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A B S T R A C T

Caesalpinia bonduc (L.) Roxb is a medicinal plant with high therapeutic values but declared extinct in the wild in
Benin. This study explored the potential distribution and climatic suitability of the species under the present-day
and future conditions in Benin, based on two Representative Concentration Pathways (RCP4.5 and RCP8.5) at the
2055-time horizon. The occurrence data were recorded in the distribution area of the species in Benin. These data
were supplemented with those from the Global Biodiversity Information Facility (GBIF, www.gbif.org) website
and the literature. A total of 23 environmental variables (15 bioclimatic data and 8 biophysical data) were used.
The Bioclimatic variables for temperature and humidity were downloaded from Africlim site at 1 km resolution.
The biophysical variables concern population, elevation, slope, landcover, wetland, distance to river, soil and
distance to dwellings data that are downloaded respectively from DIVA-GIS, ISRIC and SEDAC website at different
resolution. A correlation test has been applied to eliminate the highly correlated variables (r � 0.9) using Pearson
correlation coefficient. Species distribution modelling data were processed using five algorithms namely Random
Forest (RF), Boosted Regression Trees (BRT), Maximum entropy (MAXENT), Generalized Linear Models (GLM)
and Generalized Additive Models (GAM). The results showed that all models performed well with the area under
the curve (AUC) values greater than 0.9. The RF, GLM, and GAM models predicted an increase in the suitable
areas for the cultivation of the species. BRT and MaxEnt showed a substantial decrease in the suitable areas based
on the two scenarios but this reduction is more observed with the MaxEnt model. These results show that climate
change and human pressures will have significant effects on the distribution of C. bonduc throughout Benin.
Sustainable management measures are necessary for C. bonduc and should be integrated in development policies
to preserve the population of the species from total extinction in Benin.
1. Introduction

Biodiversity is a natural heritage and an invaluable resource for
human survival (Gilani et al., 2020). It provides humans with useful
biological resources in several forms, including medicine, food, wood,
and firewood (Vihotogbe et al., 2021; Avakoudjo et al., 2021). For
instance, plant species are an essential component of biodiversity with
high socio-cultural importance such as in traditional medicine (Qi et al.,
2017). Among these plant species is Caesalpinia bonduc (L.) Roxb, a me-
dicinal species with high therapeutic value and declared extinct in the
wild in Benin, according to the Benin red list (Adomou, 2005; Neu-
enschwander et al., 2011). Currently, the species is only found in
Lokonon).
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agroforestry systems and home gardens (Lokonon et al., 2021) in Benin.
It is a thorny shrub belonging to the Fabaceae family (Neuenschwander
et al., 2011). Several studies have been carried out on its therapeutic
values. The species is used to treat internal and external parasitosis (Sidi
et al., 2018) and also problems related to intestinal worms, stomach
aches, helminthic, menorrhagia, hepatitis, and malaria (Rakotonan-
drasana et al., 2017). In particular, medicine from this species has been
reported to be an effective remedy for hernia, menstrual pain, and sexual
weakness which are some of chronic challenges society is facing today
(Assogbadjo et al., 2011). Recently, the studies on seed extraction
showed that C. bonduc contains antioxidant properties that can be used to
prevent the lipid peroxidation of the cell membrane and the management
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of polycystic ovary syndrome (Suhani et al., 2019; Meera et al., 2020;
Sumithra et al., 2021; Kandasamy and Balasundaram, 2021).

