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Abstract

Balanites aegyptiaca, a key agroforestry species, is being overexploited in the Sahel due to increasing market demand for
its derived products. The present study aims to model the potential current distribution of B. aegyptiaca and to assess the
potential impact of the future climate (at 2055 and 2085 time horizons) on the species distribution in Chad to identify suit-
able areas for its further domestication. The principle of maximum entropy (MaxEnt) was used. Species occurrence data
combined with bioclimatic data from the AFRICLIM database resulted in ten reduced general circulation models (GCMs)
using five regional climate models (RCMs) under the RCP8.5 scenario. The results showed that the rainiest month (BIO13)
and the number of dry months (dm) contributed the most to the models' prediction. GCM and RCM models predicted a slight
decrease (22.8%) by 2055 and a significant increase (92%) by 2085 in the extent of suitable areas for B. aegyptiaca cultiva-
tion. Thereafter, a slight decrease (27.8%) by 2055 and a relatively large extension (56.40%) by 2085 in the extent of suitable
areas for its conservation through protected areas were noted. Our findings revealed the conversion of parts of unsuitable
areas for the species cultivation and conservation into very suitable areas by 2085. This suggests that further domestication
of B. aegyptiaca will be possible over a large part of Chad (46%) in the context of changing climates. These findings should
support policy-makers in making reliable decisions toward sustainable management of desert date in the Sahel.
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Introduction

In sub-Saharan Africa, natural ecosystems have been threat-
ened over recent decades by population growth, the increase
in livestock and climate change (Bouko et al. 2016). Thus,
climate change is identified as disrupting the local biodiver-
sity and protected areas, which are undergoing variations in
the species distribution, decrease in population size and even
local extinctions (Hallegatte 2016; Bush et al. 2020). The
increase in temperature and the irregularity of precipitation
could lead to significant variations in species diversity and
ecosystems functioning (Belle et al. 2016; IPCC 2018).
Indeed, a study on modeling the distribution of 5197
plant species based on the Hadley Center’s climate projec-
tion predicted a reduction in the size of their most probable
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climatic ranges for more than 80% of the plant species in
Africa and their migration to higher altitudes (IPCC 2013,
2018). Moreover, Boko (2007) estimated that approximately
42% of the species could be threatened with local extirpation
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due to the regression of the majority (i.e., 81-97%) of their
suitable habitats by the 2085 time horizon in Africa. These
trends suggest that the climate change could have an irre-
versible impact on the tropical biodiversity and in turn on
its geographic distribution in Africa and especially in Chad.

Balanites aegyptiaca L. or desert date is a multipurpose
tree species with high socioeconomic potential in both the
semi-arid and arid regions of tropical Africa, the Middle
East, and India (Chothani and Vaghasiya 2011; Elfeel and
Warrag 2011; Okia et al. 2011). The species is used for both
human (Elfeel 2010; Obidah et al. 2009) and animal food
(Lohlum et al. 2012; Kaboré-Zoungrana et al. 2008), in
pharmacopeia (Khatoon et al. 2013), in medicine (Dubey
et al. 2011; Koko et al. 2017), in cosmetics (Sharma et al.
2019) and as biofuel (Kabo et al. 2020; Novidzro et al.
2019). However, B. aegyptiaca is now threatened through
its natural habitats due to increasing anthropogenic pressures
and potential impacts of climate change (Arbonnier 2009;
Idrissa et al. 2018). Therefore, in the absence of an effective
conservation measure under the current conditions (i.e., rise
in temperature and decrease in precipitation), the remaining
populations of B. aegyptiaca are expected to decline rapidly
over the coming decades (Boulanodji 2014; Ngaryam 2016).

In Chad, despite the recognized importance of the spe-
cies, studies were carried out only on ethnobotanical
knowledge of B. aegyptiaca (Hounsou-Dindin et al. 2022;
Abdoulaye et al. 2017; Creac’h 1940) and the biochemical
aspects of its seeds (Makalao et al. 2015). Meanwhile, little
is documented about the distributional ecology of the spe-
cies along the climatic gradient throughout its native range
countrywide. Moreover, no studies have already documented
the potential impacts of climate change on the spatial distri-
bution of B. aegyptiaca across its native habitats in Chad.
Therefore, such studies become timely in a perspective to
identify the suitable habitats for the sustainable management
of B. aegyptiaca in the Sahel under changing climates.

