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Abstract

Climate change is a growing concern, and its effects on biodiversity may depend largely on its
consequences on the distribution of species that play a key role in communities. This study aims to
determine whether forests in the Sudanian zone of Senegal will maintain the environmental
conditions required for fifteen valuable species to persist under a range of climate change scenarios.
We used forest inventory data from 2,398 plots and five bioclimatic variables as predictors. The
distribution of the species was evaluated under three SSP scenarios (SSP2-4.5, SSP3-7.0 and SSP5-8.5)
for the 2100 horizon by developing models for each species under each scenario using multiple
logistic regression with a binomial distribution of the response. The findings indicate that the mean
annual temperature is expected to increase in the region for all SSPs considered, while for
precipitation metrics, some variability was observed depending on the scenarios. As demonstrated
by our results, species distribution changes exhibited differences. Our models indicate a negative
impact of climate for nine species, specifically Acacia macrostachya, Bombax costatum, Cordyla pinnata,
Combretum micranthum, Detarium microcarpum, Prosopis africana, Pterocarpus erinaceus, Sterculia setigera
and Terminalia avicennioides, under scenarios SSP2-4.5 and SSP3-7.0. These species would face
significant declines under the most extreme scenario, scenario SSP5-8.5. The following species are
predicted to decline significantly under the SSP2-4.5 and SSP3-7.0 scenarios: Pterocarpus erinaceus,
Sterculia setigera, Terminalia avicennioides, and to be completely lost under the SSP5-8.5. Three species
would maintain their distribution area under all scenarios SSP5-8.5. The results also indicate that
species tend to move in a general west-southwest trajectory. Overall, the majority of high-value
species are vulnerable to future climate, with a high risk of local extinction in the sudanian zone. This
finding indicates the necessity for a reorientation of forest management strategies towards the
implementation of adaptive management strategies to ensure the long-term resilience of forests.
Urgent actions such as the development of specific management plans and monitoring schemes for
vulnerable tree species, with the objective of minimizing their harvesting and promoting their
regeneration, are required.

Keywords: high-value species; savannah; niche modelling; climate change; threatened trees

1. Introduction

The Earth's surface temperature is rising (IPCC, 2022). Climate change is predicted to be one of the
leading causes of species extinction worldwide and is a major threat to biodiversity (IPBES, 2019; IPCC,
2022). When climatic conditions change, species will either adapt, migrate or disappear (Feeley et al.,
2012). However, it appears that the rate of future climate change will exceed the migration rates of most
plant species (Neilson et al., 2005), so those that are unable to adapt are likely to be at risk of extinction.
A meta-analysis of 1,103 species, including plants and animals from different regions, predicts that
between 15% and 37% of those could become extinct by 2050 (Thomas et al., 2004). Threats to species
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and their habitat in Africa could be exacerbated due to a combination of factors, such as rapid
population growth and poverty that has led to susceptibility to shifting climate change (IPCC, 2022).

In Senegal, rising temperatures and changes in rainfall patterns are expected to cause a shift from
a humid to a more arid climate (Bodian, 2014; Sagna et al.,, 2016; Mbow, 2009). The impact of
increasing temperatures and altered precipitation patterns will expose species to new environmental
conditions that could have repercussions on their distribution (Gonzalez et al., 2001). For example, a
number of species that were previously thought to be restricted to the more arid Sahel zone are now
also found in the Sudanian zone (Herrmann and Tappan, 2013; Wittig et al., 2007). Shifts in species
distributions may vary due to variations in species-specific requirements and adaptability (Scheiter
& Savadogo, 2016). For instance, in Benin, the distribution of the endangered and valuable tree
species Pterocarpus erinaceus Poir. is predicted to decrease (Biaou et al., 2023), while another valuable
tree species, Bombax costatum Pellegr. & Vuillet, is predicted to expand its distribution into Mali
(Coulibaly et al., 2023). In Senegal, it is predicted that Cordyla pinnata (Lepr. ex A. Rich.) Milne-Redh.,
one of the most valuable tree species, will lose almost half of its habitat range due to climate change
(Sambou et al., 2024).

These contrasting results indicate that the degree of vulnerability to climate change of tree
species in Sudanian zone may also vary according to local conditions. These local conditions can have
various impacts on the life cycle of plants that can explain their degree of vulnerability to climate
change. Although some studies in this country have reported the loss of certain tree species
(Herrmann and Tappan, 2013; Gonzalez et al., 2012), regional satellite images have shown an increase
in vegetation cover due to improved land management and increases in rainfall these recent years
(Brandt et al., 2015). Rainfall and temperature have been identified as the main factors explaining
changes in the distributions of trees and shrubs in the Sudano-Sahelian region (Gonzales et al.,2001).

Determining how the current occurrence of certain species correlates with bioclimatic data, like
temperature and precipitation, can be used to explore how changing climate conditions under different
scenarios might affect the geographic distribution of species (Amiri et al., 2020). This modeling
approach is based on the hypothesis of the potential or fundamental niche of species (Hutchinson, 1957)
and can help to understand climatic preferences of species (Pearson & Dawson, 2003). Predicting how
tree species respond to climate change through their distribution is crucial for better planning of forest
management strategies (Sinclair et al., 2010; Pecchi et al., 2019). However, few studies have investigated
the potential impacts of climate change on forest tree species distributions in Senegal (Ndao et al., 2022;
Sambou et al., 2024). Future research should examine the impact of climate change on the most valuable
species in their natural habitats, mainly protected areas.

