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Abstract
1. Lentil wild relatives are an important source of desirable traits that can be used 

for improving the productivity and resilience of cultivated lentil. Yet, our under-
standing of their habitat suitability and associated environmental factors remains 
limited. This study aimed to (i) assess climate change's impact on the potential 
distribution of six wild lentil species (Lens culinaris subsp. orientalis, L. culinaris 
subsp. tomentosus, L. culinaris subsp. odemensis, Lens ervoides, Lens lamotte and 
Lens nigricans) under various climate scenarios and (ii) assess their risk of extinc-
tion and determine their in- situ and ex- situ conservation status.

2. We used a species distribution modelling approach with MaxEnt to assess the 
present and future potential distribution of wild lentil species. Extinction risk was 
evaluated based on International Union of Conservation of Nature criterion B, 
and the conservation status was assessed using the GapAnalysis method.

3. The precipitation of the coldest quarter (bio19) and the minimum temperature of 
the coldest month (bio6) were found as the most important variables influencing 
the distribution of wild lentil species. Final Conservation Score (FCS) ranged from 
17.85 and 37.55, highlighting three wild lentil species (L. ervoides, L. nigricans, and L. 
culinaris subsp. tomentosus) with high priority for conservation and medium priority 
for the remaining species. L. culinaris subsp. tomentosus is categorized as a vulner-
able species, while the other five species are of least concern or near threatened.

4. Synthesis and applications: This study underscores the urgent need for policy de-
velopment to safeguard the diversity of lentil wild relatives in the face of climate 
change. The identified vulnerability of Lens culinaris subsp. tomentosus, among 
others, needs prompt and proactive conservation actions. Key management 
practices include the establishment and expansion of protected areas, habitat 
restoration, and the promotion of sustainable land use practices. The integra-
tion of effective in- situ and ex- situ conservation strategies, along with ecological 
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1  |  INTRODUC TION

Crop wild relatives (CWRs) are wild plant taxa genetically related to 
cultivated crops, possessing favourable traits transferable to culti-
vated species (Guarino & Lobell, 2011). These species have gained sig-
nificant importance in the context of climate change as they provide 
genetic resources for mining adaptive traits (Heywood et al., 2007). 
Their distribution across diverse habitats and environmental conditions 
establishes them as valuable reservoirs of genetic diversity and they 
constitute major contributors to sustainable agriculture and food secu-
rity (Coyne et al., 2020; Mammadov et al., 2018; Maxted & Kell, 2009; 
Phillips, Magos Brehm, et al., 2017). Mishra et al. (2023), in their FAO 
report, emphasizes the importance of CWRs in adapting agricultural 
practices to climate change. It advocates for exploration, collection, 
conservation and maintenance of germplasm. This is crucial for devel-
oping new cultivars capable of thriving in varied agroecological envi-
ronments. However, CWRs are under increasing threat from habitat 
loss, urbanization, overharvesting, climate change and more. Climate 
change effects, such as altered precipitation patterns and increased 
extreme weather events, can impact species' population dynamics and 
habitat suitability. Furthermore, some species may not adapt to the 
shifting climate niche, leading to migration to more suitable climates 
or, if not possible, population decline or extinction (Bellard et al., 2012; 
Costa- Pinto et al., 2024). These pressures not only alter the distribution 
of CWR populations but also erode their genetic diversity, posing chal-
lenges to their conservation and potential utility (Castañeda- Álvarez 
et al., 2016; Guarino et al., 2002; Jarvis et al., 2008).

