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geographic distributions of Zornia glochidiata and Andropogon pseudapricus in
Senegal, under two climate models (HadGEM3-GC31-LL and MIROC6) and two
greenhouse gas emission scenarios (SSP245 and SSP585), with projections for 2070
and 2100. The analysis covers the entire Senegalese territory, with particular attention
to rangelands and protected areas. Key environmental variables influencing the
distribution of these two fodder species were identified, and future habitat changes
were forecasted using climatic projections. We employed six modeling techniques:
artificial neural networks (ANN), generalized boosted models (GBM), generalized
linear models (GLM), maximum entropy (MaxEnt), random forest (RF), and surface
range envelope (SRE). Among the bioclimatic predictors, precipitation of the wettest
quarter (Bio16), annual precipitation (Bio12), isothermality (Bio3), and elevation were
the most influential. Random forest showed the highest predictive accuracy, with
AUC values exceeding 0.95 for both species. Currently, the potentially suitable areas
for Z. glochidiata and A. pseudapricus represent 54.84 and 36.17% of Senegal’s total
surface area, respectively. However, all future scenarios forecast a substantial loss of
suitable habitat for both species. These projected reductions underline their high
vulnerability to changing climatic conditions. The results provide crucial insights

for the conservation and management of forage resources in Sahelian ecosystems,
supporting strategies for ecological resilience and socio-economic sustainability.
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1 Introduction

In Sub-Saharan Africa, rangelands constitute the backbone of pastoral and agro-pasto-
ral livelihoods, providing essential ecosystem services such as forage production, soil
protection, and biodiversity conservation [1]. In Sahelian regions, these rangelands
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are particularly sensitive to climate variability and increasing human pressures, which
together threaten their sustainability and capacity to support livestock production [2].

Over recent decades, West Africa has experienced a marked increase in tempera-
tures, greater rainfall variability, and more frequent extreme climatic events, all of which
directly affect rangeland productivity and species composition [3]. In Senegal, rising
temperatures and irregular precipitation patterns have been associated with reduced net
primary productivity, altered phenological cycles, and declining forage quality in nat-
ural pastures [4]. These climatic pressures are further amplified by anthropogenic fac-
tors such as overgrazing, agricultural expansion, and unsustainable land-use practices,
which collectively accelerate rangeland degradation and reduce the availability of graz-
ing resources [3, 5].

Natural pastures remain the primary source of livestock feed in Sahelian systems, par-
ticularly during the rainy season, when herbaceous species dominate forage supply [6].
However, these ecosystems are characterized by strong seasonal contrasts [7]. During
the dry season, the scarcity of herbaceous biomass forces livestock to rely more heavily
on woody species, which also serve as key sources of fuelwood and non-timber forest
products for rural households [8]. While woody species play a critical buffering role dur-
ing feed shortages, herbaceous fodder species remain fundamental to livestock nutrition,
pasture regeneration, and overall rangeland functioning [9]. Their high sensitivity to cli-
matic variability and land-use pressure makes them particularly vulnerable to ongoing
environmental change [10].

In the Sahel, ensuring a stable and sufficient fodder supply throughout the year is a
major challenge for building resilient livestock systems [11]. Seasonal fodder shortages
continue to constrain animal productivity and pastoral livelihoods, a situation expected
to worsen under future climate change scenarios combined with increasing livestock
densities and land-use transformation [12, 13]. Understanding how climate variability
and human pressures jointly influence the distribution and persistence of key herba-
ceous fodder species is therefore essential for sustainable rangeland management and
climate change adaptation.

Species Distribution Models (SDMs) provide a valuable framework for assessing the
relationships between species occurrences and environmental drivers, and for project-
ing potential shifts in suitable habitats under changing climatic conditions [14, 15]. By
linking species distributions to bioclimatic variables, SDMs allow the identification of
areas at risk of habitat loss as well as potential refugia for conservation planning [16, 17].
Ensemble modeling approaches, such as those implemented in BIOMOD2, are particu-
larly useful for reducing uncertainty by combining multiple algorithms, a key advantage
when modeling climate sensitive species in highly variable rangeland environments [18].
Nevertheless, SDMs rely on assumptions such as equilibrium between species and cli-
mate and may not fully capture human-induced pressures, which must be carefully con-
sidered when interpreting results [19].

In West Africa, SDMs have been widely applied to woody and multipurpose tree spe-
cies of ecological and socio-economic importance, including Vitellaria paradoxa, Gar-
cinia kola, Cordyla pinnata, and Parkia biglobosa [20]. These studies have improved
understanding of climate-driven distribution patterns for long-lived species [20]. In con-
trast, herbaceous fodder species, despite their central role in livestock feeding systems,
remain largely underrepresented in SDM based assessments [21]. Their short life cycles
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and strong dependence on rainfall variability make these species highly responsive to
climatic fluctuations and grazing pressure [22, 23]. However, their spatial responses to
climate change remain poorly documented in Senegalese rangelands.

Among the dominant herbaceous fodder species in the Ferlo rangelands of northern
Senegal, Andropogon pseudapricus (a perennial grass) and Zornia glochidiata (an annual
legume) are of particular importance due to their high pastoral value, palatability, and
contribution to pasture productivity [24, 25]. These species play a key role in sustain-
ing livestock during the rainy season and in supporting rangeland regeneration [11, 26].
However, their sensitivity to climatic fluctuations and land-use change raises concerns
about their future persistence under projected climate scenarios [27].

Despite the growing body of literature on rangeland dynamics in Senegal, criti-
cal knowledge gaps remain regarding the climate sensitivity, spatial distribution, and
future habitat suitability of herbaceous fodder species with high pastoral value [28, 29].
Addressing these gaps is essential to inform conservation strategies, pasture manage-
ment, and climate-resilient livestock planning [30, 31].

The aim of this study was to assess the geographic distribution of Andropogon pseuda-
pricus and Zornia glochidiata under current and future climatic conditions. Specifically,
the research addresses the following questions: (i) which bioclimatic variables control
the geographic distribution of each species? (ii) What is the current spatial extent of
suitable habitats for the conservation of these species? (iii) How are the suitable habitats
of Andropogon pseudapricus and Zornia glochidiata expected to change over time?

2 Methodology

2.1 Study areas

The current research study focused on the protected areas, rangelands, fallow lands
and farmlands in Senegal. Senegal is located in West Africa, between latitudes 12°20’-
16°20’ N and longitudes 11°20’-17°30" W (Fig. 1) [32]. The country has a unimodal
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Fig. 1 Location of the study areas
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rainfall pattern characterized by a short rainy season from June to September and a long
dry season from October to May [33]. It is divided into three main climatic zones: Sahe-
lian, North Sudanian, and South Sudanian [34]. In the Sahelian region, annual precipita-
tion varies between 100 and 500 mm, while mean annual temperatures range from 23.3
to 29.6 °C [35]. In Senegal, the Wolof represent the largest ethnic group, followed by the
Fulani [36]. Other ethnic groups are beginning to take their place in the composition of
this population [37].

2.2 Study species

Andropogon pseudapricus is a tufted annual or perennial grass, with ascending,
branched stems that can reach up to 150 cm in height [38]. The plant provides good fod-
der when young and is grazed even when flowering [39]. This species is also appreciated
as hay during the dry season by herding communities in Senegal. A. pseudapricus is an
important component of savannah vegetation in areas with an average annual rainfall of
500-700 mm [38]. It grows on shallow, sandy or gravelly lateritic soils [39].

Zornia glochidiata is a leguminous herb in the Fabaceae family, widely distributed
throughout the Sahelian zone of West Africa [40]. It is recognized as an important for-
age species in the region [41]. It is an annual herb, with erect stems and grows up to
45 cm tall [42]. Its leaves are compound, typically bifoliate, with broad leaflets, [41]. The
stipules are lanceolate in shape and can reach up to 15 mm in length [43]. It is common
in sandy areas with a mean annual rainfall of 300-600 mm or more during the rainy sea-
son and a dry season for up to eight months [42].