The Sudanian zone is important for conserving biodiversity as it is one of the largest biodiversity
hotspots of Senegal. It covers a large number of protected areas, including national parks and
protected forests commonly named classified forests. Forest management practices have historically
focused on selective harvest of certain species, without considering potential climate change impacts
on these species. Unfortunately, in this zone where many forests have been under management, this
information on species range evolution under future climate is lacking for many species. To generate
information for decision making on forest resources management, this study selected fifteen valuable
species listed below to explore how climate conditions influence their likelihood of occurrence for
different climatic scenarios. These species are of great importance for domestic and commercial uses,
including energy, human consumption and traditional medicine (Ba et al., 2006; Diop et al., 2011).
Furthermore, these valuable species are under increasing pressure from human activities due to their
intensive and unregulated harvesting (Sambou, 2004; MEDD, 2015).

This study aimed to predict the occurrence of fifteen valuable species in the Sudanian zone of
Senegal under three of the IPCC shared socioeconomic pathway (SSP) scenarios: SSP2-4.5, SSP3-7.0
and SSP5-8.5. SSP2-4.5 represents a low forcing pathway with growth and equity towards
sustainability, SSP3-7.0 is the medium forcing scenario with medium climate change challenges, and
SSP5-8.5 would be the most chaotic scenario under the assumption that there will be no mitigation
action. In addition, this study will assess whether forests will maintain the environmental conditions
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required for these fifteen species under climate change scenarios. The results of many scientific
studies show that national-scale range shifts southward is occurring (Bodian, 2014; Sagna et al., 2016;
Mbow, 2009). Given the determinant role of climatic factors in the distribution of species in the
Sudanese zone, it is expected that typical Sudanese species may shift their distribution, while Sahelo-
Sudanese species may expand their range. Therefore, beyond species sensitive to climate, we
expected differential responses due to species-specific climatic preferences.

2. Material and Methods

2.1. Studied Species and Their Geographic Distribution

Fifteen woody species identified for their roles in the national economies and the intensity of the
harvesting pressure they experience were selected (Sambou, 2004; Diop et al., 2011; Dieng et al., 2016).
These species include Acacia macrostachya Reichenb., Anogeissus leiocarpus (DC.) Guill. et Perrot.,
Bombax costatum Pellegr. & Vuillet, Combretum glutinosum Perr.Ex DC, Combretum micranthum G. Don,
Combretum nigricans Lepr., Cordyla pinnata (Lepr. ex A.Rich.) Milne-Redh., Daniellia oliveri (Rolfe)
Hutch & Dalz, Detarium microcarpum Guill. & Perr., Lannea acida A. Richard., Parkia biglobosa (Jacq.)
G.Don, Prosopis africana (G. et Perr.), Pterocarpus erinaceus Poir., Sterculia setigera Del. and Terminalia
avicennioides Guill and Perr. These high- value species are widely distributed in the Sudanian zone,
which covers approximately two-thirds of central and southern Senegal, located between 12°20' -
15°10" North and 11°20' - 16°75' West, within isohyets of 500 and 1200 mm (Figure 1). The biophysical
context of this zone is mainly influenced by its geographical position and humid tropical climate. The
Sudanian domain is situated south of the Sahelian domain, and differs from it in terms of climate and
vegetation physiognomy. This zone has a climate characterised by two contrasting seasons: a dry
season, which lasts from November to May, and a rainy season, which lasts from June to October.
The average annual rainfall is estimated at 900 + 200 mm, while the average annual temperature is
28°C (ANACIM, 2020).
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Figure 1. Studied area of Sudanian bioclimatic domain in Senegal and location of the different forests studied,
color-coded based on their management status (UMF = unmanaged forests, OMF = older managed forests > 10

years, NMF = newly managed forests < 10 years, CRF = community reserve forests).
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2.2. Species Presence Data

Species presence-absence data for each of the fifteen species were the response variables for this
study. Data points was generated based on their presence or absence in 2,398 plots of 20 x 20 m that
were randomly distributed in the different forests following a stratified sampling design (Sambou,
2004). The geographic coordinates in the WGS84 system for each plot were recorded from twenty
forests stands.

2.3. Bioclimatic Data

The nineteen (19) bioclimatic variables provided by the World Clim database (Fick and Hijmans,
2017), and interpolated at a resolution of 2.5 arc-minutes (~ 4.6 km) were used as potential predictors
of species distributions in this study (Table 1).

Table 1. Bioclimatic variables used to generate models of potential distribution of species.