Ensuring the conservation and sustainable use of CWRs is crucial to 
ensure food security and agricultural sustainability. Initial assessments of 
genebanks' collections revealed substantial gaps in the comprehensive-
ness of the conservation efforts of CWRs (Vincent et al., 2013). Studies 
conducted by Castañeda- Álvarez et al. (2016) and Khoury et al. (2019), 
highlight the lack of geographic and ecological representation of CWRs 
in genebanks for a large number of taxa associated with numerous crops. 
Castañeda- Álvarez et al. (2016) identified 313 taxa representing 63 
crops that lack available germplasm accessions and 257 taxa having less 
than 10 accessions. More than 70% of these taxa are considered high 
priority for conservation, and over 95% are inadequately represented in 
terms of their full geographic and ecological range of variation in their 
native habitats. In their investigation (Zair et al., 2021) CWRs related 
to 61 different crops, including lentils, revealed a comprehensive lack 

of adequate representation within genebanks across all crop gene pools 
examined. This finding underscores the imperative for enhanced efforts 
in the collection and preservation of genetic materials to ensure the bio-
diversity of essential crops is comprehensively safeguarded.

Lentil (Lens culinaris Medik.) is one of the oldest domesticated crops, 
with evidence tracing back its domestication with the beginning of ag-
riculture at the Fertile Crescent from where it has subsequently spread 
throughout the Mediterranean region, North Africa, and to a lesser 
extent, Southern Europe. Over the years, the classification of the Lens 
genus has undergone many revisions based on morphological character-
istics, geographic distribution and genetic analysis (Smýkal et al., 2015). 
Presently, the Lens genus is classified into seven species, including one 
cultivated species L. culinaris Medik and six wild species and subspecies: 
L. culinaris subsp. orientalis, L. culinaris subsp. tomentosus, L. culinaris 
subsp. odemensis, Lens lamottei, Lens ervoides and Lens nigricans (Ferguson 
et al., 2000; Smýkal et al., 2015). Conserving lentil's CWRs through both 
in- situ and ex- situ strategies is crucial for the sustainability and advance-
ment of lentil breeding. In situ conservation preserves these species in 
their natural habitats, maintaining their ecological roles and ongoing evo-
lution, which is essential for capturing genetic adaptations to changing 
environments. Ex situ conservation involves safeguarding their genetic 
diversity in genebanks and seed repositories, providing a backup against 
habitat loss and ensuring access for future research and breeding. These 
wild relatives are indispensable in lentil breeding programs under climate 
change. They key source for mining desirable traits for disease resis-
tance, drought and high temperature tolerance, and yield improvement 
and their introgression into the cultivated species and development of 
new varieties with enhanced resilience and better nutritional value and 
productivity (Coyne et al., 2020; Gorim & Vandenberg, 2018; Hamdi & 
Erskine, 1996; Khazaei et al., 2016).

The global conservation status of wild lentil species has received 
little attention, posing a major challenge to their utilization. Smýkal 
et al. (2015) showed that the lack of effort in conserving the diversity 
of legume wild relatives resulted partly from a disconnect between 
academic studies identifying where genetic reserves and conserva-
tion activities should be established and the actual implementation 
of these activities. In this context, the gap analysis methodology for 
species conservation is a process for identifying threatened species 
and prioritizing their conservation status and needs based on the gaps 
in current conservation efforts (Brum et al., 2017; Khoury et al., 2019, 
2020). While previous research (Zair et al., 2021) has examined 

management practices, is essential. These measures, not only, enhance biodiver-
sity conservation but also improve the resilience of agricultural ecosystems. Such 
an approach is pivotal in shaping effective conservation management practices 
for lentil wild relatives, promoting a sustainable agricultural system and ensuring 
food security in an evolving climate scenario.

K E Y W O R D S
climate change, conservation priorities, gap analysis, risk of extinction, species distribution 
modelling, wild lentil species
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conservation gaps in lentil CWRs in general, still a comprehensive 
assessment of the conservation status for each of the six lentil wild 
species is currently lacking. Boyraz Topaloğlu et al. (2023) recently 
analysed the gaps in the conservation of lentil CWRs. The approach, 
however, had several limitations, notably the omission of spatial au-
tocorrelation between the records and the exclusion of data points 
sharing identical environmental variables. Furthermore, the study did 
not include L. culinaris subsp. tomentosus, an important wild relative 
of lentil, in their assessment. Additionally, the assessment was based 
solely on one data source.