Despite its multiple advantages, C. bonduc is under serious threat of
extinction. Firstly, the species is subject to uncontrolled human activities
through cultivation practices, exploitation of wood and Non-Timber
Forest Products (Sinsin and Kampmann, 2010) coupled with intense
harvesting and mutilation of organs (Mehta et al., 2020). In addition, the
effects of climate change (Ma and Sun, 2018) pose another level of threat
to the species through modification of annual mean temperature, annual
precipitation, temperature seasonality, leading to extreme dry months.
The climate plays a fundamental role in species distribution by modifying
the life cycle by increasing or decreasing some variables of the species
(temperature, precipitation, wind speed, etc.). These modifications can
act directly on the ecology or lead to a reduction of the population or
rather extinction of the species (IPCC, 2013). As a result, climate change
represents an urgent and potentially irreversible threat to human soci-
eties, fauna and flora. According to the IPCC report (IPCC, 2019), human
activities caused a planetary reheating of approximately 1 �C above the
preindustrial levels, with a probable fork going from 0.8 �C to 1.2 �C. It is
probably expected that the planetary reheating will reach 1.5 �C between
the years 2030 and 2052 if it continues to increase at the current rate
(IPCC, 2019). The increasing demand to predict the impact of global
changes has pushed ecology towards a more predictive science (Evans
et al., 2013; Thuiller et al., 2013). In this context, species distribution
models (SDMs) have experienced a wide usage in recent decades. These
models are based on the theory of the ecological niche, defined as the set
of biotic and abiotic factors necessary for the survival and development
of species at a given location (Hirzel and Le Lay, 2008). They statistically
relate species occurrences to environmental variables to predict their
potential distribution. These methods have become important tools for
predicting suitable environmental conditions for species in space and
time (Mallard, 2017). They are mostly based on the postulation of
equilibrium conditions and the concept of the ecological niche (Gaudreau
et al., 2015), and thus seek to reproduce environmental determinism of
the species distribution at a given time (Bertrand, 2012). Several
modelling algorithms exist in the literature with varying accuracies, but
finding the best model in terms of predicting the potential distribution of
a species remains a challenge (Yudaputra et al., 2019). As such, the use of
a combination of algorithms seems to provide better accuracy in pre-
dictions than a single algorithm. Accordingly, in this study, the SDMs
were applied based on the RF (Breiman, 2001), GLM (Guisan et al.,
2002), MaxEnt (Phillips et al., 2006), BRT (Marmion et al., 2009), and
GAM (Guisan et al., 2002) algorithms using the same setting.

To our knowledge, this is the first time that the impact of climate
change on the distribution of C. bonduc has been assessed through the use
of several modelling algorithms. Moreover, considering the status of the
species in Benin, this study is important as it will make it possible to know
the suitable habitats for the cultivation of the species. In addition, this
study is a first step for the reintroduction of the species in the wild.

The study aimed (i) to examine how the models considered separately
can predict the impacts of climate change on the distribution of the
suitable habitats for C. bonduc, and (ii) to identify the important areas for
its conservation and reintroduction in Benin. We explored the present-
day distribution and the potential future impacts of climate on
C. bonduc under RCP 4.5 and 8.5 at the 2055-time horizon. The results
will help to define the possible strategies for the conservation of the
species through the identification of areas with a high potential for
domestication or reintroduction into the natural environment.

2. Material and methods

2.1. Study area

The study was performed in Benin (Figure 1). Benin is a West African
country located between 6º30 0and 12 º300N and 1� and 3º400 E. It covers
a total area of 114,763 km2 with a coastline of 125 km long and a crow
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flies' distance of 700 km from the Atlantic to the Niger River in the north
(Neuenschwander and Toko, 2011).

Benin is characterized by three climatic zones where the species oc-
curs: Guineo-Congolian, Sudan-Guinean and Sudanian zones. In the
Guinean zone, the rainfall regime is bimodal from April to June and from
September to November, with a mean annual rainfall of 1200 mm. The
mean temperature varies between 25 �C and 29 �C and the relative hu-
midity between 69% and 97% (Assogbadjo et al., 2011, 2012). The soils
are either deep ferralitic, and of low fertility or alluvial and heavy clay
soils. The vegetation in this zone has been strongly affected by various
agricultural activities and now forms a mosaic of cultivated lands and
small relic forest patches. The original vegetation was dense
semi-deciduous forests and Guinean savannas. This zone represents
about 10% of Benin and supports 60% of the country's inhabitants
(Assogbadjo et al., 2011, 2012). The mean rainfall in the Sudan-Guinean
zone is unimodal, fromMay to October, and lasts for about 113 days with
total mean annual varying between 900 mm and 1110 mm. The annual
temperature ranges from 25 �C to 29 �C, and the relative humidity from
31% to 98%. The soils in this zone are infertile mineral soils and ferru-
ginous soils of variable fertility. The vegetation of the Sudano-Guinean
transition zone is characterized by a mosaic of woodland, dry dense
forests, tree and shrub savannas and gallery forests. In the Sudanian zone,
the mean annual rainfall is often less than 1000 mm and the relative
humidity varies from 18% during the harmattan period (Decem-
ber–February) to 99% in August. The temperature varies from 24 �C to 31
�C. The Sudanian zone has hydromorphic soils, well-drained soils, and
lithosols. The vegetation of this zone is composed of savannas and gallery
forests with trees of smaller size (Assogbadjo et al., 2014).