As previously demonstrated by several scholars (Assogba
et al. 2022; Guisan et al. 2013, 2017), it is crucial to clearly
determine both the current and future potential distribution
areas of target species in addition to identifying the factors
shaping their geographic distribution. Thus, the species dis-
tribution modeling (SDM) based on the principle of maxi-
mum entropy "MaxEnt", and known as a key predictive tool,
is critically used to forecast the dynamics of species’ geo-
graphic range in the context of global change (Padalia et al.
2014; IPCC 2018). Hence, using such a modeling approach
could give insights into guiding the detection of the suitable
habitats for the cultivation and conservation of B. aegyptiaca
under the future climates (Phillips et al. 2006; Warren and
Seifert 2011).

The overall objective of this study is to provide decision-
makers with useful tools that allow quick detection of suit-
able habitats for the cultivation and sustainable conservation
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of B. aegyptiaca in Chad. Specifically, the study is struc-
tured into the following research questions: Does the change
climate observed in Chad influence the potential distribu-
tions of suitable areas for the cultivation and conservation
of B. aegyptiaca? What are the potential impacts of climate
change on the extent of these areas and their geographical
distribution in terms of climate projections by 2055 and
2085 time horizons in Chad? How effective is the current
protected area network in conserving B. aegyptiaca popula-
tions in Chad?

Materials and methods
Study area and model species
Study area

This study was conducted in the 23 provinces of the Repub-
lic of Chad, a country located in the heart of Africa between
8° and 23° north latitude and between 14° and 24° east
longitude (Frenken 2005). The country covers an area of
1,284,000 km? and is largely covered by mountain ranges
and vast sedimentary plains. The climate of the Republic
of Chad is of the tropical unimodal type. The country is
divided into six climatic zones, including (i) the Sahelian
zone (250 and 500 mm/year and 18—43° C), which is the area
of shrub savannas and steppes; (ii) the Sahel-Sudanian zone
(400 and 600 mm/year and 15-40 °C) constituted of shrub
and thorny steppes; (iii) the Sudanian zone (700-1000 mm/
year and 15-34 °C) constituted of tree-lined savannahs; (iv)
the Saharan zone (0-200 mm/year and 10-50 °C) charac-
terized by meadows and oases; (v) the Sahara—Sahelian
zone (200400 mm/year 20—45 °C) constituted of the area
of mainly thorny shrub steppes; and (vi) the Guinean zone
(900-1200 mm/year 15-32 °C) characterized by the wooded
savannah and clear forest (Frenken 2005).

Model species

The desert date or Egypt myrobolan (Balanites aegypti-
aca) is a very thorny tree, of up to 8 m tall belonging to
the Zygophyllaceae family. The species is widespread in
both the Sahelian steppes and Sudano-Sahelian savannas
of Africa, and found on different soil types (Chothani and
Vaghasiya 2011; Gardette and Baba 2013). The species is
valued for its fruits, flowers, wood, leaves, roots, bark, and
seeds (Fig. 1) owing to its traditional uses (i.e., in food,
medicinal, cultural and magico-religious practices) (Creac’h
1940; Abdoulaye et al. 2017). For example, its fruits are
very appreciated among rural communities owing to the rich
potential of its seeds in oil which is not only used for human
consumption, but also in pharmacopeia in Uganda (Okia
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Fig. 1 Organs of Balanites aegyptiaca (a: tree in a fallow; b: flowers and leaves; ¢: fruits; d: kernels; e: leaves, inflorescences and thorns; f: bark)

et al. 2013), Senegal (Tayeau et al. 1955), and Sudan (Elfeel
2010). Besides, B. aegyptiaca is used in the pharmaceutical
industry (Montasser et al. 2017) and as a biofuel (Novidzro
et al. 2019).