In this study, we tried to address these questions and use a gap 
analysis methodology to assess the conservation status of the six wild 
lentil species. Our objectives were to (1) predict the current poten-
tial distributions of the six wild lentil species using MaxEnt “Maximum 
Entropy” (Phillips et al., 2004, 2006, 2009) and identify environmental 
variables potentially influencing their distribution range, (2) predict the 
potential distribution of these six wild lentil species under two climate 
change scenarios (SSP2- 4.5 and SSP5- 8.5) for 2050 and 2070, (3) 
evaluate the conservation status of each of these six wild lentil species 
to identify the extent of at- risk or insufficiently conserved diversity 
both ex- situ and in- situ and (4) conduct a preliminary risk of extinction 
assessment for the six wild lentil species based on International Union 
of Conservation of Nature (IUCN) criterion B.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The study area was confined to the native distribution range of 
wild lentil species, spanning from latitude 20°36′ to 58°49′ N 
and longitude 16°43′ W to 86°39′ E (Figure 1). Previous research 

(Coyne et al., 2020; Ferguson et al., 1998; Maxted et al., 2011; 
Singh et al., 2014) has suggested that the distribution of all wild 
lentil species intersects with the Fertile Crescent. Specifically, 
L. culinaris subsp. orientalis is mainly found in Syria, Lebanon, 
Palestine and Cyprus, with additional occurrences documented in 
Azerbaijan, Uzbekistan and Tajikistan. On the other hand, L. culi-
naris subsp. odemensis and L. culinaris subsp. tomentosus exhibit a 
limited distribution, primarily found in Syria, Palestine and Turkey. 
The distribution of L. ervoides extends from Syria and Jordan to 
Palestine and extends westwards to Italy and Croatia. Similarly, 
L. nigricans occurs in Syria and Turkey, then further westward in 
Italy, France, and Spain, while L. lamottei is restricted to Spain and 
France (Figure 1).

2.2  |  Species occurrence data

Occurrences of the six Lens species were compiled from two 
primary sources: (i) the Global Biodiversity Information Facility 
(GBIF.org, 2022a, 2022b, 2022c, 2022d, 2022e, 2022f) which 
aggregates data from herbaria, botanic gardens and other plant 
repositories and (ii) Genesys (Virtual Genebank of Plant Genetic 
Resources for Food Agriculture, https:// www. genes ys-  pgr. org/ 
, accessed on 22 September 2022). To ensure consistency, the 
World Checklist of Selected Plant Families was used to cross- 
check accession names with their current accepted names (WCSP, 
2022). The obtained dataset for each species underwent several 
filtering steps using the ‘dplyr’ R package. Non- georeferenced 
records, duplicate, entries exhibiting null geographic coordinates 
(latitude and/or longitude), spatial outliers (data points beyond the 
predefined boundaries of the study area) and erroneous occur-
rences (records located in inland water bodies or the ocean) were 

F I G U R E  1  Map showing the distribution of the six wild lentil species (Lens culinaris subsp. orientalis, L. culinaris subsp. tomentosus, L. 
culinaris subsp. odemensis, Lens lamottei, Lens ervoides and Lens nigricans) in the study area, with each species marked in a different colour. 
The occurrence list, available in the Supplementary data (Rouichi et al., 2024a), provides the coordinates for each of the 1761 occurrences 
(Created using R).
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removed. To address spatial autocorrelation between records and 
exclude data points with the same environmental variables, the 
dataset was thinned to a maximum of one occurrence per spe-
cies per raster cell 2.5 of arcmin (~5 km) using the ‘Spthin’ package 
(Aiello- Lammens et al., 2015).