2.3 Data collection

2.3.1 Species occurrence data

Presence data for the two species were collected using a Global Positioning System
(GPS) during field surveys conducted across their known distribution range in Senegal
(Fig. 2). These field collected records were complemented with occurrence data obtained
from the Global Biodiversity Information Facility (GBIF;www.gbif.org) to improve spa-
tial coverage. Given the opportunistic nature of GBIF records, all occurrences were sub-
jected to a rigorous data quality control process prior to analysis.

GBIF records were first temporally filtered to retain only occurrences recorded
between 1990 and 2025, excluding older observations that may no longer reflect cur-
rent species distributions due to climate variability and land-use change. Although the
baseline climate data used for model calibration correspond to the 1970-2000 period,
this time window was considered acceptable under the assumption of relative niche sta-
bility of perennial grass species over recent decades. Nevertheless, potential temporal
mismatches between occurrence records and climate data are acknowledged as a source
of uncertainty.

Additional quality control procedures included the removal of duplicate records,
records with missing or obviously erroneous geographic coordinates, and points falling
outside the known ecological range of the species. Records with high spatial uncertainty
or imprecise georeferencing were excluded to minimize location errors commonly asso-
ciated with large biodiversity databases.

To reduce spatial clustering and sampling bias, spatial thinning was applied to ensure
that only one record per 1 km? grid cell remained, using the ENMTools package in R
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Fig. 2 Distribution map of two key herbaceous forage species with high pastoral value

[44]. A fixed random seed was used during this selection process to ensure workflow
reproducibility [45]. After this thinning procedure, a total of 2327 occurrence records
for Zornia glochidiata and 1306 for Andropogon pseudapricus were retained and used
for the final modeling. This procedure aimed to limit overrepresentation of heavily sam-
pled areas and reduce spatial autocorrelation among occurrence points [46, 47]. While
spatial thinning reduces the influence of clustered sampling, it does not fully eliminate
structured sampling bias, which is therefore considered in the interpretation of model
outputs.

2.3.2 Environmental data

Environmental variables used in this study included bioclimatic variables, elevation, and
the Human Footprint Index. A total of 19 bioclimatic variables representing current cli-
mate conditions (1970-2000) and future projections (2070 and 2100), together with ele-
vation data, were obtained from the WorldClim database (https://www.worldclim.org/;
accessed on January 9, 2025) at a spatial resolution of 30 arc seconds (~ 1 km?) [48]. All
environmental layers were harmonized to the same spatial resolution.

In addition to climatic predictors, the Human Footprint Index was obtained from the
Wildlife Conservation Society (https://wcshumanfootprint.org/data-access) and resa
mpled to match the spatial resolution of the bioclimatic variables [49]. This index was
included to represent anthropogenic influences on species distributions. The Human
Footprint Index was included as a static predictor, held constant for future projections
due to the lack of reliable future scenarios.

Future species distributions were projected using two Shared Socioeconomic Path-
way (SSP) scenarios from the CMIP6 framework: SSP2-4.5 (moderate emissions) and
SSP5-8.5 (high emissions), for two periods 2070 and 2100. These scenarios were selected
to capture contrasting trajectories of greenhouse gas emissions and associated climate
change impacts [48]. While these time horizons represent long-term projections that
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may be less directly applicable to short-term pastoral management, they are commonly
used in ecological niche modelling to assess potential long-term shifts in species distri-
butions under climate change.

Climate projections were derived from two Global Climate Models (GCMs), Had-
GEM3-GC31-LL and MIROCS6, which are widely used in CMIP6 experiments and eco-
logical niche modelling studies, including in West Africa [17, 50, 51]. Although the use
of only two GCMs does not encompass the full range of climate uncertainty, it allows for
comparison between models with contrasting climate sensitivities, particularly regard-
ing precipitation patterns that are critical for grassland ecosystems [52]. WorldClim
CMIP6 climate layers, which are bias-corrected and downscaled, were used directly in
this study.

2.3.3 Variable selection for fodder species modeling

To select relevant environmental predictors for ecological niche modeling, we con-
ducted a variance inflation factor (VIF) analysis on 19 initial bioclimatic variables and
the Human Footprint Index to assess multicollinearity [53]. We progressively eliminated
variables with a Pearson correlation coefficient equal to or higher than |0.7| (r >|0.7])
[54]. Then, the six least correlated environmental variables for Andropogon pseudapri-
cus and seven variables for Zornia glochidiata and elevation were identified to run the
model. Finally, a jackknife test was conducted to identify the variables with the greatest
contribution to the model [55].

2.3.4 Evaluation of model and potential distribution of forage species

The prediction of current and future suitable areas for forage species was carried out
using R 4.3.2 software based on six machine learning algorithms implemented in the
Biomod2 package [56]. Pseudo-absences were generated randomly across Senegal,
assuming that the country represents the accessible area for both species. For each
modelling run, the number of pseudo-absences was set equal to the number of pres-
ence records [46, 47]. Then, six algorithms commonly used for species prediction were
applied: artificial neural networks (ANN), generalized boosted models (GBM), general-
ized linear models (GLM), random forest (RF), surface range envelope (SRE) and maxi-
mum entropy (MaxEnt) [11, 46, 48]. These algorithms combine species occurrence data
with current bioclimatic variables to generate maps of potential species distribution in
the study area and future habitat suitability based on climate projections [59]. For each
species, model calibration and evaluation were performed using a repeated split-sam-
pling cross-validation design, in which 75% of the data were used for calibration and
25% for validation, with 10 repeated runs [60]. The final performance metrics, including
the Area under the Curve (AUC), the True Skill Statistic (TSS), the Correlation Statistic
(COR), and the Kappa [61], are reported as the mean + standard deviation across all 30
replicates (3 PA sets x 10 evaluation runs). An AUC value close to 1 (AUC>0.75) indi-
cates a very good performance of the model [62].

To generate the final consensus maps, an ensemble modeling approach was used.
Only individual models with a TSS score greater than 0.7 were retained for the ensem-
ble to ensure high predictive accuracy, which led to the exclusion of poorly perform-
ing runs (notably from the ANN algorithm in certain scenarios). The final ensemble was
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computed using a TSS-weighted mean, giving more influence to the most accurate mod-
els. The TSS value ranges from -1 to+1, and is calculated using the following formula
[63]:
TSS = % = Sensitivity + Specificity — 1

Suitable habitat distributions for the fodder species, both current and projected under
future climate scenarios, were mapped based on logistic occurrence probabilities (p).
Three suitability classes were defined as follows: low suitability (p <0.4), medium suit-
ability (0.4<p<0.6), and high suitability (p>0.6), following the thresholds suggested by
[64] and commonly used in similar SDM studies. These thresholds provide a simple and
interpretable categorization of habitat suitability, and sensitivity analyses indicated that
minor changes in the thresholds (+ 0.05) did not substantially alter the spatial patterns of
suitable habitats.

Moreover, the centroid shift of both species from the present to future SSP scenar-
ios, across both time frames, were performed using R (version 4.3.2), primarily with the
packages sf, ggplot2, ggspatial, and patchwork [65]. Maps of the species suitable areas
were finally produced using ArcMap 10.8 under current and future climatic conditions
for both scenarios and time horizons.

3 Results

3.1 Key environmental variables influencing species distribution

The relative importance of environmental variables influencing the potential distribu-
tion of the two fodder species is presented in Table 1. Variable contributions correspond
to the mean importance derived from the ensemble modeling framework, based on
internal Jackknife procedures applied after collinearity filtering. Only variables retained
following correlation analysis were included, thereby reducing redundancy among pre-
dictors such as elevation and climate-related variables.

For Zornia glochidiata, elevation emerged as the most influential variable (21%), fol-
lowed by minimum temperature of the coldest month (15.6%), isothermality (13.5%),
precipitation of the coldest quarter (12.6%), and precipitation of the wettest month
(10.6%). Precipitation of the wettest quarter (Biol6) showed a comparatively lower con-
tribution (8.4%).