Data collection

Occurrence records (longitude and latitude) of B. aegypti-
aca were collected through fieldwork in all vegetation types
harboring the species (protected areas, agroforestry parks,
and natural formations). Additional data were obtained from
online resources (Global Biodiversity Information Facility;
www.gbif.org), to cover as much as possible the distribu-
tion range of the species. Data collected before 1950 were
discarded. Indeed, a total of 438 occurrences (128 from
fieldwork and 310 from GBIF) were collected and finally
265 (124 from field and 141 from GBIF) were kept for the

modeling (Fig. 2), after eliminating exact-duplicated records
using Environmental Niche Modeling Tools (Warren et al.
2010). The environmental data were compiled from climate
variables extracted from the AFRICLIM 3.0 database (Platts
et al. 2015) for the present and future conditions with a spa-
tial resolution of 2.5 min. Soil layers were obtained from
the FAO Harmonized Global Soil Database (FAO/IIASA/
ISRIC/ISSCAS/IRC, 2012). The current data was consti-
tuted of 21 bioclimatic variables derived from interpola-
tion from meteorological stations of mean temperature and
monthly maximum and minimum precipitation for the period
1970-2000. We projected the distribution of B. aegyptiaca
through 2055 and 2085 under the most pessimistic RCP 8.5
scenario. Since Africlim ensemble models (https://www.
york.ac.uk/environment/research/kite/resources/) provide the
high-resolution ensemble climate projections for Africa, we
used the version 3.0 of this database, spanning ten general
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circulation models (GCM: CCCma-CanESM2, MPI-M-
MPI-ESM-LR, CNRM-CERFACS-CNRM-CMS5, ICHEC-
EC-EARTH, NOAA-GFDL-GFDL-ESM2M, CSIRO-
QCCCE-CSIRO-Mk3-6-0, IPSL- IPSL-CM5A-MR,
MIROC-MIROCS5, MOHC-HadGEM2-ES, NCC-NorESM1-
M). They were reduced using five regional climate models
(RCM: CCCma-CanRCM4_r2, CLMcom-CCLM4-8-17_v1
(4 GCMs), DMI-HIRHAMS5_v2, KNMI-RACMO22T_v1 (2
GCMs), SMHI-RCA4_v1 (10 GCMs) and four contempo-
rary baselines under the most pessimistic RCP8.5 scenario
(Platts et al. 2015). As previously described by Platts et al.
(2015), these models are suitable for the best ecological
applications in Africa.

Modeling techniques
Maxent version 3.4.1 (Phillips et al. 2017) was used to

develop the species distribution models for B. aegyptiaca.
In fact, Maxent is one of the most powerful techniques
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that uses presence-only data to estimate the probability
of a species occurrence in a given location by relating
the presence data to the corresponding environmental
layers (Phillips et al. 2006). It helps to create a global
map of potential habitats for a species and a global map
of the future distribution of suitable habitats. A recent
development using the software has shown that the same
estimates of the effects of environmental variables can be
obtained with maximum likelihood model from an inho-
mogeneous Poisson process (Fithian and Hastie 2013),
which provides an estimate of the relative abundances of
species. This relative abundance can then be converted
to the probability of presence using “cloglog” (Phillips
et al. 2017):

Probability of presence = 1 — exp(—exp(H)p,(2)),

where H = —E,[In(p,)] is the entropy of the relative distri-
bution probability which derives from the intensity function
at each point as follows (Fithian and Hastie 2013):
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0,2 = Az)/ / Mz)dz,
D

Mz) = exp(a + #'x(2)) is the intensity function at each
point z.