2.2. Data collection

2.2.1. Occurrence data
Occurrence data on the species was obtained from three different

sources, namely GBIF website (www.gbif.org), literature, and field in-
vestigations (Figure 2) across Benin. In total, 486 occurrences of
C. bonduc were recorded, with 54.33%, 22.22% and 23.45% from the
literature, GBIF site, and fieldwork respectively. Data were quality-
controlled by removing duplicated records.

2.2.2. Environmental data
Environmental data consists of bioclimatic and biophysical data. Data

on current and future African climate was downloaded at a spatial res-
olution of 30 arcseconds (1 km at the equator) from the Africlim website
(www.africlim.org). This dataset consists of 21 synthetic bioclimatic
variables for temperature and humidity for the African region (Platts et
al., 2015). Two representative concentrations pathways were considered
for future projections at 2055-time horizon, RCP 4.5 and 8.5 (Platts et al.,
2015). These scenarios were used as a priori since they predict a situation
deemed more likely for Africa by 2055 (Williams et al., 2007).

Biophysical variables such as population, elevation, slope, Land
cover, wetland, distance to river, soil and distance to dwellings at the
scale of Benin were used to assess their contribution to the performance
of the models. Elevation, vegetation cover, watercourse, population, and
wetland data were downloaded from the DIVA-GIS website
(https://www.diva-gis.org/gdata) whereas soil data were downloaded
at a resolution of 30 arcseconds from the African Soil Profiles Database
(https://www.isric.org) (Idohou et al., 2017). Human settlement data
was extracted from the SEDAC website (https://sedac.ciesin.columbia.e
du/data/set/grump-v1-settlement-points/data-download) and gener-
ated in ArcGIS via the Proximity-analysis tool to obtain distances related
to waterways and dwellings. All these biophysical variables were pri-
marily in different resolutions. As such, they were resampled to match
the resolution of bioclimatic variables that is 30 arc second (1 km from
equator).

To avoid bias in the results originating from variable multi-
collinearity, a correlation test was performed to eliminate the highly
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Figure 1. Geographic distribution of C. bonduc occurrences in Benin.

Figure 2. Picture showing the first author recording occurrence data of C.
bonduc in northern Benin.
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correlated variables (r � 0.9) using the Pearson correlation coefficient.
Thereafter, five variables (seasonality of precipitation (bio15), the pre-
cipitation of the driest quarter (bio17), the daytime mid-range (bio2),
population and distance to dwellings (settlement distance) were retained
for modelling based on their low correlation coefficient values.
3

2.3. Model construction and evaluation

In this study, we adopted the approach of species distribution models
using an SDM multi-model platform (Naimi and Araujo, 2016) imple-
mented in the sdm 1.0–89 package performed in R 4.1.0 software (R Core
Team, 2021). This platform allows the use of some well-known distri-
bution models: Generalized Linear Model (GLM), Generalized Additive
Model (GAM), Random Forest (RF), Maximum Entropy (MAXENT), and
Boosted regression trees (BRT).

A variety of SDMs have been developed to predict species distribu-
tions under different climate scenarios. Four greenhouse gas concentra-
tion trajectories provided by the IPCC are used, Representative
Concentration Pathway (RCP): RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.0.
In 2100, the total radiative forcing values in the four scenarios stated
would have attained 2.6W/m2, 4.5 W/m2, 6.0 W/m2, and 8.5 W/m2 over
the value in the preindustrial period (Rogelj et al., 2012). Some of the
commonly used SDMs include RF, BRT, GAM, GLM and MaxEnt
(Table 1). These models are often applied individually and have proven
to be efficient in predicting target species distributions under current,
and also future climate scenarios (Rong et al., 2019). Among the existing
models, some are based on regression technique and use the
presence-absence data only. This includes GAM, RF, GLM and BRT
(Table 1). On the other hand, MaxEnt (maximum entropy) has been
widely used due to its advantages, including its ability to deal with
incomplete data, small sample size, species presence data only (Table 1),
both continuous and categorical environmental data, facilitate data
collection and model interpretation, and for its prediction accuracy and
reliability (Guo et al., 2017).

