits harvested

2021 2022 2021 2022

d.f p value n/hat p value n/ha! p value kg.ha-1 p value kg.ha!
Irrigation
Dose (D) 2 0.12 0.58 0.06 0.60
D, (41) 1918 45,964 16.4 826.38
D, (81) 4,944 63,862 42.06 1062.15
D, (121) 1796 53,465 11.77 841.61
Irrigation
system (G) 2 0.39 0.68 040 087
G, (manual) 1,597 47,459 13.75 882.16
G, (1 dripper) 3,126 53,313 24.14 861.96
G, (2 drippers) 3,935 62,519 32.34 986.03
Booster (B) 1 0.1 0.001 0.08 0.001
B, (+ booster) 4,052 81,965 33.41 1344.72
B, (— booster) 1720 26,896 13.41 475.38
Interaction effect
DxG 4 0.10 0.04 0.09 0.12
DxB 2 0.07 0.30 0.06 0.17
GxB 2 0.06 0.05 0.06 0.06
DxGxB 4 0.13 0.88 0.12 0.79

d.f, degrees of freedom; D, irrigation doses; G, drip system; F, frequency; B, booster.

the same trend as that of the production in both 2021 and 2022
(Table 3). The two-dripper irrigation system (G,) recorded the highest
fruit weight in 2021 and 2022, with 32.34kgha™" and 986.03kgha™’,
respectively. The application of organic fertilizers (Booster)
significantly increased the number and weight (p=0.001) of apple
fruits harvested in both years (Table 3; Appendix 2).

4 Discussion

4.1 Effect of the irrigation system on soil
volumetric water content

The inter-annual analysis revealed significant seasonal changes
in soil volumetric water content (vwc; dry season vs. rainy season),
with soil vwc typically greater during the rainy season. This could
be attributed to the large amount of rainfall recorded during the
2-year experiment (2019 and 2021), well above the annual rainfall
mean at Sadore (Ibrahim et al., 2015b). Seasonal patterns in soil vwc
may thus have significant implications for farming systems in these
Sahelian regions with fragile sandy soils and erratic rainfall
(Picouet, 2004).

It was found in the dry season that increasing irrigation dose
resulted in the largest soil vwc, notably in the top layer of soil (0-15cm),
with a subsequent drop in vwc as depth increased. This decrease from
the surface downward can primarily be attributed to the water uptake
of the Sahelian Apple root system, which is notably denser in the first
15cm of soil, particularly 2years after establishment. Consequently,
there is a reduced infiltration of water into the soil horizon at depths of
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30 or 45cm. Additionally, the reduced soil moisture levels could also
be influenced by significant evaporation rates, which typically account
for up to 65% of water loss (Montieth, 1991; Fox and Rockstrom, 2000).
Such substantial water loss through evaporation limits the available
water resources, consequently reducing irrigation potential. Moreover,
in the Sahelian region where vegetation is sparse, evaporation directly
from the soil surface plays a crucial role in the water balance. Even on
cultivated land, soil evaporation during the growing season contributes
significantly to water loss (Wallace, 1992).

Our results show that the interaction between irrigation doses
(D), irrigation frequencies (F), and irrigation systems (G) indicated
that regardless of the irrigation systems (G, G,, or G;) or irrigation
frequency (F, and F,), the highest soil volumetric water content (vwc)
was obtained with the D, dose than the lowest was obtained with dose
D,. However, manual irrigation (G,) shows the most important soil
vwc from upper to lower layers. This is attributable to the water
application method, where the entire quantity of water is applied at
once, leading to a localized increase in soil moisture. However, manual
watering is susceptible to various factors, including evaporation and,
most importantly, infiltration or runoff (De Fraiture and Giordano,
2014). In contrast, the drip irrigation system offers distinct advantages.
By releasing water slowly and uniformly, it ensures a more efficient
distribution of water across the soil surface, particularly around the
trees, thereby covering a larger area of the tree roots (Postel et al.,
2001; Woltering et al., 2011). This slow and homogeneous discharge
of irrigation water not only optimizes water usage but also minimizes
the risk of water loss due to evaporation or runoff (Descroix et al.,
2011). Consequently, the drip system presents a more effective and
sustainable approach to irrigation management, especially in contexts
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where water conservation and maximizing root zone coverage
are paramount.