2.3  |  Environmental variables

To model the current species distribution patterns of wild lentil 
species, 22 environmental factors that could potentially affect 
their distribution were used. These include 19 bioclimatic variables 
at a spatial resolution of 2.5 arcmin, obtained from the WorlClim 
2.1 database (www. world clim. org) (Fick & Hijmans, 2017), repre-
senting the average climatic data from 1970 to 2000. Additionally, 
a digital elevation model—obtained from the Shuttle Radar 
Topography Mission with a spatial resolution of 250 m—was used 
for the topographic characterization. Additional environmental 
variables from satellite remote- sensing products that have been 
widely used in ecological studies (Cavender- Bares et al., 2020) 
such as the Normalized Difference Vegetation Index and Leaf 
Area Index, were extracted from the Moderate Resolution Imaging 
Spectroradiometer (MODIS) using the NASA AppEEARS inter-
face (https:// appee ars. earth datac loud. nasa. gov) at a resolution of 
250 m. All ecogeographic variables were resampled to a resolution 
of 2.5 arcmin and cropped within the study area using the R pack-
age ‘raster’. To address the issue of spatial correlation among en-
vironmental variables (Porfirio et al., 2014) and minimize the risk 
of multicollinearity and model overfitting, the variance inflation 
factor (VIF) was applied to filter highly correlated variables. Using 
the R package ‘usdm’ (Naimi et al., 2014), the VIF was computed 
based on the correlation coefficients (R2) derived from regressions 
between all variables. Variables with a VIF exceeding 10 were 
identified as significantly correlated to other variables, indicating 
multicollinearity (Yoon & Lee, 2021).

To predict the potential distribution of the six wild lentil species 
under future climate conditions, we considered the average out-
puts from sixth Global Circulation Models (GCMs): Beijing Climate 
Center Climate System Model version 2 (BCC- CSM2- MR), Centre 
National de Recherches Météorologiques Climate Model ver-
sion 6.1 (CNRM- CM6- 1), Canadian Earth System Model version 5 
(CanESM5), Model for Interdisciplinary Research on Climate Earth 
System version 2 for Long- term simulations (MIROC- ES2L), Model 
for Interdisciplinary Research on Climate version 6 (MIROC6) and 
Meteorological Research Institute Earth System Model version 2.0 
(MRI- ESM2- 0). These models were used under two shared socio- 
economic pathways: SSP2- 4.5 and SSP5- 8.5 (Riahi et al., 2017). 
SSP2- 4.5 represents an intermediate development pathway with a 
radiation forcing of 4.5 W/m2 in 2100, while SSP5- 8.5 represents the 
high end of the range of future pathways with a radiation forcing of 
8.5 W/m2 in 2100. These GCMs were used to predict the average 
suitable distribution areas over two time periods: 2050 (average for 
2041–2060) and 2070 (average of 2061–2080).