This study aims to assess the performance of the five models. SDMs
assume that available presence locations represent a random (represen-
tative) sample in the geographical space, with no spatial dependencies



Table 1. Characteristics of the species distribution model considered.

Methods Procedure Data type Reference

Generalized Additive
Model (GAM)

Regression
analysis

Presence-
Absence

Guisan et al.
(2002)

Random Forest (RF) Regression
analysis

Presence-
Absence

Breiman, 2001.

Generalized Linear Model
(GLM)

Regression
analysis

Presence-
Absence

Lehmann et al.
(2002)

Boosted regression trees
(BRT)

Regression
analysis

Presence-
Absence

Elith et al. (2008)

MAXENT Maximum
Entropy

Presence/
background

Phillips et al.
(2006)

Table 2. Performance of the models based on evaluation metrics.

METHODS AUC COR TSS DEVIANCE

RF 0.98 0.89 0.9 0.29

BRT 0.97 0.84 0.86 0.59

MaxEnt 0.96 0.8 0.84 0.48

GLM 0.93 0.73 0.71 0.58

GAM 0.96 0.82 0.84 0.49

RF: Random Forest; GLM: Generalized Linear Model; GAM: Generalized Additive
Model; MAXENT: Maximum Entropy; BRT: Boosted regression trees; COR: Cor-
relation AUC: Received Operational Characteristics, TSS: True Skill Statistics.
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and bolstered by data-rich technologies, such as geographical informa-
tion systems (GIS) (Elith et al., 2011). As all the five models do not use
presence only data, samples of artificial absences (pseudo-absences) were
created. In total, 1000 pseudo-absence points were randomly created. For
evaluation, models were cross-validated with ten replications performed
with 70% of the data for calibration and the remaining 30% for model
evaluation. The accuracy of the models was assessed using the area under
the curve (AUC) of the receiver operating characteristic (ROC) curve
(Fielding and Bell, 1997) and the true skill statistics (TSS) (Allouche et
al., 2006) with higher value indicating better performance. AUC values
(0.5–0.7) correspond to low precision (0.7–0.9) correspond to good
precision and those whose value is greater than 0.9 correspond to high
precision (Swets, 1988). The TSS, also known as Hanssen Kuipers
Discriminator compares the number of correct forecasts to that of a hy-
pothetical set of perfect forecasts. The TSS is defined as the average of the
net prediction success rate for presence and absence sites. Its values range
from -1 to 1, where þ1 indicates perfect agreement and values of zero or
less indicate a performance no better than random (Allouche et al.,
2006). This index is closely related to the arithmetic mean of sensitivity
and specificity (Watling et al., 2015). The score of the different models
against the metric values was then used to perform comparison studies of
the performance of each model. Final models were built with the selected
sets of variables for each procedure.

3. Results

3.1. Performance of the models

The five models yielded good performance with significant AUC and
TSS values (Table 2). The RFmodel yielded the best performance (AUC¼
0.98; TSS ¼ 0.9; Deviance ¼ 0.29) after ten replications using the cross-
validation method whereas GLM had the lowest performance (AUC ¼
0.93; TSS ¼ 0.71; Deviance ¼ 0.58).
3.2. Variables contribution to the models

In total, five variables contributed to the models and the potential
distribution of C. bonduc: seasonality of precipitation (bio15), the pre-
cipitation of the driest quarter (bio17), the daytime mid-range (bio2),
human demography and distance from dwellings (sttlement_dist). All the
five variables under consideration contributed to the potential distribu-
tion of C. bonduc but in different proportions according to each model
(Figure 3). The human demography variable mostly explained the po-
tential distribution of C. bonduc considering RF and MaxEnt models.
Figure 3. Contribution of the selected variables to the models. Bio15: Season-
ality of precipitation, Bio 17: Precipitation of the driest quarter, Bio2: Daytime
mid-range, Sttlement_dis: Distance from dwellings.
3.3. Present-day distribution for Caesalpinia bonduc