WorldClim Code Abbreviated Name Description

BIO1 temp_mean_ann Annual Mean Temperature (°C)

BIO2 temp. diff_day Mefm Diurnal Temperature Range (Mean of monthly (max temp
- min temp), °C))

BIO3 temp_iso Isothermality (BIO2/BIO7) (x100)

BIO4 temp_season Temperature Seasonality (standard deviation x100)

BIO5 temp_max_mon Max Temperature of Warmest Month (°C)

BIO6 temp_min_mon Min Temperature of Coldest Month (°C)

BIO7 temp_diff_ann Temperature Annual Range (BIO5-BIO6, °C))

BIOS8 temp_wetq Mean Temperature of Wettest Quarter (°C)

BIO9 temp_dryq Mean Temperature of Driest Quarter (°C)

BIO10 temp_warmq Mean Temperature of Warmest Quarter (°C)

BIO11 temp_coldq Mean Temperature of Coldest Quarter (°C)

BIO12 prec_ann Annual Precipitation (mm)

BIO13 prec_max_mon Precipitation of Wettest Month (mm)

BIO14 prec_min_mon Precipitation of Driest Month (mm)

BIO15 prec_season Precipitation Seasonality (Coefficient of Variation, %)

BIO16 prec_wetq Precipitation of Wettest Quarter (mm)

BIO17 prec_dryq Precipitation of Driest Quarter (mm)

BIO18 prec_warmq Precipitation of Warmest Quarter (mm)

BIO19 prec_coldq Precipitation of Coldest Quarter (mm)

We used the historical climate data from WorldClim, covering the period from 1970 to 2000, to
fit the models. Then, we used the fitted models (described below) along with the future climate data
from WorldClim to make projections for two-time horizons, 2041-2060 and 2081-2100, and three of
the IPCC shared socioeconomic pathway (SSP) scenarios: SSP2-4.5, SSP3-7.0 and SSP5-8.5. SSP2-4.5
represents a low forcing pathway with growth and equity towards sustainability, SSP3-7.0 is the
medium forcing scenario with medium climate change challenges, and SSP5-8.5 would be the most
chaotic scenario under the assumption that there will be no mitigation action. For each time horizon
and SSP, we averaged the output of 11 climate models available in WorldClim: ACCESS-CM2, BCC-
CSM2-MR, CMCC-ESM2, EC-Earth3-Veg, GISS-E2-1-G, INM-CM5-0, IPSL-CM6A-LR, MIROCS,
MPI-ESM1-2-HR, MRI-ESM2-0 and UKESM1-0-LL.

2.4. Selection of Bioclimatic Predictors

In order to avoid model’s overfitting and increase the accuracy of species occurrence predictions
(Amiri et al.,, 2020), the following approach was used to select a subset of the least correlated
predictors from the 19 bioclimatic variables. First, a principal component analysis was performed on
the variables using the FactoMineR package (Lé et al., 2018) in the R statistical programming software
(version 4.2.2) and a preliminary set of predictors was selected by visual inspection of the PCA plot
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(Figure 2), choosing only 1 variable among each set of highly-correlated ones. Then, the variance
inflation factor (VIF) was used to evaluate multicollinearities in this set of predictors, and a minimal
number of predictors was removed, if necessary, until all VIFs were less than 10.

Based on the position of the 19 variables in the PCA (Figure 2), the five following bioclimatic variables
were selected for the models: annual mean temperature (temp_mean_ann), maximum temperature of
warmest month (temp_max_mon), minimum temperature of the coldest month (temp_min_mon), annual
precipitation (prec_ann), and precipitation seasonality (prec_season). These bioclimatic variables were
considered as important predictors of species distribution and had correlation values which were
relatively acceptable (pairwise Pearson correlation coefficient < 0.7 and VIF <7).

PCA graph of variables

temp_mea

Dim 2 (25.08%)

teprdp_diff_day temp_coldg

0 min_mon walq

max_mon

Dim 1(43.54%)
Figure 2. Principal Component Analysis plot for the nineteen bioclimatic variables (defined in Tablel).

2.5. Species Distribution Models

A separate generalized linear mixed model (GLMM) was fit to the data of each species, relating
its probability of presence to a linear combination of the bioclimatic variables with a logit link (Guisan
et al.,, 2002), for each future scenario. The Ime4 package in R (Bates et al., 2015) was used to fit the
models. The values of the bioclimatic variables during the reference period (1970-2000) were
extracted from the WorldClim data at the geographic position of each of the 2398 plots. Standardized
versions of the bioclimatic predictors (subtracting their mean across all plots and dividing by their
standard deviation) were used as inputs to the models. As the plots were grouped into grid squares
within each forest, the forest and grid square were used as random effects in the models to account
for the spatial structure of the data. For each future time horizon and climate scenario, we produced
predictions of the probability of presence of each species across the full study area (Sudanian zone of
Senegal) using the predict function in the terra package in R (Hijmans, 2024).

3. Results

3.1. Variation of Bioclimatic Variables According to the Different Scenarios

Table 2 presents the mean value of each of the selected bioclimatic variables across the Sudanian
domain of Senegal (Fig. 2), for the reference period 1970-2000, and those projected for 2041-2060 and
2081-2100 for each of the three climate scenarios. The results indicate that the mean annual
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temperature is expected to increase in the region for all SSPs considered, with a divergence in
temperature changes becoming more pronounced over time. On average, an increase of 2.4°C, 3.1°C,
and 3.8°C is noted for SSP2, SSP3, and SSP5, respectively, when compared to the reference period.
Other temperature metrics (for the warmest and coldest months) follow approximatively the same
tendency as mean annual temperature.