Furthermore, our findings demonstrated that the interaction
between irrigation doses, drip irrigation systems, and organic fertilizer
application through booster indicated that the highest soil volumetric
water content (vwc) was obtained with a higher application dose (D).
Organic fertilizer is indicated to improve soil structure, aggregate
stability, infiltration rate (Tanaka et al., 2005; Narayan et al., 2006), and
soil vwe (Ibrahim et al., 2015b). However, organic fertilizer changes
the flow and soil moisture, hence altering soil water content at the root
zone (Cao et al., 2012). Furthermore, many authors highlighted the
importance of small-scale drip irrigation and mulch in sustaining soil
vwc (Mukherjee et al., 2004).

4.2 Effect of irrigation system on the
growth and yield of the apple of the Sahel
tree

Our findings indicate that neither irrigation dose nor frequency
directly influences the height or diameter of the Apple of the Sahel
stems. Instead, the crucial factor appears to be the interaction between
the irrigation system and watering frequency, particularly with 14-day
intervals. This interaction improves water distribution in the soil profile
and uses a small amount of water at low pressure, resulting in lower
energy costs (Varma et al., 2006). It also demonstrates the benefit of
maintaining soil moisture levels prior to subsequent tree development
by creating a cool microclimate over the root system. Furthermore, as
the Apple of the Sahel tree is a “cold-season plant,” the cool microclimate
aids, particularly in the later stages of fruit formation (Maruza et al.,
2017). In this system, water supply in accordance with crop water
requirements was maintained through a small-scale drip irrigation
system as the water was spread on a frequent and uniform basis
(Mmolawa and Dani, 2000; Kang et al., 2004) and provided better soil
aeration and a large, wetted root zone led to better crop growth (Ismail
etal, 2014). The booster, which offers an adequate amount of mineral
fertilizer, also benefits from the positive interaction between the
irrigation system and watering frequency. This results in a balanced
nutritional environment for optimal tree growth. This combination
improves soil aeration and contributes to water and nutrient uptake
from the soil, thus promoting total production (Bonachela et al., 2001;
Kang et al., 2004; Ismail et al., 2014). Additionally, Pareek et al. (2009)
support that water supply and soil nutrient content are the most
important factors determining the productivity and quality of Jujube in
dry areas. Similarly, Ouédraogo et al. (2006) reported an improvement
in Jujube tree height, diameter, and fruit production through the
combined application of fertilization and irrigation in Burkina Faso. In
addition, compared with manual irrigation, which caused a low increase
in tree growth during the dry season, increasing the irrigation dose in
combination with a two-dripper irrigation system resulted in a
significant increase in tree biomass and fruit production. This aligns
with a linear allometric correlation between growth parameters of the
tree and indirectly addresses the notion of differential allocation of the
biomass produced for tree growth and yield production (King, 2005; Lal
and Dhaka, 2007). Additionally, a growth strategy, characterized by the
preferential allocation of resources to biomass production, may vary
depending on local conditions for a given species (Yamada et al., 2005;
Madelaine et al., 2007).
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4.3 Challenges and opportunities of the
system