2.4  |  Model process

We used MaxEnt (Maximum Entropy) to simulate the present and 
future potential suitable areas for each of the six wild lentil species 
(Phillips et al., 2004, 2006; Phillips, Anderson, et al., 2017). MaxEnt 
is a machine learning algorithm that predicts the geographic dis-
tribution of a species using only data on where the species has 
been observed (presence- only data), without requiring informa-
tion on where the species is absent. There are several review ar-
ticles discussing the principles of MaxEnt calculations, as well as 
the influence of the input parameters on the simulation result (Elith 
et al., 2010, 2011; Guillera- Arroita et al., 2015; Merow et al., 2013). 
The methodology is based on the search for patterns in the dis-
tribution of environmental factors at locations of species occur-
rences. The input data comprise the geographical coordinates of 
the occurrence data points for a species and environmental factors 
(referred as predictors) that describe the spatial variability of envi-
ronmental factors over the entire study area. Environmental factor 
values from both background and occurrence points are converted 
into predictive functions, termed features, for subsequent analyti-
cal use. These features undergo basic mathematical modifications 
from their original environmental factor values, including linear 
transformations (unmodified environmental factors, denoted as L), 
quadratic transformations (environmental factor values squared, 
denoted as Q), multiplicative interactions (product of pairs of en-
vironmental factors, denoted as P), binary thresholding (a binary 
representation of environmental factors, assigning 0 for values 
below a specific threshold and 1 for values above, denoted as T), 
and linear thresholding or hinge transformations (original environ-
mental factor values maintained unless below a certain threshold, 
at which point they are adjusted to a constant value, denoted as H). 
The selection of features for analysis is contingent upon the count 
of occurrence points available: linear features are applied to data-
sets exceeding 10 points; linear and quadratic for datasets contain-
ing 10–15 points; linear, quadratic and hinge features are suitable 
for 15–80 points; and all types of features are recommended when 
the dataset encompasses more than 80 occurrence points. The R 
package ‘ENMeval’ was then used to test the Akaike information 
criterion (AICc) correction (Muscarella et al., 2014), which prior-
itizes parameters with low AICc values for simulation and is consid-
ered a standard measure of the model's goodness of fit. Using the 
ENMevaluate function in the ‘ENMeval’ R package, we determined 
the most appropriate combination of MaxEnt features (L, Q, P and 
H) and regularization parameters (ranging from 1 to 4) based on the 
number of occurrences data for each of the six wild lentil species. 
The Jackknife analysis (Townsend Peterson & Cohoon, 1999) was 
performed to assess the relative importance of each environmental 
variable for the potential habitat distribution. Data for the species 
(L. culinaris subsp. orientalis, L. ervoides, L. nigricans, L. lamottei, L. cu-
linaris subsp. odemensis) were randomly divided into 20% test data 
and 80% training data for model construction. The K- fold method 
of cross- validation was applied to partition the occurrence dataset 
into 10 groups for training and testing data (Burman, 1989). The 
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random seed selection method was employed to ensure that the 
model used different sets of presence records for training and test-
ing on every replication. For L. culinaris subsp. tomentosus, which 
had less than 25 occurrences (12 occurrences), we used the jack-
knife ‘Leave- one- out’ method to model the distribution, this ap-
proach has been found to be ideal for modelling species with few 
presences records (Fielding & Bell, 1997; Pearson et al., 2007). Each 
observed locality was removed from the data once, and the model 
was built using the remaining localities. This process was repeated 
to create a total number of models equivalent to the presence re-
cords. The final prediction was derived by averaging all 12 models. 
As models based only on presence points can be highly susceptible 
to sample bias (Pearce & Boyce, 2006), background points were 
used. MaxEnt compared the locations where a species has been 
found to all the environments within the study area. In this way, 
10,000 random points were generated within the species study 
area (Phillips et al., 2009).

To calibrate the model and assess its robustness, we conducted 
a threshold- independent receiver- operating characteristic (ROC) 
analysis. The ROC curve allowed us to plot the true positive rate 
against the false positive rate for different threshold values. In this 
study, we used the area under the curve (AUC), as a measure of 
model accuracy. The AUC values range from 0.5 to 1, with values 
close to 1 indicating higher prediction accuracy of the model (Bosso 
et al., 2016; Fois et al., 2018; Pearce & Ferrier, 2000).

2.5  |  Conservation status of the Lens genus

2.5.1  |  IUCN Red List conservation status 
assessments- criterion B

The IUCN Red List of Threatened Species, developed by the IUCN, 
is a comprehensive tool used to assess the extinction risks of plant 
species based on the IUCN standards and Criteria. Among these cri-
teria, the IUCN- criterion B is the most widely applied one for official 
extinction risk assessments (Collen et al., 2016).