Table 1 Variables contribution used in modelling of the two fodder species

Species Variables code Variables name Contribution (%)

Zornia glochidiata Bio3 Isothermality (BIO2/BIO7) (x 100) 135
Bio6 Min temperature of coldest month 15.6
Bio13 Precipitation of wettest month 10.6
Bio16 Precipitation of wettest quarter 84
Bio19 Precipitation of coldest quarter 12.6
Elev Elevation 21
HFP Human Footprint Index 18.3

Andropogon pseudapricus Bio9 Mean temperature of driest quarter 12.7
Bio12 Annual precipitation 26.6
Bio16 Precipitation of wettest quarter 34.8
Bio17 Precipitation of driest quarter 53
Elev Elevation 12.1

HFP Human Foot print Index 85
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For Andropogon pseudapricus, precipitation-related variables dominated, with pre-
cipitation of the wettest quarter (Biol6; 34.8%) and annual precipitation (Bio12; 26.6%)
contributing the most, while precipitation of the driest quarter (Biol7) had the lowest
influence (5.3%).

Although climatic variables were predominant, the Human Footprint Index also con-
tributed to habitat suitability, accounting for 18.3 and 8.5% of the explained variation for
Z. glochidiata and A. pseudapricus, respectively, highlighting the combined influence of
climatic and anthropogenic factors.

3.2 Model accuracy and performance

Table 2 presents the predictive performance of the six algorithms (RF, MaxEnt, GLM,
GBM, SRE, and ANN) for the two fodder species using AUC, TSS, COR, and KAPPA
metrics. Overall, most algorithms exhibited good predictive ability (AUC>0.8). In
contrast, ANN showed weak performance, particularly for Andropogon pseudapricus
(AUC=0.59, TSS =0.50), and moderate performance for Zornia glochidiata (AUC = 0.75,
TSS=0.63), indicating limited predictive reliability for this algorithm.

For Zornia glochidiata, RF achieved the highest predictive performance (AUC=0.98,
TSS =0.91). Similarly, for Andropogon pseudapricus, RF also performed best (AUC =0.98,
TSS =0.90). MaxEnt and GBM showed intermediate performance levels. SRE, an enve-
lope-based approach, produced acceptable but generally lower performance compared

to machine learning algorithms, reflecting its more constrained modeling framework.

3.3 Current and future distribution of two fodder species

3.3.1 Zornia glochidiata

Currently, highly suitable habitats for Z. glochidiata cover 22.69% (43,843.77 km?) of
Senegal, while moderately suitable habitats account for 32.15% (63,161.36 km?). Unsuit-
able areas represent 45.16% (88,834.02 km?) of the national territory (Appendix A;
Fig. 3), with suitable habitats primarily concentrated in the Sudano-Sahelian and Suda-
nian zones (Fig. 4).

Future projections across all scenarios and time horizons indicate a general trend of
habitat contraction; however, the magnitude of this decline appears to be highly sensi-
tive to the choice of Global Climate Model (GCM) and emission pathways. Under the
HadGEM3-GC31-LL model, projected habitat losses remain relatively consistent, rang-
ing from 47.9 to 50.2% by the end of the century. In contrast, when considering the

Table 2 Performance of the six algorithms (RF, MaxEnt, GLM, GBM, SRE, ANN)

Species Algorithm AUC COR TSS KAPPA

Zornia glochidiata RF 0.98 0.95 091 0.89
MaxEnt 0.95 0.87 0.86 0.84
GLM 083 0.75 0.85 0.69
GBM 091 0.71 0.68 0.67
SRE 0.88 0.63 0.7 0.85
ANN 0.75 0.67 0.63 0.78

Andropogon pseudapricus RF 0.98 0.97 0.9 0.86
MaxEnt 0.93 0.8 0.88 0.82
GLM 0.89 071 0.82 0.66
GBM 092 0.7 0.67 0.65
SRE 08 0.72 0.61 0.7

ANN 0.59 057 0.5 053
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Fig. 3 Change in the range of suitable habitat areas for Zoria glochidiata under current and future climate sce-
narios based on SSP245; SSP585; HadGEM3-GC31-LL and MIROC6
MIROC6 model under the high-emission scenario (SSP585), projections yield a much
more pessimistic outcome, where suitable areas could potentially decline to 9.65% by
mid-century and 8.9% by 2100.

Despite these differences, both models agree on a general trend of range contraction,
particularly in the central and northern parts of the current distribution. The extreme
reductions projected by MIROC6 therefore represent a pessimistic scenario within the
range of model uncertainty rather than a uniform outcome across all climate projections.

3.3.2 Andropogon pseudapricus

Under current climatic conditions, highly suitable habitats for A. pseudapricus repre-
sent 10.14% (19,942.38 km?) of Senegal’s total area, while moderately suitable areas cover
26.03% (51,197.06 km?). Unsuitable areas account for 63.83% of the country (125,578.23
km?) (Appendix A; Fig. 5), with suitable habitats primarily concentrated in the northern
Sahelian zone (Fig. 6).

Future projections indicate a general trend toward habitat reduction; however,
the magnitude of change is highly sensitive to the choice of GCM. Under the Had-
GEM3-GC31-LL model, the total suitable area shows relatively limited variation, main-
taining 88.11% (SSP245) and 88.37% (SSP585) of the current range by 2061-2080. In
contrast, projections based on the MIROC6 model yield a much more extreme outcome
under SSP585, where suitable habitat could potentially decline by 89.36% (5,448.75 km?)
by 2061-2080. These contrasting results underscore that while a contraction is consis-
tently projected, the most severe declines are model-contingent outcomes reflecting the
specific climate sensitivity of the MIROC6 model.

Despite these discrepancies, both models converge on a declining trend in suit-
able habitats, particularly within the northern Sahelian zone, highlighting the species’
sensitivity to future climatic conditions and the associated uncertainty in long-term
projections.
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Fig. 4 Current and future distribution predictions of Zornia glochidiata under different climate scenarios (the
upper bigger map is the current distribution and the small maps are the future distributions)

3.3.3 Trajectory of the two species under current and future climate conditions

Centroid shift analysis under future climate scenarios revealed contrasting trajectories
between the two species (Fig. 7). For A. pseudapricus, the centroid consistently shifted
northeastward, with displacement distances ranging from 150 to 230 km depending on
the GCM and SSP scenario. The largest shift occurred under SSP585-2100 with Had-
GEM3 (=230 km), indicating a progressive movement of suitable habitat toward cooler
and relatively wetter eastern regions, consistent with the species’ preference for sub-
humid conditions.
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Fig.5 Change in the range of suitable habitat areas for Andropogon pseudapricus under current and future climate
scenarios based on SSP245; SSP585; HadGEM3-GC31-LL and MIROC6

In contrast, Z. glochidiata exhibited southwestward centroid shifts, with distances
ranging from 100 to 140 km, particularly pronounced under MIROCS6 projections. This
pattern reflects displacement toward drier low latitude and western areas, in line with
the species’ tolerance to arid environments.

Although the magnitude of shifts varies among GCMs and SSPs, the directional trends
are consistent, highlighting species-specific responses to climate change.

4 Discussion

4.1 Variable importance for the habitat suitability of the two fodder species in Senegal
Temperature and precipitation are the primary bioclimatic variables influencing plant
growth and reproduction [66]. Based on the relative importance of the environmental
predictors, the distribution of Z. glochidiata is primarily shaped by elevation, minimum
temperature of the coldest month, isothermality, and precipitation during the cold-
est quarter. In contrast, A. pseudapricus is most affected by precipitation in the wettest
quarter, total annual rainfall, and mean temperature of the driest quarter. Comparable
patterns have been highlighted in earlier research conducted across West Africa [11, 18,
55], reinforcing the role of temperature and rainfall in determining the ecological niches
of tropical species [68]. According to O’Donnell and Ignizio [70], species can adapt to
environments characterized by lower temperature variability, which enhances their per-
sistence across different climatic zones. Comparable observations were made for Afzelia
africana [74] and Carapa procera [58] in Burkina Faso, as well as for other multipur-
pose species in Benin [67]. The present findings are consistent with previous research
on the spatial distribution of fodder species in West Africa [66]. Numerous studies have
emphasized that precipitation and temperature are the dominant climatic factors influ-
encing the distribution patterns of woody vegetation throughout the region [59, 62].