Highly suitable habitats for C. bonduc under the present-day condi-
tions were observed using MaxEnt (20552.26 km2 (representing 17.81
%)), while the other models (RF, BRT, GLM and GAM) produced more
restricted distribution areas (Table 3). However, the highly suitable areas
4

for C. bonduc for all the five models were mainly located in southern
Benin (Figure 4). Some areas around Bassila and Tchaourou were also
highly suitable for the cultivation and restoration of the specie consid-
ering the BRT and GAM models.
3.4. Future distribution for Caesalpinia bonduc

Future projections under the RCP 4.5 scenario showed that the most
suitable areas for the species were more restrictive for the MaxEnt model
compared to other models (Table 4). Thus, only 780.05 km2 (repre-
senting 0.67 %) of the habitats will be highly suitable for the species in
the future. According to the same scenario, the Random Forest model
predicted an increase of the highly suitable areas (Figure 5a), especially
in the northwestern part of the country. For BRT (Figure 5b) and MaxEnt
(Figure 5c), most of the highly suitable habitats of the species will be lost
in the southern part of Benin and this decrease was more conspicuous for
the MaxEnt model.

MaxEntmodel remains more restrictive on highly suitable habitats for
the distribution of C. bonduc under the RCP8.5 scenario. Approximately
only 815 km2, representing about 0.70 %, was predicted to become
highly suitable for the cultivation of the species in the future (Table 5).
On the contrary, Random Forest model predicted an increase in the
highly suitable habitats for the species in northwestern Benin (Figure 6a).
Unlike the MaxEnt model (Figure 6c), only a small part of south-eastern
Benin will be highly suitable for the conservation of the species.

Among distribution models, RF, GLM and GAM predicted expansions
in the future habitats for C. bonduc cultivation in Benin. On the contrary,
the BRT and MaxEnt showed substantial decreases in the future pro-
jections of the distribution under the two climate scenarios, but this
decrease was more drastic in the case of the MaxEnt.

Figure 7 represents the dynamic of habitats for C. bonduc according to
the studied scenarios and the models used. MaxEnt and BRT predicted
reduction in the highly suitable area based on the two future scenarios.



Table 3. Variation of suitable areas (in km2) of the present-day distribution of
habitat for C. bonduc in Benin.

RF BRT MAXENT GLM GAM

Unsuitable
area

86158.4
(74.68 %)

86506.29
(74.9 %)

68374.72
(59.27 %)

36159.53
(31.34 %)

72096.72
(62.49 %)

Less suitable
area

18347.2
(15.9 %)

11865.91
(10.28 %)

26432.15
(22.91 %)

63645.37
(55.17 %)

27713.25
(24.02 %)

Highly
suitable
area

10853.5
(9.4 %)

16986.92
(14.72 %)

20552.26
(17.81 %)

15554.22
(13.48 %)

15549.17
(13.47 %)

Total 115359.1
(100%)

115359.1
(100%)

115359.1
(100%)

115359.1
(100%)

115359.1
(100%)

Table 4. Variation of suitable areas (in km2) for C. bonduc distribution according
to the RCP4.5

RF BRT MAXENT GLM GAM

Unsuitable
area

61204.54
(53.05 %)

89569.42
(77.64 %)

75831.76
(65.73 %)

34396.38
(29.81 %)

76868.74
(66.63 %)

Less suitable
area

36733.17
(31.84 %)

16390.34
(14.20 %)

38747.32
(33.58 %)

63596.92
(55.12 %)

22695.62
(19.67 %)

Highly
suitable
area

17421.42
(15.10 %)

9399.36
(8.14 %)

780.05
(0.67 %)

17365.83
(15.05 %)

15794.77
(13.69 %)

Total 115359.1
(100%)

115359.1
(100%)

115359.1
(100%)

115359.1
(100%)

115359.1
(100%)
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4. Discussion