Small-scale drip irrigation with locally available water containers
is a viable alternative to smallholders’ schemes and an appealing
choice for smallholder farmers with little financial means to afford
large-scale systems. The system is easy to install, manage, and
implement in areas often less than 1 ha. The small-scale drip irrigation
system can be used for crop cultivation in areas with insufficient water
irrigation systems, and it is up to 90% effective in the field, compared
with 60-80% for sprinkler irrigation and 50-60% for overhead
irrigation (Woltering et al., 2011). Furthermore, small-scale drip
irrigation has the significant advantage of minimizing water loss while
producing crops. The system can be easily operated by less-educated
producers (Singh et al., 2021). The technology can be initiated and
funded by smallholder farmers individually or in small self-initiated
groups. Small-scale drip irrigation requires less labor, with an average
of 1.1 man-hours per day, compared to 4.7 man-hours per day for the
farmers’ practice. Labor represented about 45% of production
expenses in hand-watered gardens against less than 30% in small-scale
drip irrigation (Woltering et al., 2011). In contrast to conventional
drip irrigation systems, which require careful engineering and design
to ensure relative pressure variations among emitters, small-scale drip
irrigation saves time, uses basic and simple equipment (cans, buckets,
containers, etc.) to supply low volume of water at low pressure,
requires less labor input, and has fewer tree disease concerns. The
system is easily managed and requires lower costs. Therefore, owing
to its simple design, cheap cost, ease of implementation, and high
profitability, small-scale drip irrigation is most preferred during the
dry season by farmers to tree high-value crops and generate much-
needed cash flow. However, despite its high water-use efficiency and
numerous benefits, small-scale drip irrigation remains a marginal
practice among small-scale farmers (De Fraiture and Giordano, 2014;
Woodhouse et al., 2017). Furthermore, due to the lack of cash and
expertise, growers seem to be reluctant to adopt this technology. In
water-scarce regions and developing countries like Niger, cans are
used to store and preserve water, which makes their use in small-scale
irrigation more difficult. In this context, to promote the adoption of
such small-scale drip irrigation in developing countries, particularly
in water-scarce regions, it is necessary to: (1) increase community
awareness for a better knowledge of drip irrigation systems through
information dissemination and training; (2) make technological
components (support services, spare parts, etc.) available and
affordable to manufacturers; (3) extend the technology to all social
group especially women and youth; (4) make markets accessible and
tackle legal and cultural biases against women; and (5) enable access
to microcredit for the purchase of small-scale drip system accessories.

5 Conclusion

This research demonstrated the positive impacts of small-scale
drip irrigation on soil moisture and the performance of the Apple of
the Sahel tree in water-scarce regions such as the sub-Saharan zone of
West Africa. The small-scale drip irrigation systems assembled with
locally available water containers have demonstrated the capacity to
maintain soil volumetric water content at above 12% in the dry season
and increase the Apple of the Sahel tree fruit production by up to
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246% in comparison with the manual system. The irrigation system
also enhanced the biomass, diameter, and height uptakes of the Apple
of the Sahel trees. In semi-arid zones with low rainfall such as Niger,
this technology could ensure resilience against water shortage and
boost food security. The adoption of small-scale drip irrigation by
smallholder farmers in sub-Saharan Africa could be a promising
approach for addressing water scarcity, saving time, and increasing
profitability. However, further research is needed to optimize the
management practices of small-scale drip irrigation systems in
combination with fertilization and to identify the challenges and
feasibility of implementing this technology in integrated agroforestry
frameworks in the Sahel.
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Appendix 1

Field layout diagram.
Bloc 1 D,GFB, D,G,F,B, D,G/FB, D,G.FB, D.G,FB, D,G.F,B, D,GF\B,
DiG,E;B, D,G,E;B, D,G,E;B, D,G,E;B, DiG,E;B, D,G,E;B, D,G,FB,
Bloc 2 D,G,F B, D;G,F,B, D,G,F,B, D,G,F B, DsG,F,B, D,GF,B, D,G(F,B,
D,GE.B, D,GFE.B, D,G\EB, D.G,E,B, D,G,E,B, D,G.F,B, D,G,E,B,
Bloc 3 D,GoF,B, DiG,F,B, D,G,F,B, D,G,F,B, DiG,F,B, D,G,E,B, D,G,F,B,
D,G,F,B, D;G(F,B, D,G(F,B, D,G/F,B, DsG,F,B, D,GF,B, D,G,F,B,

The first unit indicates the irrigation dose at three levels (D, =4 liters; D, =8 liters; D;=12 liters). The second unit indicates the irrigation system (G, = manual application; G, =01 dripper;

G,=02 drippers). The third unit indicates the irrigation frequencies (F, =every 2 weeks and F, = every 3 weeks). The fourth unit indicates without booster (B,) or with booster (B,).2

Appendix 2

Linear regression between tree height and aerial biomass for the nine (small, medium, and large trunk diameters) destroyed trees.

Height (cm)
I
o

0 \ L \ ,
0 2 4 6 8
Total biomass (Kg)
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