In this study, human activities accounted for 18.3 and 8.5% of the factors influencing
the distribution of Z. glochidiata and A. pseudapricus, respectively. These results indi-
cate that anthropogenic pressures such as land-use change, infrastructure development,
and population expansion negatively affect the growth, habitat suitability, and reproduc-
tive capacity of both species [66]. The growing intensity of human use of rangelands has
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Fig. 6 Current and future distribution predictions of Andropogon pseudapricus under different climate scenarios.
(The upper bigger map is the current distribution and the small maps are the future distributions)
been identified as a major driver of the widespread degradation of fodder vegetation in

recent years [66].

4.2 Model performance

The present study employed the Biomod2 package to model both current and projected suit-
able habitats for the two fodder species, using six algorithms: ANN, GBM, GLM, MaxEnt,
RE, and SRE. Among these approaches, the Random Forest (RF) algorithm consistently pro-
duced the most reliable predictions for both species, as reflected by its superior AUC and
TSS scores. This finding aligns with earlier works by Huang et al. [56] Coulibaly et al. [59],
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distribution to future SSP scenarios

and Sambou et al. [34], which also identified RF as the most effective method for species
distribution modeling. Similarly, recent studies by Dogbo et al. [67] and Gbadamassi et al.
(2025)[59] reported that Random Forest was the most robust algorithm for predicting the
spatial distribution of twelve multipurpose species in Benin and Prosopis africana in Togo.
However, the integration of multiple algorithms in species distribution modeling remains
a topic of scientific debate [67]. Rausell-Moreno [72], emphasized that combining different
modeling techniques can improve predictive robustness and minimize algorithm specific
bias. Several studies have further demonstrated that ensemble models, which aggregate mul-
tiple algorithms, generally outperform single-model approaches in predicting species distri-
butions and evaluating the potential effects of climate change [73, 57].

4.3 Current distribution of the two species

The predicted current suitable habitats for Z. glochidiata in Senegal cover more than half
of the national territory (54.84%), whereas those of A. pseudapricus occupy approximately
36.17% of the country’s surface area. These favorable habitats extend mainly across the
Sudanian and Sudano-Sahelian ecological zones. This pattern aligns with the known dis-
tribution range of Z. glochidiata in West Africa [41]. In contrast, model projections for A.
pseudapricus indicate a broader presence throughout Senegal, with a stronger concentra-
tion in the northern Sahelian region. Furthermore, the species appears to be absent from
certain protected areas, as well as from some unprotected rangelands.
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These results indicate that protected areas do not always provide effective conservation
sites for species such as A. pseudapricus. Some regions currently classified as unsuitable may
become more favorable for the species in the future, potentially offering better conservation
opportunities than areas already considered suitable. Additionally, the extent of suitable hab-
itat for Z. glochidiata identified in this study exceeds that reported for other socio-econom-
ically important plant species in West Africa. For example, Balima et al. [19] estimated that
approximately 25.54% of Burkina Faso’s territory is suitable for Afzelia africana conservation,
while only about 2.37% of Mali’s territory was deemed highly suitable for Bombax costatum
Pellegr and Vuill. [59]. The substantial areas identified as unsuitable for Z. glochidiata and A.
pseudapricus highlight the urgent need to prioritize their conservation in Senegal.

4.4 Future distribution of the two species

Climate projections for 2070 suggest that A. pseudapricus and Z. glochidiata are likely to
lose between 53.24 and 89.36% of their highly suitable habitats under the SSP2-4.5 and
SSP5-8.5 scenarios, respectively. These results are consistent with observed distribution
patterns for Bombax costatum Pellegr. & Vuill. in Mali, reported by Coulibaly et al. [59],
and for Combretum glutinosum Perr. ex-DC. in Burkina Faso, documented by Dembélé
et al. [44]. Compared to other multipurpose species in West Africa, the projected future
ranges for these two fodder species are relatively extensive. For instance, Djibo Moussa
et al. [62] estimated that 37.89% of Niger’s territory could be suitable for Balanites sene-
galensis conservation, while approximately 32.91 and 26.44% of the territories of Senegal
and Benin were identified as suitable for the conservation of Cordyla pinnata [58] and
Parkia biglobosa (Jacq.) R.Br. ex G. Don [67], respectively.

Our results indicate that suitable habitats for both Z. glochidiata and A. pseudapricus are
projected to contract primarily within the Sudano-Sahelian region of West Africa. This pat-
tern is consistent with previous studies predicting future range reductions for Pterocarpus
erinaceus [43] and Adansonia digitata under changing climatic conditions in the region [59].
The observed decline can be attributed to rising temperatures, reduced precipitation, and
the increasing frequency of extreme climatic events, all of which compromise the ecologi-
cal viability of these species in areas that were previously suitable. These findings also align
with climate models forecasting a general decrease in rainfall across West Africa [71]. By
2100, under the specific projections of the MIROC6 model (SSP2-4.5), Z. glochidiata could
potentially lose approximately 69.25% (19,419.32 km?) of its less suitable habitats, while A.
pseudapricus is projected to lose about 56.81%. This difference may reflect species-specific
ecological sensitivities to climate forcing. Furthermore, while not explicitly quantified in our
spatial models, this decline could be further exacerbated by anthropogenic factors such as
the expansion of croplands and urban areas, which often reduce the available niche in range-
lands. Our results are consistent with those of Trisurat et al. [67] and Gbadamassi et al. [59],
who reported that fodder species often occupy only a fraction of their potential ecological
niche due to human activities, bushfires, and interspecific competition. Similarly, Saliou et
al. [59] predicted a marked reduction in the habitats of three Andropogon species in Benin,
highlighting the urgent need for targeted conservation actions. The projected shift of suitable
habitats towards the Sudanian zone under future climate scenarios can be attributed to sig-
nificant increases in temperature, particularly in the semi-arid regions of West Africa, which
are likely to reduce areas suitable for plant biodiversity [19, 43, 68, 69]. Climatic changes are
altering habitats, while human pressures such as agricultural expansion and infrastructure
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development continue to impact fodder species Gbadamassi et al. [59]. These combined
challenges highlight the need for integrated management strategies that address both envi-
ronmental and anthropogenic factors to ensure long-term conservation.

4.5 Implications for management and conservation

Based on the results of this study, current management efforts should focus on monitor-
ing areas identified as highly and moderately suitable habitats, with the aim of imple-
menting timely and targeted conservation measures. In anticipation of future climate
change, strategies should prioritize regions projected to remain suitable or to become
suitable for Z. glochidiata and A. pseudapricus. Concurrently, reducing human-induced
pressures is essential to support the growth, regeneration, and expansion of these spe-
cies within their potential distribution zones.

This study utilized Biomod2 simulations integrating six modeling algorithms to pre-
dict the geographic distribution of Z. glochidiata and A. pseudapricus across Senegalese
rangelands under both current and future climate scenarios. Continuous monitoring and
early warning systems for shifts in plant distribution can provide a scientific foundation for
proactive conservation planning, enabling interventions at both local and regional scales.
These insights have substantial theoretical and practical implications for guiding adaptive
rangeland management and biodiversity conservation throughout the Sahelian region.

From a policy perspective, these findings can inform climate-mart rangeland planning
by identifying priority areas for conservation, restoration, and sustainable grazing under
future climate scenarios. The projected shifts in suitable habitats provide valuable inputs
for national adaptation strategies, land use planning, and pastoral development policies.
Incorporating these findings into decision making frameworks can help improve the resil-
ience of rangeland systems and pastoral livelihoods in the face of ongoing climate change.

5 Conclusion

This study provides clear evidence that climate change, in interaction with topographic
and anthropogenic factors, will strongly reshape the future availability of key fodder
resources in Senegalese rangelands. The strong dependence of Zornia glochidiata and
Andropogon pseudapricus on precipitation- and temperature related variables indicates
a high sensitivity of these species to ongoing and projected climatic changes. The con-
sistent contraction and spatial displacement of suitable habitats under future scenarios
suggest that climate change may exacerbate forage scarcity, with direct implications for
pastoral livelihoods and rangeland resilience.

The projected decline and redistribution of suitable areas, combined with the limited
overlap between future suitable habitats and existing protected areas, highlight gaps in cur-
rent conservation and land-use planning frameworks. These findings underscore the need
to integrate climate-informed species distribution projections into rangeland management,
conservation planning, and pastoral adaptation strategies. Proactive measures such as habi-
tat protection, sustainable grazing management, and the prioritization of climate-resilient
forage species will be essential to sustain pastoral systems under future climatic uncertainty.