Model calibration and validation

Climatic variables used for training the models were selected
using the ENMtools program (Warren et al. 2010) and based
on Pearson correlation coefficients (p) generated by this tool.
Thus, the least correlated variables (|p| < 0.80) were after-
ward selected (Elith et al. 2010). A jackknife test was further
performed on the selected variables to determine which ones
contributed the most to the models. Furthermore, a fivefold
cross-validation method was implemented by dividing the
occurrence data into five parts among which four parts were
used for training the model and the other part was used as
a test sample. The default "cloglog" format was maintained
for the model’s outputs. We created a bias file for selecting
background points using a buffer distance of 100 km around
occurrence records with SDMtoolbox (Brown 2014) in Arc-
Map version 10.1. Models’ performance was evaluated using
the area under the curve (AUC) and true skill statistic (TSS).
According to Swets (1988), AUC gives the probability that
the predictive power of a model is better than a random
prediction (AUC=0.5). Thus, a model with an AUC value
close to 1 (AUC>0.75) is considered to have a good fit.
In addition, the TSS metric measures the model's ability to
detect true presences (sensitivity) and real absences (speci-
ficity) that is defined as the sensitivity plus specificity—1
(Allouche et al. 2006). In general, a TSS > 0.5 indicates a
good predictive power of the models.

Mapping and spatial analysis

Modeling outputs were imported into ArcMap version 10.1
to map both the current and future geographic distributions
of suitable habitats for B. aegyptiaca according to each of
the projection horizon, using the probabilities of species’
occurrence varying between 0 and 1. The habitat suitabil-
ity maps were converted into binary maps by using the “10
percentile training presence cloglog” as threshold (Liu et al.
2005). For a probability value lower than this threshold, the
habitat was considered unsuitable for the species, while for
a probability value above this threshold the habitat was said
to be suitable (Liu et al. 2005). Habitat proportions under
present-day and future conditions were estimated to assess
unsuitable and suitable areas for the species according to dif-
ferent projection horizons considered. To assess the present-
day and future effectiveness of Chad's protected area net-
work in conserving B. aegyptiaca, a gap analysis of suitable

habitats for the species in protected areas was performed by
overlaying each map from the modeling with the map of the
protected area network in Chad.

Results

Correlation analysis and the jackknife test identified six less
correlated variables (|p| < 0.80) as contributing the most to
the models. Overall, soil layers (80.6%), the rainfall wettest
month (Biol3) (7%) and the number of dry months (dm)
(5.4%) were the main environmental variables contributing
to the distribution of B. aegyptiaca in Chad (Table 1, Fig. 3).

The mean value of TSS is 0.74 with a standard devia-
tion of 0.07, while the AUC value is 0.758 with a standard
deviation of 0.007. These metric values demonstrate the very
good performance of the models in predicting the suitable
areas for the cultivation and conservation of B. aegyptiaca.
The cloglog probability threshold used to define the habitat
suitability levels was 0.331.

This figure shows on the y-axis the environmental vari-
ables that contributed to the model calibration. The band
in front of each variable indicates the model's performance
(training gain) when the variable is used alone for model
training (blue) or omitted from model (green). The red band
shows the training gain of the model with all variables.

Modeling outputs showed that approximately 24% of
the Chad territory (Table 2 and Fig. 4A) is currently suit-
able to host populations of B. aegyptiaca. These habitats
were located in almost all provinces of Chad, apart from
the Guinean and Saharan zones. The probability of the spe-
cies’ occurrence is extremely high in the central part of the
country, in the semi-arid, Sahelo-Sudanian and Sahelian
zones, more precisely in the provinces of Hadjer-Lamis,
Chari-Baguirmi, Guera and Batha, as well as in the southern
and south-eastern part of Chad in the sub-humid Sudanian
zone in the provinces of Salamat and Moyen Chari. On the
other hand, unsuitable areas for the species distribution were
located in the arid and Guinean zones (Fig. 4A).

The GCM and RCM models under the RCP 8.5 scenario
following the two time horizons (2055 and 2085) showed

Table 1 Environmental variables and their contribution to the model

Variable code Variable meaning Contribu-
tion (%)
Soil Soil 80.6
biol3 Rainfall wettest month 7.0
Dm Number of dry months 54
biol4 Rainfall driest month 54
bio4 Temperature seasonality 1.0
Pet Potential evapotranspiration 0.7
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Fig.3 The jackknife test for evaluating the relative importance of environmental variables for B. aegyptiaca in Chad

Ta!"e 2 Dynamics of the' . Models High Low Total (km?)