Table 2. Mean value across the study area of the bioclimatic variables used in the species distribution models.

See Table 8 for variable definitions.

Scenarios temp_mean_ann temp_max_mon temp_min_mon prec_ann prec_season
1970-2000 27.6 38.8 16.3 850.5 135.7
SSP2, 2041-
295 40.6 18.4 887.5 137.4
2060
SSP2, 2081-
30.4 415 19.2 886.0 137.4
2100
55P3, 2041- 29.8 40.8 18.6 851.3 136.2
2060 . . . . .
SSP3, 2081- 317 426 20.8 783.7 133.7
2100 . . . . .
P5, 2041-
SSPS, 20 30.0 41.0 18.8 824.8 134.6
2060
P5, 2081-
SSPS, 208 32.7 435 21.8 762.5 133.2
2100

Regarding precipitation metrics, there is some variability depending on the scenarios. A slight
increase in average precipitation is expected for SSP2. The total annual precipitation in the region,
which is approximately 850.5 mm/year for the reference period, is expected to increase to
approximately 887.5 mm for the first period of SSP2 (2041-2060) and to 886 mm in the second period
(2081-2100) of this scenario. In contrast, the SSP3 scenario shows stability in the first period and a
decrease in the second period. The largest declines for both periods are observed in SSP5. As for
precipitation seasonality, all its values exceed 100% which indicate a high intra-annual variability.

Temperature rise combined with a lack of precipitation will lead to an increase in
evapotranspiration. This indicates that the climatic context in the study region will be characterized
by water stress.

3.2. Relationship of Bioclimatic Variables and Species Occurrence

Depending on species, bioclimatic variables show variable relationships with their occurrence
(Table 3). We found that an increase of mean temperature has a significant and negative effect on
occurrence of Acacia macrostachya, Bombax costatum, Combretum micranthum, Cordyla pinnata and
Sterculia setigera, while its effect is positive for Anogeissus leiocarpus. Apart from Acacia macotachya and
Combretum micranthum (positive effect), maximum temperature of the warmest month has a
significant negative effect on Daniellia oliveri, Detarium microcarpum, Parkia biglobosa and Pterocarpus
erinaceus and a positive effect on Acacia macrostachya and Combretum micranthum. As for the minimum
temperature of the coldest month, it has a negative effect only on Prosopis africana. However, for other
species, namely Bombax costatum, Combretum micranthum, Cordyla pinnata, Pterocarpus erinaceus, and
Sterculia setigera, it has a positive effect.
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Table 3. Coefficients values (standard error in parentheses) for the effect of bioclimatic variables on the logit of
the probability of presence of each species. The standardized coefficients represent the effect of an increase of

one standard deviation (calculated across the study area for the 1970-2000 reference period) for each variable.

Asterisks denote levels of significance (* 0.01< p < 0.05, ** 0.001 < p < 0.01, *** p <0.001).

, temp_mean temp_max temp_min
Species prec_ann prec_season
_ann _mon _mon

Acacia macrostachya -2.1* (0.9) 1.9% (0.8) 0.8 (0.7) -2.1**(0.8) -0.7 (0.9)
Anogeissus leiocarpus 1.7** (0.6) -0.3 (0.5) -0.3 (0.4) -0.6 (0.5) 0.3 (0.6)
Bombax costatum -1.3*%(0.5) -0.3(0.4) 1.1**(0.4) 0.2(0.4) -1.5**(0.5)
Combretum glutinosum 0.2(0.9) -1.6(0.8) 0.4(0.7) -2.4**(0.8) -2.8**(1.0)
Combretum micranthum -1.9%%(0.5) 1.5**(0.5) 1.6***(0.4) -1.0%(0.4) -1.0(0.6)
Combretum nigricans -0.5(-0.9) 0.8(0.) 0.1(0.6) 1.9**(0.6) 1.1(0.8)
Cordyla pinnata -1.2**(0.5) 0.0(0.4) 0.6*(0.3) 0.6(0.4) -0.6(0.4)
Daniellia oliveri 2.3(2.3) -2.7*(1.3) -0.8(2.0) 4.6*(2.3) 2.0(2.0)
Detarium microcarpum 0.9(0.5) -1.4***(0.3) -0.8(0.5) 2.3***(0.5) 0.6(0.5)
Lannea acida 0.2(0.4) -0.4(0.3) 0.1(0.3) 0.8**(0.3) -0.1(0.3)
Parkia biglobosa 2.3(1.3) -1.7¥*(0.6) -1.2(1.1) 3.0**(1.1) 1.6(1.1)
Prosopis africana 0.8(0.9) -0.3(0.8) -1.3%(0.7) 1.2(0.7) 0.7(0.8)
Pterocarpus erinaceus -0.8(0.6) -0.9*(0.5) 0.9%**(0.4) 1.0%(0.4) -1.4**(0.5)
Sterculia setigera -1.1(0.4) 0.4(0.3) 0.7*(0.3) -0.5(0.3) -0.8%(0.4)
Terminalia avicennioides -0.8(0.6) -0.7(0.4) 0.2(0.5) 1.4%**(0.4) -0.5(0.7)

Regarding precipitation metrics, an increase in annual precipitation had a significant positive
effect on the size of the predicted distribution area of Combretum nigricans, Daniellia oliveri, Detarium
microcarpum, Lannea acida, Parkia biglobosa, Pterocarpus erinaceus and Terminalia avicennioides, but a
negative effect for other species, including Acacia macrostachya, Combretum glutinosum and Combretum
micranthum. Similarly, a greater seasonality of precipitation would negatively and significantly
impact the distribution of Bombax costatum, Combretum glutinosum, Pterocarpus erinaceus and Sterculia
setigera. It is worth noting that none of the studied species showed any positive effects from this
seasonality of precipitation.