Appendix A
Dynamics of suitable areas of Zornia glochidiata and and Andropogon pseudapricus

under current and future climatic conditions.



Page 16 of 20

(2026) 7:909

Sawadogo et al. Discover Sustainability

Sl 0708~— 169€101 65LY /6'85— 078l §9°CS 65%9¢ 80°095'€0L 001Z-180C 585 dSS

LT 9€'68— SL8YYS 86'cY 7995~ /701598 S9°TS 6579¢ 80°095'€0L 0802-1907" 685 dSS

96C €988 — §5'078S 6L 1896 — LT'sE1'98 §9'CS 65%9¢ 80°095°€01L 001Z-180C S¥C dSS
€Cee 657 L— 9960/'cy 474 78'SL— 86'£7T'8Y §9°CS 65%9¢ 80°095°€0L 0802-190C S¥C dSS 9 204N

86C 95'88— 679585 L6y 09'85— 9109578 SPYS 81708¢ Lo'Lol'z0l 001Z-180C 685 dSS

€0'e /€88— 505565 €Ly €€65— 8SLLL'L8 €Lss G598¢ Y6'¥SH'801 0807-1907 585 dSS

e 918~ LL'6£€9 145434 1045~ 99'819'68 §9°CS 6549¢ 80°095'€0L 0012-180C" S¥C dSS 1109 snoudopnasd

ole 1188~ 0£'8809 AN 4 £€09— 618206/ z19s 6756€ 08'10¥'0LL 0802-190C" S¥C dSS -EW3opeH v
€09¢ 90/61'LS r10L 8ETYE'6L €8'€9 €08/5'GCL AEYITs)

068 5009~ 96161 18'€L 00/5— 66'651'2C 199/ 8169 15578051 001Z-180C 685 dSS

596 TL95— L1681 STLL 9679~ 60°€EL'CT 878/ 6L°€L L¥'88E7S1 080¢-190C" 685 dSS
0zol YTrS— €C'190'0C /86 ST69— c6lr6l LE6L €96/ 8/'G10'9S1L 0012-180C" S¥C dSS
ol YTes— 1£°005'0C G€6 880/~ 8EV6E'81 196/ 89/ 16'865°951 0802-190C" S¥C dSS 9 DOYIN
oLLL 8105 — 8LY¥8'LT 88/ oS/ — 78105'S1 0’08 €08/ 76751851 001Z-180C 685 dSS
e 858y — 8T ErS'Ce oLz 68/~ §896'c L 7808 96'8/ 00'186'85 1 080¢-190C” 685 dSS
0911 96'Ly— 66'518'7C 119 168/ — ogeze’el Lo'l8 8¢'6/ TeesE6S1L 001Z-180C S¥C dSS T-109
€11 66'87— L119€'TT 80°/ S6/L— 69/76'cL €608 Lz6L LLS61'651 0807-190C S¥¢ dSS -€WIDPeH  pIbIpIY20ib 7
69CC LLEY'EY Slee 9€'191'€9 ol'Sy 20£8'88 AVEYITs)

9|qeins ybiH a|gelns sso7 a|geynsun
% (%) puaiL  (zw) eaay % (%) puaiL  (zwy) easy % (%) puaiL  (zw)) easy




Sawadogo et al. Discover Sustainability (2026) 7:909 Page 17 of 20

Acknowledgements
We express our gratitude to the Ferlo population for their cooperation and to the people who helped collect this data.

Author contributions

Idrissa Sawadogo: Writing original draft, Visualization, Software, Methodology, Investigation, Funding acquisition, Formal
analysis, Data curation and Conceptualization. Jean Kouao Koffi: Visualization, Resources, Methodology, Data curation,
Conceptualization and draft editing. Sié Sylvestre Da: Writing original draft, Visualization, Software, Methodology, Data
curation, Conceptualization and draft editing. Jean Baptiste Dembélé: Visualization, Resources, Methodology, Data
curation, Conceptualization and draft editing. Innocent Charles Emmanuel Traoré: Writing original draft, Visualization,
Software, Methodology, Data curation, Conceptualization and draft editing. Faustine Akossoua Kouassi: Writing original
draft, Visualization, Software, Methodology, Data curation, Conceptualization and draft editing. Philippe Bayen: Writing
original draft, Visualization, Software, Methodology, Data curation, Conceptualization and draft editing. Omonlola Nadine
Worou: Writing original draft, Visualization, Software, Methodology, Data curation, Conceptualization and draft editing.

Funding
This work was supported by the Partnership for Skills in Applied Sciences, Engineering, and Technology (PASET) Regional
Scholarship Innovation Fund (RSIF) awarded to Mr Sawadogo Idrissa.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent to publication
Not applicable.

Competing interests
The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Author details

"West African Science Service Centre on Climate Change and Adapted Land Use (WASCAL)/African Center of
Excellence in Climate Change, Biodiversity and Sustainable Agriculture (CEA-CCBAD), University Félix Houphouet-
Boigny, B.P. 165, Abidjan 31, Cote d'lvoire

’Laboratoire de Biologie et Ecologie Végétales, Université Joseph Ki-Zerbo, 03 BP 7021, Ouagadougou 03, Burkina
Faso

3Sustainable Livestock Systems, International Livestock Research Institute (ILRI), BP 24265 Dakar, Senegal
“Laboratory of Ecology and Sustainable Development (LEDD), Laboratory of Botany and Promotion of Plant Diversity
(LaBVDIV), University Nangui Abrogoua, UFR Natural Sciences (SN), 02 BP 801, Abidjan 02, Abidjan 31, Cote d'lvoire
SWest African Science Service Centre on Climate Change and Adapted Land Use, Competence Center, 06 Box 9507,
Ouagadougou, 06, Burkina Faso

SCentre Universitaire de Dori/Université Thomas Sankara, 12 B. P. 417, Ouagadougou 12, Burkina Faso

’Centre National de Floristique, University Félix Houphouét-Boigny, 22 BP 582, Abidjan 22, Cote d'Ivoire

8Umversity Daniel Ouezzin Coulibaly, UFR/SAT, BP176 Dedougou, Burkina Faso

Received: 4 October 2025 / Accepted: 8 April 2026
Published online: 30 April 2026

References

1. Brychkova G, Kekae K, McKeown PC, Hanson J, Jones CS, Thornton P, et al. Climate change and land-use change impacts
on future availability of forage grass species for Ethiopian dairy systems. Sci Rep. 2022. https://doi.org/10.1038/541598-02
2-23461-w.

2. Hidalgo-Galvez MD, Barkaoui K, Volaire F, Matfas L, Cambrollé J, Ferndndez-Rebollo P, et al. Can trees buffer the impact of
climate change on pasture production and digestibility of Mediterranean dehesas? Sci Total Environ. 2022. https://doi.org/
10.1016/j.scitotenv.2022.155535.

3. Africa. Climate change 2022—impacts, adaptation and vulnerability. Cambridge University Press; 2023. p. 1285-456.
https://doi.org/10.1017/9781009325844.011.

4. Calvin K, Dasgupta D, Krinner G, Mukherji A, Thorne PW, Trisos C, et al. IPCC, 2023: Climate change 2023: synthesis report,
summary for policymakers. Contribution of working groups |, Il and Il to the sixth assessment report of the intergovern-
mental panel on climate change [Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland. 2023. https://
doi.org/10.59327/IPCC/ARE-9789291691647.001.

5. Martin R, Muller B, Linstadter A, Frank K. How much climate change can pastoral livelihoods tolerate? Modelling rangeland
use and evaluating risk. Glob Environ Chang. 2014;24:183-92. https://doi.org/10.1016/j.gloenvcha.2013.09.009.

6. HouQ, JiZ Yang H, Yu X. Impacts of climate change and human activities on different degraded grassland based on NDVI.
Sci Rep. 2022. https://doi.org/10.1038/541598-022-19943-6.