suitable areas for the cultivation

of B. aegyptiaca in Chad Area (km?) Trend (%) Trend (%) Area (km?)
Present 309,315.763 101,4646.989 132,3962.752
RCP 8.5 (2055) 238,784.794 —22.802 108,5177.958 +6.951 132,3962.752
RCP 8.5 (2085) 593,506.483 +91.877 73,0456.269 — 28.009 132,3962.752
The sign (-) indicates a loss in suitable habitat and the sign (+) indicates a gain

’& Period 1970 - 2000 a Year 2055 b|  Year208s C
N
Legend

m Protected areas
:] Climatic zones border
Suitability level

[ ] unsuitable

I suitable

0 300 600
[ m—
Current distribution

RCMs Projection for RCP8.5

RCMs Projection for RCP8.5

Fig.4 Current projection (A) and future (B, C) of the distribution areas of B. aegyptiaca according to the RCP 8.5 scenario in Chad

significant changes in the present-day and future distribu-
tion of B. aegyptiaca. Indeed, by the 2055 time horizon, the
Ensemble RCMs model projects a decrease of 22.8% of the
areas currently a suitable habitat for the species (Table 2
and Fig. 4B), and therefore only 18% of the Chad territory
will remain suitable by 2055. This scenario also predicts an
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increase of about 7% in unsuitable habitats in 2055. This
could be due to the conversion of some currently suitable
habitats into unsuitable habitats. On the other hand, accord-
ing to the projections of the same scenario by 2085, the
model predicts 46% of Chad territory to be suitable for the
cultivation of the B. aegyptiaca, i.e., an increase of 92% in
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the currently suitable habitats (Table 2 and Fig. 4C). This
increase results in the conversion of 28% of the currently
unsuitable habitats into suitable habitats. Models therefore
project a loss and gain in habitat suitability for the cultiva-
tion of B. aegyptiaca by 2055 and 2085, respectively.

Protected areas (PA) cover 169,911 km?, i.e., 10.1% of
national territory of the country. The current extent of pro-
tected areas suitable for the conservation of B. aegyptiaca
is about 66,052 km? (38.87% of the extent of the national
PA network of Chad; Table 3; Fig. 4A). Protected areas in
the center and southeast of the country were projected to
conserve the species better than those located in the northern
region (arid zone). The suitable PA included Siniaka Minia
and Barh Salamat wildlife reserves, the Aouk and Melfi
hunting zones, and the Zakouma National Park.

Using the GCM and RCM models under the RCP 8.5
scenario, we then projected a decrease in 27.80% of the pre-
sent-day suitable habitats for the conservation of B. aegyp-
tiaca in 2055. In particular, this will result in an increase
of 17.66% of unsuitable habitats for the species’ conser-
vation (Table 3, Fig. 4B). On the other hand, models pro-
ject an increase of about 56.40% of the currently suitable
habitats for the conservation of B. aegyptiaca within the
PA network in Chad by 2085, and this extension results in
the conversion of 35.86% of unsuitable habitats into suit-
able habitats (Table 3, Fig. 4C). In addition, the decrease
in suitable habitats for the conservation of the species by
2055 will especially occur in the Ouadi Rimé—Ouadi Achim
wildlife reserve in the northern part of Chad, in the Siniaka-
Mina wildlife reserve in the center and in Zakouma National
Park in the Sudan—Sahelian zone (Fig. 4B). Moreover, the
significant extension of the currently suitable habitats for
the conservation of B. aegyptiaca in the protected areas of
Chad in 2085 will especially occur in the wildlife reserves
of Aboutelfane, Siniaka-Minia, Binder-Léré, and in south-
ern part of Ouadi Rimé—Ouadi Achim, and in the Zakouma,
Manda and Sena Oura National Parks (Fig. 4C).

Discussion
Modeling and reliability of the model

Ecological niche modeling is used by scientists globally and
regionally to predict and assess the impact of climate change
on current and future species distributions (Beaumont et al.
2005; Van Zonneveld et al. 2009). This modeling approach,
used to characterize suitable habitats for B. aegyptiaca,
has been implemented by several scholars in targeting the
geographic distribution of wild fruit tree species from West
Africa (Assogba et al. 2022; Dimobe et al. 2020; Imorou
2020; Habou et al. 2021) and North Africa (Moukrim et al.
2018; Rifai et al. 2020).