3.3. Evolution of Species Occurrence Under Different Climate Scenarios

Seven species, namely Acacia macrostachya, Bombax costatum, Combretum micranthum, Cordyla
pinnata, Pterocarpus erinaceus, Sterculia setigera and Terminalia avicennioides, which have low to
moderate frequencies in the study area in the current climate, experience a major decrease of their
potential distribution in all future scenarios and may be completely lost under the worst scenario. In
contrast, Anogeissus leiocarpus and Parkia biglobosa become highly frequent present in the future
climate scenarios. The remaining six species, from the rarely present Prosopis africana to the very
widely distributed Combretum glutinosum, show less drastic and less consistent changes across
scenarios, although Combretum nigricans and Detarium microcarpum show a high decrease in their
probability of presence for the worst scenario and longest time horizon (Table 4).

Table 4. Probability of high-value species occurrence according to the different scenarios.

Species 1970- SSP2 SSP3 SSP5
2000
2041-2060 2081-2100 2041-2060 2081-2100 2041-2060 2081-2100

Acacia macrostachya 0.41 0.05 0.01 0.05 0.05 0.05 0.00
Anogeissus leiocarpus 0.04 0.75 0.93 0.82 0.99 0.87 0.99
Bombax costatum 0.27 0.01 0.00 0.01 0.00 0.01 0.00
Combretum glutinosum 0.99 0.93 0.86 0.96 0.95 0.98 0.92
Combretum micranthum 0.05 0.00 0.00 0.01 0.00 0.01 0.00
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Combretum nigricans 0.25 0.33 0.33 0.25 0.12 0.19 0.08
Cordyla pinnata 0.27 0.02 0.00 0.01 0.00 0.01 0.00
Daniellia oliveri 0.07 0.15 0.19 0.11 0.09 0.09 0.10
Detarium microcarpum 0.12 0.12 0.10 0.08 0.03 0.06 0.02
Lannea acida 0.31 0.37 0.38 0.35 0.33 0.33 0.33
Parkia biglobosa 0.06 0.28 0.42 0.24 0.38 0.21 0.51
Prosopis africana 0.01 0.02 0.03 0.01 0.00 0.01 0.00
Pterocarpus erinaceus 0.31 0.07 0.03 0.06 0.01 0.05 0.00
Sterculia setigera 0.10 0.01 0.00 0.01 0.00 0.01 0.00
Terminalia avicennioides 0.10 0.01 0.00 0.01 0.00 0.01 0.00

3.4. Evolution of Species Distribution Under Climate Scenarios

Our models indicate different patterns on species distribution (expansion, restriction,
persistence and west-southwest trajectory) according to scenario and period. For instance, Acacia
macrostachya, which is widely present in the northern part of the studied zone, experiences a large
decrease in its probability of presence across the zone, regardless of the specific scenario (Figure 3).
Unlike Acacia macrostachya, the time horizon seems favorable for the development of Anogeissus
leiocarpus (Figure 4). Indeed, its potential distribution area shows a significant increase in both the
different scenarios and the two time periods. Furthermore, this trend is also observed and becomes
more pronounced for the second period (2081-2100) and the chaotic scenario of environmental
conditions. Initially present in a small part of the extreme north-east of the study area, the species'
distribution area would expand to the entire Sudanian zone from east to west and from north to
south. However, its presence in the extreme southwest is only observed in the second period of the
chaotic scenario of environmental conditions in which the species would be present throughout the
studied area. The evolution of this species seems to depend much more on the time horizon than on
the climatic conditions.
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Figure 3. Potential distributions of Acacaia macrostachya for the present (1970-2000) and for the future under three
different climate change scenarios (SSP245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).
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Figure 4. Potential distributions of Anogeissus leiocarpus for the present (1970-2000) and for the future under three
different climate change scenarios (SSP245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).

Bombax costatum, which is initially fairly scattered throughout the area, will completely
disappear from the area under study over the specified time horizon (Figure 5).
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Figure 5. Potential distributions of Bombax costatum for the present (1970-2000) and for the future under three
different climate change scenarios (SSP245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).