7. Estimation des bilans fourragers dans la région du Sahel d’Afrique de 'Ouest et Centrale. FAO; 2020. https://doi.org/10.406
0/cag111fr.


https://doi.org/10.1038/s41598-022-23461-w
https://doi.org/10.1038/s41598-022-23461-w
https://doi.org/10.1016/j.scitotenv.2022.155535
https://doi.org/10.1016/j.scitotenv.2022.155535
https://doi.org/10.1017/9781009325844.011
https://doi.org/10.59327/IPCC/AR6-9789291691647.001
https://doi.org/10.59327/IPCC/AR6-9789291691647.001
https://doi.org/10.1016/j.gloenvcha.2013.09.009
https://doi.org/10.1038/s41598-022-19943-6
https://doi.org/10.4060/ca9111fr
https://doi.org/10.4060/ca9111fr

Sawadogo et al. Discover Sustainability (2026) 7:909

8. Reinhardt JR, Filippelli S, Falkowski M, Allred B, Maestas JD, Carlson JC, et al. Quantifying Pinyon-Juniper reduction within
North America’s Sagebrush ecosystem. Rangel Ecol Manag. 2020;73:420-32. https://doi.org/10.1016/j.rama.2020.01.002.

9. Coulibaly A, Avakoudjo HGG, Idohou R, Vodounnon EJ, Diallo S, Cherif M. Impact of climate change on the distribution of
Bombax costatum Pellegr. & Vuillet in Mali, West Africa. Trees For People. 2023. https://doi.org/10.1016/j.tfp.2022.100359.

10. Tulu D, Gadissa S, Hundessa F, Kebede E. Contribution of Climate-Smart Forage and Fodder Production for sustainable
livestock production and environment: lessons and challenges from Ethiopia. Adv Agric. 2023. https://doi.org/10.1155/20
23/8067776.

11. Sambou M, Koné B, Sane S, Vodounnon MEJ, Diatta AA, Diatta L, et al. Impact of climate change on the habitat range
and distribution of Cordyla pinnata, Faidherbia albida and Balanites aegyptiaca in Senegal. Model Earth Syst Environ.
2024;10:3137-55. https://doi.org/10.1007/540808-023-01935-8.

12. Dong R, Hua LM, Hua R, Ye GH, Bao D, Cai XC, et al. Prediction of the potentially suitable areas of Ligularia virgaurea and
Ligularia sagitta on the Qinghai-Tibet Plateau based on future climate change using the MaxEnt model. Front Plant Sci.
2023. https://doi.org/10.3389/fpls.2023.1193690.

13. Fao. Pastoralism in Africa’s drylands reducing risks, addressing vulnerability and enhancing resilience. (2020).

14.  Chishakwe Nyasha, Murray Laurel, Chambwera Muyeye. Building climate change adaptation on community experiences :
lessons from community-based natural resource management in southern Africa. International Institute for Environment
and Development (UK); 2012.

15. Joseph J, Tramberend S, Kabi F, Fischer G, Kahil T. Sustainable intensification of fodder crop production can mitigate feed
shortage and seasonality in East Africa. Environ Dev. 2025. https://doi.org/10.1016/j.envdev.2025.101158.

16. Lo A, Diouf AA, Diedhiou |, Bassene CDE, Leroux L, Tagesson T, et al. Dry season forage assessment across Senegalese
rangelands using earth observation data. Front Environ Sci. 2022. https://doi.org/10.3389/fenvs.2022.931299.

17. Agwu OP, Bakayokoa A, Jimoh SO, Dimobe K, Porembski S. Impact of climate on ecology and suitable habitat of Garcinia
kola heckel in Nigeria. Trees For People. 2020. https://doi.org/10.1016/j.tfp.2020.100006.

18. Dogbo SF, Salako KV, Agoundé G, Dimobe K, Adiko AEG, Gebauer J, et al. Potential impacts of future climate on twelve key
multipurpose tree species in Benin: insights from species distribution modeling for biodiversity conservation. Trees For
People. 2025. https://doi.org/10.1016/j.tfp.2024.100744.

19. Balima LH, Nacoulma BMI, Da SS, Ouédraogo A, Soro D, Thiombiano A. Impacts of climate change on the geographic
distribution of African oak tree (Afzelia africana Sm.) in Burkina Faso, West Africa. Heliyon. 2022. https://doi.org/10.1016/j.he
liyon.2021.e08688.

20. Guisan A, Tingley R, Baumgartner JB, Naujokaitis-Lewis |, Sutcliffe PR, Tulloch AIT, et al. Predicting species distributions for
conservation decisions. Ecol Lett. 2013;16:1424-35. https://doi.org/10.1111/ele.12189.

21, Ousseini M, Idrissa S, Dar K, Seydou H. Forage production, pastoral value and carrying capacity of the rangeland of Tahoua
State in Niger Republic. vol. 8. 2023.

22.  Diouf AA, Brandt M, Verger A, El Jarroudi M, Djaby B, Fensholt R, et al. Fodder biomass monitoring in Sahelian rangelands
using phenological metrics from FAPAR time series. Remote Sens (Basel). 2015;7:9122-48. https://doi.org/10.3390/rs70709
122.

23. Marie B, Nacoulma I, Traoré S, Hahn K, Thiombiano A. Impact of land use types on population structure and extent of bark
and foliage harvest of Afzelia africana and Pterocarpus erinaceus in Eastern Burkina Faso. vol. 3. 2011.

24, Schumann K, Wittig R, Thiombiano A, Becker U, Hahn K. Impact of land-use type and harvesting on population structure
of a non-timber forest product-providing tree in a semi-arid savanna, West Africa. Biol Conserv. 2011;144:2369-76. https://
doi.org/10.1016/j.biocon.2011.06.018.

25. Dimobe K, Ouédraogo A, Ouédraogo K, Goetze D, Stein K, Schmidt M, et al. Climate change reduces the distribution area
of the shea tree (Vitellaria paradoxa C.F. Gaertn.) in Burkina Faso. J Arid Environ. 2020. https://doi.org/10.1016/j jaridenv.202
0.104237.

26.  Dotchamou FT, Atindogbe G, Sode Al, Fonton HN. Density and spatial pattern of Parkia biglobosa under climate change:
the case of Benin. J Agric Environ Int Dev. 2016;110:173-94. https://doi.org/10.12895/jaeid.20161.447.

27. Diouf, Mayécor. Dynamique des écosystéemes sahéliens : effets des microsites topographiques sur la diversité de la végéta-
tion ligneuse au Ferlo (Nord-Sénégal). 2000.

28.  Sabry C. Global Dynamics of Social Policy CRC 1342 Education policy in Senegal: global transformation processes, 10s'
influence and cultural spheres Social Policy n.d. https://doi.org/10.26092/elib/3094.

29. Kergoat L, Hiernaux P, Dardel C, Pierre C, Guichard F, Kalilou A. Dry-season vegetation mass and cover fraction from
SWIR1.6 and SWIR2.1 band ratio: ground-radiometer and MODIS data in the Sahel. Int J Appl Earth Obs Geoinf.
2015;39:56-64. https://doi.org/10.1016/jjag.2015.02.011.

30. Sinsin B, Oumorou M, Ogoubyi V. Les facies a A ndropogon pseudapricus des groupements post-culturaux et des savanes
arbustives du Nord-Benin: dissemblance floristique , et caracteres communs. 1996.

31. Kaboré-Zoungrana C, Sana Y. Production de matiere séche, composition chimique et digestibilité de trois graminees four-
rageres tropicales : Panicum anabaptistum, Brachiaria lata, et Andropogon pseudapricus. vol. 23. n.d.

32. Hiernaux P, Turner, M.D. The influence of farmer and pastoralist management pratices on desertification processes in the
Sahel 2002

33. Mbaye N, Diop AT, Guéye M, Diallo AT, Sall CE, Samb PI. Etude du comportement germinatif et essais de levee de
linhibition tegumentaire des graines de zornia glochidiata reichb. ex dc, legumineuse fourragere = germinative behavior
of zornia glochidiata reichb. ex dc. seed, a leguminous fodder crop, and t. vol. 55. 2002.