Results showed that the mean AUC value was 0.75.
This indicates the good quality of the models (GCM and
RCM) in predicting the geographical distribution of suit-
able areas for cultivation and conservation of B. aegyptiaca.
It also demonstrates the good quality of the models, often
cited as a powerful predictive tool in mapping the current
and future geographic distribution of a target species (Van
Zonneveld et al. 2009; Nakao et al. 2011). Nevertheless, the
Maxent approach has limitations such as population dynam-
ics, demographic parameters, and difficulties in regulating
ecological interactions (Elith et al. 2006; Schwartz 2012).
It is therefore worth conducting further geographic distribu-
tion studies to determine the relative contribution of each of
these parameters to the distribution ecology of the desert
date in Africa. In addition, precipitation and temperature
were the critical environmental factors underlying the local
persistence of the species across its native habitats. These
trends are consistent with previous studies that have already
noted the adverse effects of both temperature increase and
rainfall irregularity on the conservation of native fruit tree
species in their natural habitats in the Sahel (Alhassane et al.
2013; Ly et al. 2013; Sarr et al. 2015). Furthermore, our
results showed an expansion of suitable habitats for the spe-
cies by 2085, suggesting that the possible cultivation areas
of B. aegyptiaca will be increased due to climate changes in
this time horizon. As a result, the map of the potential range
of B. aegyptiaca (Fig. 4) could be used to provide decision
makers and forest managers with a tool to set sustainable

Table 3 Dynamics of s.uitable Models High Low Total (km?)

areas for the conservation B.

aegyptiaca in protected areas Area (km?) Trend (%) Area (km?) Trend (%)

in Chad
Present 66,052.813 103,858.790 169,911.603
RCP 8.5 (2055) 47,709.594 -27.771 122,202.010 +17,662 169,911.603
RCP 8.5 (2085) 103,299.021 56.389 66,612.582 — 35,862 169,911.603

The sign (-) indicates a loss in suitable habitat and the sign (+) indicates a gain
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conservation and management strategies for desert date in a
context of global change.

Identification of suitable areas for the culture
and conservation of B. aegyptiaca

The bioclimatic projections of the GCM and RCM models
under the RCP 8.5 scenario for the cultivation of B. aegypti-
aca are more expected in Chad up to the 2085 time horizon
compared to 2055 (Table 2; Fig B-C). Besides, the observed
differences in suitable areas for B. aegyptiaca countrywide
support previous results showing the potential impact of
climate change on the dynamics of the geographic range
of multipurpose tree species (Wouyou et al. 2022; Assogba
et al. 2022; Vale et al. 2014; Variawa 2017; Tshwene-
Mauchaza and Aguirre-Gutiérrez 2019; Habou et al. 2021).
Thus, the bioclimatic projections of the GCM and RCM
models under the RCP 8.5 scenario seem to confirm the
hypothesis that climate change could alter the range of spe-
cies as suggested in previous studies (Gbetoho et al. 2017,
Djotan et al. 2018b; Asseh et al. 2019).

The GCM and RCM models under the RCP 8.5 sce-
nario predict a slight reduction in current suitable habitats
for cultivation and production of B. aegyptiaca in favor of
suitable habitats by 2055 in Chad. These results confirm
those reported by Christensen et al. (2007) on climate
change impacts, predicting an increase in temperature and a
decrease in precipitation in the Sahel. Therefore, tempera-
ture and precipitation will be the climatic factors responsi-
ble for the reduction of cultivated areas and the decline in
tree species’ productivity in Africa, as some studies have
pointed out (Alhassane et al. 2013; Ly et al. 2013; Sarr et al.
2015). The future state of the species by 2085 is generally
not threatened by the effects of climate change. This could
be explained by the adaptability of B. aegyptiaca to the
potential impacts of climate change. In fact, B. aegyptiaca
is a desert species with a root system up to 7 m in the soil
and can live for 2 years without precipitation (Depierre and
Gillet 1991; Bouguerra 1994), which would favor its adapta-
tion to the potential impacts of future climates. The species
could then be led to develop other adaptation strategies to
climate change.