4.1. Performance of the models

All the fivemodels considered in this study showed good performance
in predicting the potential distribution areas of C. bonduc since their AUC
values were way above 0.9 (Swets, 1988) and the TSS values close to 1
(Watling et al., 2015). Specifically, the RF model was more precise in
determining the distribution limits of the species followed by BRT,
MaxEnt, GAM and GLM. This study suggests that modelling with the RF,
BRT, MaxEnt, GAM and GLM can be applied with confidence to map the
suitable habitats for C. bonduc in Benin. These results are similar to those
of Kaky et al. (2020) in a comparative study of eight models including
MaxEnt, RF, GLM and BRT on medicinal species in Egypt where the re-
sults showed that RF and MaxEnt were the best models. Similar results
were obtained by Wang et al. (2012) comparing four distribution models
(MaxEnt, GLM, GARP and DA) and by Yudaputra et al. (2019) comparing
Figure 4. Present-day distribution of the suitable habitats for Caesalpinia bonduc. a) R
d) Generalized Linear Model; e) Generalized Additive Model.

5

Bioclim, Domain, Glm, MaxEnt, Rf, and Svm on Guettarda speciosa. The
choice of species distribution models has become an important subject
within the scientific community. The use of species distribution models
has increased in the last years (Kaky et al., 2020; Lastiri-Hern�andez et al.,
2020; Gilani et al., 2020; Kunwar et al., 2020; Quintero et al., 2021). The
results from these studies showed that the exactitude and the predictive
power of a model depend initially on the type of the model, the choice of
the environmental variables, the area of the distribution of the studied
species, the sample size and the type of species (Kaky et al., 2020). In the
literature, MaxEnt is often seen as the most robust in species distribution
modeling due to its capacity to model presence-only data and small
sample size (Abdelaala et al., 2019; Li et al., 2019; Kaky et al., 2020).
However, in this study, the MaxEnt model appeared not to be the best
based on the AUC value. Nevertheless, its predictive power is well
appreciated in conservation studies (Idohou et al., 2017; Kaky et al.,
2020). Contrary to this analysis, Guillera-Arroita et al. (2014) showed
andom Forest model; b) Boosted Regression Trees model; c) Maximum Entropy;



Figure 5. Suitable areas for Caesalpinia bonduc conservation according to the RCP4.5 scenario.

Table 5. Variation of suitable areas (in km2) for C. bonduc distribution according
to the RCP8.5 scenario.

RF BRT MAXENT GLM GAM

Unsuitable
area

41297.23
(35.79 %)

85887.35
(74.45 %)

97493.77
(84.51 %)

34238.01
(29.67 %)

64577.46
(55.97 %)

Less suitable
area

48045.6
(41.64 %)

16295.15
(14.12 %)

17050.77
(14.78 %)

62918.80
(54.54 %)

30755.58
(26.66 %)

Highly
suitable
area

26016.31
(22.55 %)

13176.63
(11.42 %)

814.59
(0.70 %)

18202.32
(15.77 %)

20026.09
(17.35 %)

Total 115359.1
(100%)

115359.1
(100%)

115359.1
(100%)

115359.1
(100%)

115359.1
(100%)
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that the methods based on the presence-absence data like GLM, GAM, RF
and others can predict better the distribution of the species if the input
data are well analyzed, even in the case of small sample size.

4.2. Variables contribution to the models

The distribution of C. bonduc is linked to different environmental
conditions. The results from this study showed that precipitation of the
driest quarter (bio17) contributed the most to the distribution of the
species considering BRT and GLM models. In the case of RF and MaxEnt,
it was the human demography that better influenced the distribution of
the species. Only the precipitation seasonality (bio15) had a greater in-
fluence on the distribution of the species under GAM. Some of these
variables were effective in modelling the suitable areas for Borassus
aethiopum (Salako et al., 2018). Similar trends were obtained by Agbo
et al. (2018) in the distribution of Detarium microcarpum where bio2
(daytime mid-range) and bio17 contributed to the distribution of the
species. Compared to other studies on medicinal plants from Egypt,
temperature is believed to be strongly responsible for the extinction of
6

medicinal species (Kaky and Gilbert, 2017). With regard to human
demography and distance to dwellings, similar observations as in this
study were also observed by Fatemi et al. (2018) on the distribution of
Juniperus excelsa. In addition, the same results were obtained by Kaky
et al. (2020) in their study of Egyptian medicinal plants. In the study, the
contribution of the variable bio15 (Seasonality of precipitation) was very
small for all the models used including MaxEnt, and RF. The difference
between the five models related to the variable contribution is probably
due to the specificity of each modelling procedure.