For this study, extinction assessments were conducted on a 
species- by- species basis. To quantify the distribution range of 
each species, the ‘ConR’ R package (Dauby et al., 2017) was used. 
Various metrics such as extent of occurrence (EOO), area of occu-
pancy (AOO), number of unique coordinates, number of locations 
and number of locations in protected areas were calculated. These 
metrics were used to determine the IUCN category for each spe-
cies based on its extinction risk, including Critically Endangered, 
Endangered, Vulnerable, Least Concerned, Near Threatened or 
Data Deficient in cases where insufficient data were available. 
AOO was calculated according to the standard recommendations 
from the IUCN Red List (IUCN Standards & Petitions Committee, 
2017), by overlaying a 2 × 2 km grid over point location data. EOO 
was calculated by creating a minimum convex polygon around the 
points, with the addition of a buffer calculated based on the radius 
of each point.

2.5.2  |  Gap analysis: Estimating the degree of 
representation of species in conservation repositories 
(ex- situ) and protected areas (in- situ)

The assessment of in and ex- situ conservation of each species was 
conducted using indicators developed by Khoury et al. (2019). These 
indicators aim to evaluate the eco- geographic variation maintained 
in conservation repositories that is present within protected natural 
areas and compare it with the full extent of eco- geographic varia-
tion predicted within the species' native ranges. The ‘GapAnalysis’ 
R package was applied to determine conservation status gaps, 
and priorities for conservation efforts (Carver et al., 2021; Khoury 
et al., 2019, 2020).

The conservation score was computed using occurrence data 
and a binary raster map where 0 indicates absence and 1 indi-
cates the presence of species. Records that are currently kept in 
germplasm collections (genebank, seedbank or botanical garden) 
were scored as G, while the value H was assigned for any other 
reference samples (human observations, herbarium samples). 
Ecoregions and protected areas were retrieved from an open- 
access data repository (https:// datav erse. harva rd. edu/ datav erse/ 
GapAn alysis).

Ex- situ conservation gap analysis
This analysis estimates the degree of representation of taxa, their 
populations, and their underlying genetic diversity in ex- situ con-
servation repositories. Three scores are calculated: the Sampling 
Representativeness Score (SRSex) (Equation 1), The Geographical 
Representativeness Score (GRSex) (Equation 2), and the Ecological 
Representativeness Score (ERSex) (Equation 3). All scores are ranged 
between 0 and 100, with 0 representing an extremely poor state of 
conservation and 100 representing comprehensive protection.

The three ex- situ scores are averaged to provide a final ex- situ 
conservation score (FCSex) (Equation 4). it then assigns each taxon 
to a priority category based on the FCSex score, with high priority 
(HP) for further collecting for ex- situ conservation assigned when 
FCSex <25, medium priority (MP) where 25 ≤ FCSex < 50, low priority 
(LP) where 50 ≤ FCSex < 75 and sufficiently conserved (SC) for taxa 
whose FCSex ≥75,

(1)SRSex =

[
number of germplasm accessions (G)

number of total reference records (H)

]
× 100,

(2)

GRSex =

[
total area

(
km2

)
of CA50 of all G records

total area
(
km2

)
of species distributionmodel (SDM)

]
× 100,

(3)

ERSex =

[
number of ecoregions representedwithin CA50 of G records

number of ecoregions representedwithin SDM

]
× 100.

(4)FCSex =

[
SRS + GRSex + ERSex

3

]
.
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In- situ conservation gap analysis
This analysis assesses how the diversity of species, their popula-
tions and genetic variations are covered within protected areas as 
recorded in the World Database of Protected Areas (WDPA, 2019) 
(IUCN, 2019). This includes both land and coastal reserves that are 
officially recognized, designated, or established. It calculates three 
specific scores: the in- situ sampling representativeness score (SRSin), 
the in- situ geographical representativeness score (GRSin), and the 
in- situ ecological representativeness score (ERSin). These scores are 
then averaged to determine an overall in- situ conservation score 
(FCSin). The scoring system ranges from 0 to 100, where 0 indicates 
very poor conservation status and 100 signifies full conservation.