As for the different Combretum species, we noted various patterns. Combretum glutinosum which
was initially present in the entire Sudanian zone will experience a decrease over time during all three
scenarios (Figure 6). Indeed, in all scenarios, the area of its distribution decreased with the most
significant decline occurring in the second period of all scenarios and mostly that of the SSP2.
During this second period of all scenarios, we also noted that this decline is affecting several different
parts of the region. In the SSP2 scenario, the decline will occur in the far east and south, whereas in
the SSP3 and SSP5 scenarios, this decrease will happen in the south-western and in extreme eastern
parts, respectively (Figure 6). Regarding Combretum micranthum which was initially infrequent and
mainly present in the southern part of the study area, it is expected to completely lose its potential
distribution area over time regardless the specific climatic scenario (Figure 7). As for Combretum
nigricans, which occurs mainly in the southern area of the region, it is projected to expand further
south in the SSP 2 and SSP 3 scenarios, particularly in the second time period. Under SSP5, however,
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its distribution is expected to decrease (Figure 8). This is particularly true in the second period, when
it decreases significantly towards the extreme south (Figure 8).
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Figure 6. Potential distributions of Combretum glutinosum for the present (1970-2000) and for the future under
three different climate change scenarios (SSP245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).
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Figure 7. Potential distributions of Combretum micranthum for the present (1970-2000) and for the future under
three different climate change scenarios (SSP245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).
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Figure 8. Potential distributions of Combretum nigricans for the present (1970-2000) and for the future under three
different climate change scenarios (55P245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).
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Cordyla pinnata is currently found with a relatively high probability in the southern and extreme
western parts of the region (Figure 9). However, it is expected to decrease significantly in all climate
scenarios and time horizons, except in the second period of SSP5, where it is predicted to disappear
completely from the study region (Figure 9).

SSP245 2041-2060 SSP245 2081-2100
S presence SN presence
ol f 0 e / N 00

/

15'N / 075 15°N / ‘ 075
14N \ 050 1N \ 050
wf 025 025
. 0.00 . 0.00

1970-2000 SSP370 2041-2060 SSP370 2081-2100
R presence . . presence , presence

/ \ / .
07 18] / 075 wn{| 075
025 13 025 - 025
0.00 b 0.00 ‘\ 0.00

WIS W IS W W I WIZW

SSP585 2041-2060 SSP585 2081-2100
apsiiics W presence AN presence
/ \ el A 100

z z z z

075 SN A 075
025 - 025
N 000 s 0.00

Figure 9. Potential distributions of Cordyla pinnata for the present (1970-2000) and for the future under three
different climate change scenarios (SSP245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).

Daniellia oliveri, initially common in the western part of the region, will expand its range further
south. This increase will be more pronounced in the second period of the SSP2 and SSP3, and to a
lesser extent in the SSP5 (Figure 10). The distribution area of Detarium microcarpum generally
decreased, except in the first period of SSP2, where it remained relatively similar to that of the
reference period. In the second period of SSP5, this species that was more frequent in the south-
western part, experienced a range restriction towards the extreme west (Figure 11). Lannea acida will
experience a moderate expansion of its area of distribution in all scenarios and in both time periods.
This species was originally found only in the southwest. In the future, it will be present in the entire
southern strip of the region (Figure 12). Parkia biglobosa, a species initially more abundant in the
southwest, tends to expand its range in all climate scenarios (Figure 13). However, the extent of this
expansion varies according to the scenario and the time horizon. It covers almost the entire southern
region and is more pronounced in the second study period in all climate scenarios. The expansion in
SSP5 and, to a lesser extent, in SSP2 compared to SSP3 is of great importance (Figure 13).
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Figure 10. Potential distributions of Daniellia oliveri for the present (1970-2000) and for the future under three
different climate change scenarios (S5P245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).
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Figure 11. Potential distributions of Detarium microcarpum for the present (1970-2000) and for the future under
three different climate change scenarios (55P245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).
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Figure 12. Potential distributions of Lannea acida for the present (1970-2000) and for the future under three
different climate change scenarios (S5P245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).
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Figure 13. Potential distributions of Parkia biglobosa for the present (1970-2000) and for the future under three
different climate change scenarios (SSP245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).

Prosopis africana, a rare species, is likely to disappear in all climate scenarios and time periods
(Figure 14). Pterocarpus erinaceus would also have a drastic reduction in distribution. In all scenarios
and time horizons, this species which currently occupies the extreme west and almost the entire
southern part of the region, would experience a significant loss of its range (Figure 15). It would
eventually be restricted to the extreme south and west of the region. In the worst scenario, it would
only be present in very small areas in the extreme southwest of the study area. (Figure 15). Similar to
Prosopis africana, Sterculia setigera, weakly represented in the eastern part of the region, is likely to
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disappear in all scenarios and time horizons (Figure 16). Terminalia avicennioides, a species originally
found in the extreme southwest, will experience a significant reduction in its range. Its range will be
restricted to a small area in the extreme southwest in all climate scenarios and time periods, except
in the chaotic scenario where it disappears completely (Figure 17).
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Figure 14. Potential distributions of Prosopis africana for the present (1970-2000) and for the future under three
different climate change scenarios (SSP245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).
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Figure 15. Potential distributions of Pterocarpus erinaceus for the present (1970-2000) and for the future under
three different climate change scenarios (SSP245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).
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Figure 16. Potential distributions of Sterculia setigera for the present (1970-2000) and for the future under three
different climate change scenarios (55P245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).
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Figure 17. Potential distributions of Terminalia avicennioides for the present (1970-2000) and for the future under
three different climate change scenarios (SSP245, SSP370, SSP585) for two periods (2041-2060 and 2081-2100).