34. Idris Adam |, Mohamed Tagi SK, Suleiman Eshag MA, Salah Basar HD, Jumaa Barram J, Mohammed Alhadi E (2021) Effect of
using zornia glochidiata (shelini) meal in replacement of wheat bran on lamb performance and feeding cost decreasing,
Int J Vet Sci Res. 2021;7:123-126. https://doi.org/10.17352/ijvsr.000091

35. Gueye F, Moulin L, Sylla S, Ndoye I, Béna G. Genetic diversity and distribution of Bradyrhizobium and Azorhizobium strains
associated with the herb legume Zornia glochidiata sampled from across Senegal. Syst Appl Microbiol. 2009;32:387-99.
https://doi.org/10.1016/j.syapm.2009.04.004.

36. Aiello-Lammens ME, Boria RA, Radosavljevic A, Vilela B, Anderson RP. spThin: an R package for spatial thinning of species
occurrence records for use in ecological niche models. Ecography. 2015;38:541-5. https://doi.org/10.1111/ecog.01132.

37. ToffaY, Idohou R, Fandohan AB. Species distribution modelling in Africa: state of the art and prospects. Physio-Geo.

2022;17:43-65. https://doi.org/10.4000/physio-geo.13738.

Page 18 of 20


https://doi.org/10.1016/j.rama.2020.01.002
https://doi.org/10.1016/j.tfp.2022.100359
https://doi.org/10.1155/2023/8067776
https://doi.org/10.1155/2023/8067776
https://doi.org/10.1007/s40808-023-01935-8
https://doi.org/10.3389/fpls.2023.1193690
https://doi.org/10.1016/j.envdev.2025.101158
https://doi.org/10.3389/fenvs.2022.931299
https://doi.org/10.1016/j.tfp.2020.100006
https://doi.org/10.1016/j.tfp.2024.100744
https://doi.org/10.1016/j.heliyon.2021.e08688
https://doi.org/10.1016/j.heliyon.2021.e08688
https://doi.org/10.1111/ele.12189
https://doi.org/10.3390/rs70709122
https://doi.org/10.3390/rs70709122
https://doi.org/10.1016/j.biocon.2011.06.018
https://doi.org/10.1016/j.biocon.2011.06.018
https://doi.org/10.1016/j.jaridenv.2020.104237
https://doi.org/10.1016/j.jaridenv.2020.104237
https://doi.org/10.12895/jaeid.20161.447
https://doi.org/10.26092/elib/3094
https://doi.org/10.1016/j.jag.2015.02.011
https://doi.org/10.17352/ijvsr.000091
https://doi.org/10.1016/j.syapm.2009.04.004
https://doi.org/10.1111/ecog.01132
https://doi.org/10.4000/physio-geo.13738

Sawadogo et al. Discover Sustainability (2026) 7:909

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Glor RE, Turelli; R ME, Warren ; X> Warren DL, Turelli M. Package "ENMTools" title analysis of Niche evolution using Niche
and distribution models encoding UTF-8 2008. https://doi.org/10.1111/].1558.

Fick SE, Hijmans RJ. WorldClim 2: new 1-km spatial resolution climate surfaces for global land areas. Int J Climatol.
2017;37:4302-15. https://doi.org/10.1002/joc.5086.

Patifo J, Collart F, Vanderpoorten A, Martin-Esquivel JL, Naranjo-Cigala A, Mirolo S, et al. Spatial resolution impacts pro-
jected plant responses to climate change on topographically complex islands. Divers Distrib. 2023;29:1245-62. https://doi.
0rg/10.1111/ddi.13757.

O'Neill BC, Tebaldi C, Van Vuuren DP, Eyring V, Friedlingstein P, Hurtt G, et al. The Scenario Model Intercomparison Project
(ScenarioMIP) for CMIP6. Geosci Model Dev. 2016,9:3461-82. https://doi.org/10.5194/gmd-9-3461-2016.

Eyring V, Bony S, Meehl GA, Senior CA, Stevens B, Stouffer RJ, et al. Overview of the Coupled Model Intercomparison
Project Phase 6 (CMIP6) experimental design and organization. Geosci Model Dev. 2016,9:1937-58. https://doi.org/10.519
4/gmd-9-1937-2016.

Dimobe K, Ouédraogo K, Annighéfer P, Kollmann J, Bayala J, Hof C, et al. Climate change aggravates anthropogenic threats
of the endangered savanna tree Pterocarpus erinaceus (Fabaceae) in Burkina Faso. J Nat Conserv. 2022. https://doi.org/10.1
016/}nc.2022.126299,

Dembélé JB, Dimobe K, Konda B, Traoré EIC, Boussim 1J. Modelling the current and future geographical distribution of
Combretum glutinosum Perr. ex DC. under climate change in Burkina Faso: future challenges and conservation opportuni-
ties. J Nat Conserv. 2025. https://doi.org/10.1016/jjnc.2025.126911.

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G, et al. Collinearity: a review of methods to deal with it and a
simulation study evaluating their performance. Ecography. 2013;36:27-46. https://doi.org/10.1111/j.1600-0587.2012.0734
8.

Phillips SB, Aneja VP, Kang D, Arya SP. Modelling and analysis of the atmospheric nitrogen deposition in North Carolina. Int
J Glob Environ Issues. 2006;6:231-52. https://doi.org/10.1016/j.ecolmodel.2005.03.026.

Huang D, An Q Huang S, Tan G, Quan H, Chen'Y, et al. Biomod2 modeling for predicting the potential ecological distribu-
tion of three Fritillaria species under climate change. Sci Rep. 2023. https://doi.org/10.1038/541598-023-45887-6.

Leta S, Fetene E, Mulatu T, Amenu K, Jaleta MB, Beyene TJ, et al. Modeling the global distribution of Culicoides imicola: an
ensemble approach. Sci Rep. 2019. https://doi.org/10.1038/541598-019-50765-1.

Ray D, Marchi M, Rattey A, Broome A. A multi-data ensemble approach for predicting woodland type distribution: oak
woodland in Britain. Ecol Evol. 2021;11:9423-34. https://doi.org/10.1002/ece3.7752.

Thuiller W, Lafourcade B, Engler R, Aratjo MB. BIOMOD - a platform for ensemble forecasting of species distributions.
Ecography. 2009;32:369-73. https://doi.org/10.1111/j.1600-0587.2008.05742 .

Norberg A, Abrego N, Blanchet FG, Adler FR, Anderson BJ, Anttila J, et al. A comprehensive evaluation of predictive perfor-
mance of 33 species distribution models at species and community levels. Ecol Monogr. 2019. https://doi.org/10.1002/ec
m.1370.

Elith J, Graham HC, Anderson PR, Dudik M, Ferrier S, Guisan A, et al. Novel methods improve prediction of species’ distribu-
tions from occurrence data. Ecography. 2006;29:129-51. https://doi.org/10.1111/j.2006.0906-7590.04596 x.

Allouche O, Tsoar A, Kadmon R. Assessing the accuracy of species distribution models: prevalence, kappa and the true skill
statistic (TSS). J Appl Ecol. 2006;43:1223-32. https://doi.org/10.1111/}.1365-2664.2006.01214.x.

ShenT,Yu H,Wang YZ. Assessing the impacts of climate change and habitat suitability on the distribution and quality of
medicinal plant using multiple information integration: take Gentiana rigescens as an example. Ecol Indic. 2021. https://doi
.0rg/10.1016/j.ecolind.2021.107376.

Gbadamassi R, Vodounnon MEJ, Badjana HM, Zirihi GN, Wala K, Batawila K, et al. Ecological niche modeling of Prosopis
africana (Guill, Perrot,, and Rich.) Taub in Togo, West Africa under current and future climate conditions. Discov Environ.
2025. https://doi.org/10.1007/544274-025-00230-w.

Guidigan MLG, Azihou F, Idohou R, Okhimamhe AA, Fandohan AB, Sinsin B, et al. Modelling the current and future distri-
bution of Kigelia africana under climate change in Benin, West Africa. Model Earth Syst Environ. 2018;4:1225-38. https://do
1.0rg/10.1007/540808-018-0491-4.

O'donnell MS, Ignizio DA. Bioclimatic Predictors for Supporting Ecological Applications in the Conterminous United
StatesU.S. Geological Survey Data Series 691, 10 p.

Tietiambou SRF, Idohou R, Agounde G, Lankoande B, Avocevou C, Ouédraogo A, et al. Modelling the potential impact of
climate change on Carapa procera DC. in Benin and Burkina Faso (West Africa). Model Earth Syst Environ. 2024;10:3023-34.
https://doi.org/10.1007/540808-023-01946-5.