The FCSin score averages three in- situ conservation metrics 
(Equation 8). Following this calculation, it categorizes each spe-
cies into a conservation priority level according to the FCSin score. 
Species are designated as HP, MP, LP or SC,

The Final Combined Conservation Score (FCSc) (Equation 9) for 
each wild lentil species was then calculated by averaging both FCSin 
and FCSex. Species with an FCSc <25 were considered a high priority 
for conservation whereas species with an FCSc >50 were consid-
ered as low priority. An FCSc >75 indicates species that are properly 
conserved,

3  |  RESULTS

3.1  |  Species distribution modelling

3.1.1  |  Variables selection, contribution, and models 
performance

From an initial set of 22 environmental variables, 12 variables were 
selected for modelling the distribution of the six wild lentil species 
under both current and future climate change scenarios (Table 1). 
Variables exhibiting VIF exceeding 10 were excluded. The Jackknife 
results showed the variables that contributed the most to the distri-
bution models of each species. For L. culinaris subsp. orientalis, L. er-
voides, L. nigricans and L. culinaris subsp. odemensis the variable with the 
highest contribution was Bio19 (Precipitation of the Coldest Quarter), 

contributing 25.1%, 51.3%, 49.4% and 51.4%, respectively. For L. la-
mottei and L. culinaris subsp. tomentosus, Bio7 (Temperature Annual 
Range) and Bio9 (Mean Temperature of the Driest Quarter) were the 
variables that contributed the most to the distribution of these species 
with 31.5% and 19.2%, respectively (Table 1). Furthermore, Figure S1 
shows high levels of predictive performances with values of AUC train-
ing ranging between 0.953 ± 0.009 and 0.987 ± 0.003 for L. culinaris 
subsp. orientalis and L. culinaris subsp. tomentosus, respectively.

3.1.2  |  Potential distribution of lentil wild species 
under current conditions

The modelling results were divided into five categories, where 0–0.2 
was considered unsuitable, 0.2–0.4 low suitability, 0.4–0.6 moderate 
suitability, 0.6–0.8 high suitability and >0.8 very highly suitable. The 
distribution pattern of the six lentil wild species was observed to span 
across the Fertile Crescent region, notably intersecting in Turkey and 
Syria (Figure 1), revealing distinct differences in their geographic distri-
bution. The suitable areas for L. culinaris subsp. tomentosus were mainly 
found in southern Turkey and northern Syria, while the distribution 
of L. culinaris subsp. orientalis extended extensively throughout the 
Fertile Crescent, encompassing Lebanon, Syria, Palestine and Cyprus, 
and reaching further north to Azerbaijan, Uzbekistan and Tajikistan, as 
shown in Figure 2a,b. In contrast, L. culinaris subsp. odemensis exhibited 
a restricted range, spanning from Turkey to Syria and Palestine, with 
scattered occurrences in northern Africa (Figure S2). In comparison, L. 
ervoides showed a wide distribution extending from Spain to Azerbaijan 
with high habitat suitability in Turkey, Syria and Palestine (Figure S3). 
On the other hand, L. lamottei was primarily distributed in France and 
Spain and extended to southern Italy and Greece (Figure S4) while 
L. nigricans was mainly distributed across the Mediterranean region 
(Figure S5).

3.1.3  |  Potential distribution of lentil wild species 
under future climate scenarios