4. Discussion

We investigated how climate change may affect the occurrence of fifteen high-value species from
an ecological niche modelling based on presence-absence data. We expected and found differences
in species distribution changes which is not surprising given specific-species responses to climate
conditions. We found that nine out of the fifteen high-value species would be completely lost within
the study area, two will remain relatively stable in their range while only three would expand their
distribution or maintain their suitable range. These findings are consistent with the growing literature
in many biogeographical zones that shows various patterns (Brice et al., 2019; Dyderski et al., 2018;
MkKkala et al., 2022). One possible explanation of this difference could be related to species performance
to a changing climate (Muller et al., 2019). Changing of climatic conditions can compromise the
survival and development of a wide variety of species and exert a range of influences on the life cycle
of plants. There may be both direct and indirect consequences on valuable species (Valladares et al.,
2014; Bocedi et al., 2013). The quality of habitat for plant species is likely to be influenced by climate
change in a number of ways. Some species will be able to adapt by colonizing new areas, while others
will be forced to disappear from their existing habitats (Urban, 2015; Van der Putten et al., 2010). We
also found that shifts in high-value species ranges are expected to be more severe by 2081-2100
compared to 2041-2060 as found by Sambou et al. (2024). This indicates that long-term effects of
environmental changes on species are critical because even if climatic conditions improve, a species
in decline will not necessarily see its potential range expand (Harrison et al., 2006).

It is worth noting with our models that the range of nine species namely Acacia macrostachya,
Bombax costatum, Cordyla pinnata, Combretum micranthum, Detarium microcarpum, Prosopis africana,
Pterocarpus erinaceus, Sterculia setigera and Terminalia avicennioides would drastically decline under
SSP 2-4.5 and SSP 3-7.0 and would be completely lost in the most drastic scenario (SSP 5-8.5). This
finding supports recent studies which point out the worst impact of climate change on species in the
region (Agwu et al., 2020; Lompo et al., 2021; Sambou et al., 2024). In many western African countries,
a shift of bioclimatic regions is expected (Da, 2010). The decline of these species suggests that under
climate change scenarios, the Senegalese Sudanian zone may not contain environmental conditions
that are favorable to their maintenance. This could be explained by the worsening environmental
conditions in West Africa as climate change proceeds. According to IPCC projections, in West Africa,
2°C warming is expected to reduce precipitation in the western part of West africa, where this study
area is found, leading to a drier and arid climate. This projection is confirmed by our finding that
demonstrates an increase of temperature metrics for all SSPs considered. This increase is estimated
to vary between 2.4°C to 3.8°C from SSP2 to SSP5 compared to the reference scenario. It is known
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that if warming exceeds 3°C, droughts will become more frequent (IPCC, 2022). This is confirmed by
our results on annual precipitation which predict a decrease over time even if we noted a certain
variability. This variability is also consistent with the high estimated value of precipitation that is
more than 100 %. These results indicate that the climatic context in the study region will be
characterized by water stress.

We also found for the nine species that are declining, either temperature exclusively (C. pinnata
and P. africana), only precipitation (C. nigricans and T. avicennioides) or both temperature and
precipitation metrics (A. macrostachya, B. costatum, C. micranthum, P. erinaceus and S. setigera) adversely
affect their potential distribution. This result suggests that it may be relevant to explain the potential
distribution of high-value species related to climate change scenarios. For instance, our finding on
the decline of Cordyla pinnata which is consistent with that of Sambou et al. (2024) who have found a
drastic change in its distribution under SSP 585, could be linked with the negative effect of mean
temperature (BIO 1) on its distribution. This finding is in accordance with the previous study who
highlighted the greatest contribution of mean temperature of the coldest quarter (BIO 11) that cause
the decrease of Cordyla pinnata (Sambou et al., 2024). One possible explanation of our result could be
linked to the high sensitivity to desiccation of its fruits (berries) which have limited ability to resist in
a hotter environment.

Our models also predict the decline of Bombax costatum. This result is consistent with that of
Deguenon et al. (2021) who has shown an expansion of its unsuitable habitat in Benin. However,
our finding is contrasting to the expansion of its range predicted in Mali (Coulibaly et al., 2023). B.
costatum saplings are sensitive to water stress and this could explain a decline under the future
climate (Zerbo et al., 2023). But this species is also known to have high ability of vegetative
regeneration (Ouédraogo and Thiombiano, 2012) which could influence positively species resistance
to more arid conditions.

As for Pterocarpus erinaceus, its decline found from this study is consistent with the finding of
Biaou et al (2023) and Adjonou et al (2020) who demonstrated a significant reduction of this species
under future climate scenarios in Benin and Senegal, respectively. In contrast, Adjonou et al (2020)
highlighted an expansion of this species in other countries of West Africa. Our models show that
maximum temperature of warmest month is the leading cause of the decline. This result is in
accordance with Biaou et al (2023) who highlighted the greatest influence of temperature metrics (BIO
2 and BIO 3). But for Adjonou et al (2020), annual precipitation (BIO 12) followed by temperature
seasonality (BIO 4) are the most import precipitation metrics than determine the distribution of P.
erinaceus in West Africa. Whatever the importance of these metrics on its distribution under future
climate, Pterocarpus erinaceus is known as a threatened species both at global and national levels and
its saplings are very sensitive to desiccation during dry season (Barstow, 2018; Groves et Rutherford,
2016). This could increase the risk of local extinction of Pterocarpus erinaceus in the region.