Saliou A, Oumorou M, Sinsin A. Variabilités bioclimatiques et distribution spatiale des herbacées fourragéres dans le
Moyen-Bénin (Afrique de I'Ouest). Int J Biol Chem Sci. 2015;8:2696. https://doi.org/10.4314/ijbcs.v8i6.29.

Heubes J, Schmidt M, Stuch B, Garcia Marquez JR, Wittig R, Zizka G, et al. The projected impact of climate and land use
change on plant diversity: anexample from West Africa. J Arid Environ. 2013;96:48-54. https://doi.org/10.1016/jjaridenv.20
13.04.008.

Jean CG, Geoffroy KD, Jaures AG, Sundy BK, Augustin KNA, Kourouma K; et al. Ecological niche modeling and strategies for
the conservation of Dialium guineense Willd. (black velvet) in West Africa. Int J Biodivers Conserv. 2017,9:373-88. https://do
1.0rg/10.5897/ijbc2017.1151.

Djibo Moussa |, Morou B, Diouf A, Amadou Oumani A. Modeling the distribution of Boscia senegalensis (Pers.) Lam. ex Poir.
for its conservation in Niger. Int J Biol Chem Sci. 2022;16:2053-69. https://doi.org/10.4314/ijbcs.v16i5.19.

Aratjo MB, New M. Ensemble forecasting of species distributions. Trends Ecol Evol. 2007,22:42-7. https://doi.org/10.1016/j.
tree.2006.09.010.

Hao T, Elith J, Lahoz-Monfort JJ, Guillera-Arroita G. Testing whether ensemble modelling is advantageous for maximising
predictive performance of species distribution models. Ecography. 2020;43:549-58. https://doi.org/10.1111/ecog.04890.
Adjonou K, Abotsi KE, Segla KN, Rabiou H, Houetchegnon T, Sourou KNB, et al. Vulnerability of African Rosewood (Pterocar-
pus erinaceus, Fabaceae) natural stands to climate change and implications for silviculture in West Africa. Heliyon. 2020. htt
ps://doi.org/10.1016/j.heliyon.2020.e04031.

Africa. Climate change 2022 - Impacts, adaptation and vulnerability, Cambridge University Press; 2023, p. 1285-456.
https://doi.org/10.1017/9781009325844.011.

Page 19 of 20


https://doi.org/10.1111/j.1558
https://doi.org/10.1002/joc.5086
https://doi.org/10.1111/ddi.13757
https://doi.org/10.1111/ddi.13757
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1016/j.jnc.2022.126299
https://doi.org/10.1016/j.jnc.2022.126299
https://doi.org/10.1016/j.jnc.2025.126911
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1038/s41598-023-45887-6
https://doi.org/10.1038/s41598-019-50765-1
https://doi.org/10.1002/ece3.7752
https://doi.org/10.1111/j.1600-0587.2008.05742.x
https://doi.org/10.1002/ecm.1370
https://doi.org/10.1002/ecm.1370
https://doi.org/10.1111/j.2006.0906-7590.04596.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1016/j.ecolind.2021.107376
https://doi.org/10.1016/j.ecolind.2021.107376
https://doi.org/10.1007/s44274-025-00230-w
https://doi.org/10.1007/s40808-018-0491-4
https://doi.org/10.1007/s40808-018-0491-4
https://doi.org/10.1007/s40808-023-01946-5
https://doi.org/10.4314/ijbcs.v8i6.29
https://doi.org/10.1016/j.jaridenv.2013.04.008
https://doi.org/10.1016/j.jaridenv.2013.04.008
https://doi.org/10.5897/ijbc2017.1151
https://doi.org/10.5897/ijbc2017.1151
https://doi.org/10.4314/ijbcs.v16i5.19
https://doi.org/10.1016/j.tree.2006.09.010
https://doi.org/10.1016/j.tree.2006.09.010
https://doi.org/10.1111/ecog.04890
https://doi.org/10.1016/j.heliyon.2020.e04031
https://doi.org/10.1016/j.heliyon.2020.e04031
https://doi.org/10.1017/9781009325844.011

Sawadogo et al. Discover Sustainability (2026) 7:909

67.

68.

69.

70.

71.

72.

73.

Trisurat Y, Eawpanich P, Kalliola R. Integrating land use and climate change scenarios and models into assessment of
forested watershed services in Southern Thailand. Environ Res. 2016;147:611-20. https://doi.org/10.1016/j.envres.2016.02.
019.

Sarr B. Present and future climate change in the semi-arid region of West Africa: a crucial input for practical adaptation in
agriculture. Atmos Sci Lett. 2012;13:108-12. https://doi.org/10.1002/asl.368.

Yao Z, XinY,Yang L, Zhao L, Ali A. Precipitation and temperature regulate species diversity, plant coverage and aboveg-
round biomass through opposing mechanisms in large-scale grasslands. Front Plant Sci. 2022. https://doi.org/10.3389/fpls
.2022.999636.

Sawadogo |, Bayen P, Balima LH, Sanou CL, Kouassi FA, Worou ON. Climate-driven shifts in the geographic distribution of
fodder trees in West Africa’s grazing landscapes. Trees For People. 2025. https://doi.org/10.1016/j.tfp.2025.100995.

Furtak K, Wolinska A. The impact of extreme weather events as a consequence of climate change on the soil moisture and
on the quality of the soil environment and agriculture - A review. Catena. 2023 https://doi.org/10.1016/j.catena.2023.1073
78.

Rausell-Moreno A, Galiana N, Naimi B, Miguel B. Araujo. Improving species distribution models by optimising background
points: Impacts on current and future climate projections. Ecological Modelling. 2025. https://doi.org/10.1016/j.ecolmodel
22025.111177.

Gelete TB, Tulu D, Yasin KH, Kebede E. Machine learning predictions of climate change effects on nearly threatened bird
species (Crithagra xantholaema) habitat in Ethiopia for conservation strategies. Sci Rep 15, 36972 (2025) https://doi.org/10
.1038/541598-025-20952-4.

Publisher's Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 20 of 20


https://doi.org/10.1016/j.envres.2016.02.019
https://doi.org/10.1016/j.envres.2016.02.019
https://doi.org/10.1002/asl.368
https://doi.org/10.3389/fpls.2022.999636
https://doi.org/10.3389/fpls.2022.999636
https://doi.org/10.1016/j.tfp.2025.100995
https://doi.org/10.1016/j.catena.2023.107378
https://doi.org/10.1016/j.catena.2023.107378
https://doi.org/10.1016/j.ecolmodel.2025.111177
https://doi.org/10.1016/j.ecolmodel.2025.111177
https://doi.org/10.1038/s41598-025-20952-4
https://doi.org/10.1038/s41598-025-20952-4

	﻿Modeling current and future distributions of key fodder grasses under climate change in Senegal using Biomod2
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Methodology
	﻿2.1﻿ ﻿Study areas
	﻿2.2﻿ ﻿Study species
	﻿2.3﻿ ﻿Data collection
	﻿2.3.1﻿ ﻿Species occurrence data
	﻿2.3.2﻿ ﻿Environmental data
	﻿2.3.3﻿ ﻿Variable selection for fodder species modeling
	﻿2.3.4﻿ ﻿Evaluation of model and potential distribution of forage species


	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Key environmental variables influencing species distribution
	﻿3.2﻿ ﻿Model accuracy and performance
	﻿3.3﻿ ﻿Current and future distribution of two fodder species
	﻿3.3.1﻿ ﻿Zornia glochidiata
	﻿3.3.2﻿ ﻿Andropogon pseudapricus
	﻿3.3.3﻿ ﻿Trajectory of the two species under current and future climate conditions


	﻿4﻿ ﻿Discussion
	﻿4.1﻿ ﻿Variable importance for the habitat suitability of the two fodder species in Senegal
	﻿4.2﻿ ﻿Model performance
	﻿4.3﻿ ﻿Current distribution of the two species
	﻿4.4﻿ ﻿Future distribution of the two species
	﻿4.5﻿ ﻿Implications for management and conservation

	﻿5﻿ ﻿Conclusion
	﻿Appendix A
	﻿References