Moreover, to our knowledge, 38.9% of Chad's current
protected area network is suitable for in situ conservation
of B. aegyptiaca. This trend partly supports prior studies
that have demonstrated the critical role of Protected areas
(PA) in conserving biological diversity worldwide (Leriche
et al. 2010). Overall, this study shows a decrease in suitable
habitats in the current network of PA in Chad by 2055 and an
expansion thereof by 2085. Such results will thus contribute
to decision-making in setting the sound management strate-
gies of desert date. However, in the PA network, B. aegypti-
aca is not only exposed to the impacts of climate change, but
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also to vegetation clearing by elephants particularly in Zak-
ouma National Park (Poilecot et al. 2007). Therefore, effec-
tive management actions are required for limiting increasing
pressures on this overharvested fruit tree species. The suit-
able habitats for the species under future climatic conditions
in the Sahara—Sahelian zone (Ouadi Rimé—QOuadi Achim
wildlife reserve) would be along temporary rivers. Protected
areas in the Sahelo-Sudanian and Sudanian zones will better
ensure the conservation of B. aegyptiaca in Chad by 2085
with the expected changing climate. In addition, since some
uncertainties remain in the projections of climate models, a
genetic study in combination with these models seems to be
necessary to select ecotypes suitable for drylands.

Our findings demonstrate the key role of protected areas
for in situ conservation of indigenous fruit tree species as
suggested by Djotan et al. (2018a) for Garcinia kola H.,
Fandohan et al. (2013) for Tamarindus indica L., and Gou-
wakinnou (2011) for Sclerocarya birrea (A Rich.) Hochst
in sub-Saharan Africa. The findings are also in line with the
results of Mansourian et al. (2009) who examined the role
played by the protected areas in the adaptation strategies
using examples from the work of the World Wildlife Fund
(WWF). Depending on the projection horizon of the GCM
and RCM models used in this study, the Sahel zone would be
more or less humid in the future (Meehl et al. 2007).

However, we should not overlook some limitations related
to our modeling approaches, namely the plasticity of physi-
ological limits, difficulties in accounting for ecological inter-
actions, species dispersal ability, and adaptive responses of
dispersal agents (Fandohan et al. 2013; Wisz et al. 2013).
Indeed, a number of studies revealed the importance of eco-
logical interactions, dispersal constraints, and demographic
parameters in shaping species distributions and their assem-
blages, even on a global scale (Engler and Guisan 2009; Bro-
tons et al. 2012; Zurell 2017). Furthermore, land use dynam-
ics and its evolutionary trend (lakes, agglomerations, Sahara
and croplands) were not taken into account in the models.
Despite their limitations, these models provide very impor-
tant bioclimatic information for making appropriate decision
regarding the identification of new potentially suitable areas
for the cultivation (Cuni-Sanchez et al. 2010) or conserva-
tion of a particular species (Schwartz 2012). Nonetheless,
in our study, we found that despite the expected rise in tem-
perature over the millennium for the region we considered
(Boko 2007), the range of the species will expand by 2085.

Conclusion

Climate change poses a serious threat to native agroforestry
species in Africa. This study made it possible to make pre-
dictions about the current and future suitable habitats for the
cultivation and conservation of B. aegyptiaca. The use of the
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Maxent algorithm with the GCM and RCM models under the
RCPS8.5 scenario with two horizons (2055 and 2085) demon-
strated its performance in predicting the ecological niches of
desert date. The results of the bioclimatic projections showed
us that most environmental conditions in Chad will remain
suitable for the cultivation and conservation of B. aegyptiaca
until 2085, despite the effects of climate change. This study
also highlighted the key role that protected areas play in con-
serving B. aegyptiaca under the expected impacts of climate
change countrywide. Therefore, considering these findings
should guide the elaboration of conservation actions and sus-
tainable management strategies to be implemented by policy
makers and conservationists in a perspective of domestication
of this overexploited fruit tree species in Chad.
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