Additionally, our models indicated that Combretum nigricans would be relatively less affected
compared to those previous species, while Detarium microcarpum, Lannea acida would maintain a
relatively stability of their range. This result from Combretum nigricans and Daniellia oliveri could be
linked to the positive impact of annual precipitation (BIO 12) as demonstrated by our models. As for
Detarium microcarpum, its distribution would be positively affected by this annual precipitation metric
but negatively affected by the maximum temperature of the warmest month (BIO 5). This
simultaneous positive and negative effect may make a balance and could explaining the relative
stability of its range. In contrast, Agbo et al. (2019) predicted an increase of the distribution of D.
microcarpum in Benin over 2050 due to projected increase in rainfall which confirm our finding on the
positive effect of annual precipitation on D. microcarpum distribution. This sensitivity of S. setigera to
precipitation has been highlighted in Togo by Atakpama et al. (2016) who indicated that the
vulnerability of S. setigera would increase with climate change due to water scarcity.

In contrast to previous species, we found an expansion of the range of Anogeissus leiocarpus,
Parkia biglobosa and likely, a slight decrease in the range of Combretum glutinosum. One possible
explanation of the expansion of A. leicarpus could be linked to the positive effect of mean temperature
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on its range as demonstrated by our models, while for Parkia biglobosa, we found both positive effect
with annual precipitation (BIO 12) and negative effect with maximum temperature of the warmest
month (BIO 5). This simultaneous positive and negative effect can be balanced and could explain the
relative increase of its the range.  This result from Parkia biglobosa is in accordance with the findings
in Sudanian zone of Benin, where Parkia biglobosa exhibits resistance to future environmental
conditions (Ayihouenou et al., 2016; Dotchamou et al., 2016). In Sudanian zone, Parkia biglobosa is
contributing to the resilience of agroforestry systems to climate change due its specific characteristics
(Rolo et al., 2023). In addition, our models show that Parkia biglobosa will likely expand further south
in the Sudanian zone. This finding is in accordance with the continuous increase in the size of the
population of Parkia biglobosa in some agrosystems of this study area (B. Sambou, personal
communication, February 2024). Given that changes of environmental conditions are also driven by
local factors, it is probable that the magnitude of changes will differ within the Sudanian zone. But
future studies that integrate variations in local conditions could help understand the leading cause
of this expansion and its resistance to a changing of climate.

Regarding Combretum glutinosum, we found a slight decrease on its future distribution that could be
linked to the negative effect of both annual precipitation and precipitation seasonality. Despite this
marginal reduction, the models show that most of the Sudanian zone will remain suitable for this species.
This result is not surprising because Combretum glutinosum is very common, and is known to thrive in
hotter and drier conditions in the Sudanian and Sahelian domains (Thombiano et al., 2006; Sambou, 2004).

In this study, we only focused on temperature and precipitations metrics and demonstrated that
the changing of these climatic variables is key driver of future distribution of high-value species in the
Sudanian zone. However, favorable or unfavorable climatic conditions alone cannot guarantee species
survival. Vulnerability of tree species to climate change is undoubtedly influenced by various factors
beyond climate, like species traits which could constraint or facilitate their establishment (Boakye et al.,
2023; Butt & Gallagher, 2018; Chuang & Peterson, 2016). For instance, differences in species ability to
compete can lead to redistribution of dominance between species (Cavin et al., 2013). Species
competitive ability traits like vegetative regeneration is predicted to be prominent in Sudanian zone
and could be beneficial to species survival in hotter and drier climate (Niang et al., 2024). This vegetative
regeneration ability is more versatile and efficient across a wider range of environments. Both A.
leiocarpus and C. glutinosum are known to have high vegetative reproductive capacity and rapid growth
rates allowing them to adapt in a context of water scarcity (Osborne et al., 2018; Néké et al. (2006). In a
context of water scarcity, species with deep roots like A. leiocarpus will have greater chance to access to
water resources in the soil (Boakye et al., 2023; Hennenberg et al., 2005).

5. Conclusions

The findings of this study suggest a multi-faceted vulnerability of high-value species to climate
change in the Sudanian zone. This situation is very concerning from a conservation perspective, as it
is predicted that Sudanian climatic conditions will likely become unsuitable for most of high-value
species. This finding is valuable for developing appropriate adaptive forest management strategies
to ensure long-term resilience of species. To sustain forest management urgent actions like
developing specific management plan and monitoring scheme for most vulnerable tree species.
Furthermore, it should be considered whether the prediction models are sufficient to include these
particularly sensitive species in Red Lists as extinction risk is also inferred from measures of change
in range area. Although, it may be beneficial for future research to consider additional variables not
included in the present work, like other environmental variables and species' capacity for dispersal
that may affect their geographical distribution.
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