4.3. Dynamics of the suitable areas to the species

The assessment of the impact of climate and global changes in the
distribution of C. bonduc has shown great modification of highly suitable
habitats from one model to another and from one scenario to another.
The MaxEnt model was more restrictive in determining the impact of
climate and global change although the RF model had the best perfor-
mance in terms of AUC and TSS. This model showed a huge decrease in
the highly suitable areas for the species, namely 0.68 and 0.71%
respectively, under scenarios RCP4.5 and 8.5 against the current distri-
bution of 17.82% of highly suitable habitats. This could be explained by
the specificities of the MaxEnt model to give very good precision with
small sample sizes (Anderson and Gonzalez, 2011). The results of these
models thus showed that future environmental conditions will favor the
production and conservation of C. bonduc according to the RF, GLM and
GAM while decreases will be observed according to the BRT and more
particularly with the MaxEnt.

The variations in distribution areas obtained from our results reaffirm
those of many authors who have modeled the evolution of species dis-
tribution in the context of climate change (Martınez-Meyer et al., 2006;
Bamba, 2010; Arouna, 2012; Tosso, 2013). However, this is contrary to
the findings of Gb�esso et al. (2013) on Chrysophyllum albidum or on Parkia
biglobosa (Fachola et al., 2019) where climate change would favor an



Figure 6. Suitable areas for Caesalpinia bonduc conservation according to the RCP8.5 scenario.

Figure 7. Dynamic of habitats for C. bonduc.
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increase in the distribution areas of these species according to the Max-
Ent model.

4.4. Sustainable management strategies for Caesalpinia bonduc

The management strategies of a species largely depend on the
ecosystem in which it is found, where in situ or ex situ, and influenced by
7

the conservation status at the national level. In the case of C. bonduc, it is
a species already extinct in the wild in Benin, for which imminent studies
and actions are necessary in order to prevent it from total extinction
(Neuenschwander et al., 2011). In other countries such as India (Bala-
subramanian et al., 2016), no formal conservation efforts have been
undertaken with regard to this species despite the fact that it is declared
endangered in the country. Knowing the threats to this species, some
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authors have therefore made attempts on methods based on vegetative
propagation including stem cutting (Krishnamurthy et al., 2013; Tiwari
and Das, 2010) and tissue culture (Kumar et al., 2012; Sharma et al.,
2009) with a view to restoring the endangered population of C. bonduc.
The conservation of C. bonduc in home gardens and other places of
conservation as suggested in this study constitutes an ex-situ conserva-
tion strategy intrinsically linked to the current status of the species. The
strong market demand for the roots of the species has contributed to its
extinction in the wild, leading to its presence only in fields where it is
cultivated. It is important to strengthen and encourage local communities
to cultivate this species in order to save it from total extinction in future.
This same conservation strategy has been proposed by Codjia et al.
(2018) for Garcinia kola in the districts of Adjarra, Avrankou and Ifangni
where the main threat to this species would be linked to the increased
marketing of seeds for various uses. To conserve C. bonduc, the estab-
lishment of park in different municipalities is recommended and also the
planting in gardens and the development of nurseries.

5. Conclusions and implications of the study

The results of this research revealed that future environmental con-
ditions will significantly modify the distribution of C. bonduc regardless
of the studied models. The contribution of the variables "population" and
"distance from habitations" in the distribution of this species show the
importance taking into account the human pressure in its conservation.
Participatory conservation strategies may therefore not be effective
without increasing the raising awareness of local communities for the
restoration of this species and its associated traditional knowledge, uses,
and practices. The modelling algorithms are important tools to inform
decisionmaking for the preservation of medicinal plants in particular and
biodiversity in general. They allow anticipating variations that will be
experienced in the distribution areas of the species and offer avenues for
potential mitigation measures. Climate change and human pressures will
have significant effects on the distribution of C. bonduc throughout Benin
according to the models and scenarios studied. Conservation measures
must be taken and integrated into sustainable development policies in
order to enhance endogenous knowledge and guarantee future use of this
species in Benin. In-depth studies on the biochemical aspect of the organs
and the germination of the seeds are needed in order to find techniques
for faster multiplication of this species.
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