Predictions of suitable areas for both subspecies L. culinaris subsp. 
orientalis and L. culinaris subsp. tomentosus under the SSP2- 4.5 and 
SSP5- 8.5 scenarios in 2050 and 2070 are presented in Figure 2 
(other species are presented in the Supporting Information). For L. 
culinaris subsp. orientalis, the prediction of the suitable area under 
the SSP2- 4.5 scenario suggests a 3% decrease in a suitable area with 
a probability of occurrence greater than 0.5 in 2050. This corre-
sponds to a reduction from 522,241.6 to 505,283.5 km2. Under the 
more extreme SSP5- 8.5 scenario in 2070, the loss of suitable habitat 
is projected to be even more substantial, accounting for a 22% de-
crease compared to the current suitable area. For L. culinaris subsp. 
tomentosus, the current suitable area is estimated at 177,011.7 km2 
with a probability of occurrence greater than 0.5. Under the SSP2- 
4.5 and SSP5- 8.5 scenarios, the projected decreases in suitable 
areas for this species are estimated to be 4% and 6% in 2050 and 

(5)SRSin =

[
number of occurrences in protected area

total number of occurrences

]
× 100,

(6)GRSin =

⎡
⎢⎢⎢⎣

area
�
km2

�
located in protected areas

total area
�
km2

�
of SDM

⎤
⎥⎥⎥⎦
× 100,

(7)ERSin =

[
number of ecoregions represented in SDM located in protected areas

number of ecoregions representedwithin SDM

]
× 100.

(8)FCSin =

[
SRSin + GRSin + ERSin

3

]
.

(9)FCSc =

[
FCSex + FCSin

2

]
.
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420  |    ROUICHI et al.

20% and 25% in 2070 respectively (Table 2). The analysis suggests a 
projected decrease in suitable areas under future climate conditions, 
particularly under the SSP5- 8.5 scenario in 2070, with an estimated 
reduction of approximately 33% for L. culinaris subsp. odmensis and 
about 47% for L. lamottei. In contrast, the suitable habitat for L. er-
voides is expected to expand by 2% under the SSP2- 4.5 scenario in 
2050 (Table 2). Furthermore, compared to other species, this spe-
cies is expected to experience relatively less area loss under both 
scenarios in 2050 and 2070.

3.2  |  Conservation status of lentil wild species

The combined conservation score (FCSc) ranged from 17.85 to 37.55 
across the six lentil wild species. Among these, L. ervoides, L. nigri-
cans, and L. culinaris subsp. tomentosus were identified as a high pri-
ority for further conservation strategies with FCSc values of 21.28, 

17.85, and 21.26 respectively. While L. culinaris subsp. orientalis, L. 
lamottei, and L. culinaris subsp. odemensis was identified as a medium 
priority with FCSc of 28.38 37.54, and 26.89 respectively. The FCS 
values indicate that none of the six lentil wild species is sufficiently 
conserved (FCSc >75) (Figure 3).

The comprehensiveness of ex- situ conservation, ranging from 
23.43 to 42.40, was higher than the FCSc values. Among the six 
studied species, L. nigricans showed a high priority for ex- situ con-
servation with FCSex of 23.43, while the other five species were 
classified as medium priority (Figure 3).

For all the studied wild species, the in- situ conservation ranged 
from 5.68 to 32.68. Only L. lamottei showed a medium priority for 
in- situ conservation with FCSin of 32.68, while the other five spe-
cies L. ervoides, L. nigricans, L. culinaris subsp. odemensis, L. culinaris 
subsp. orientalis, and L. culinaris subsp. tomentosus showed a high pri-
ority with FCSin of 5.68, 12.26, 14.01, 21.27 and 2.32 respectively 
(Figure 3).

TA B L E  1  Environmental variables used in this study and their percentage contribution to species distribution.

Code
Environmental 
variable Unit Source

Percent contribution (%)

Lens 
orientalis

L. 
ervoides

L. 
nigricans

L. 
odemensis

L. 
lamottei

L. 
tomentosus

BIO2 Mean Diurnal 
Range (mean 
monthly 
(max − min 
temp))

°C Worldclim 2.0 0.6 0.3 0.1 1.3 1.1

BIO3 Isothermality 
(BIO2/BIO7) 
(×100)

°C - 1.4 0.8 0 0.1 0.2 0.5

BIO7 Temperature 
Annual Range 
(BIO5- BIO6)

- - 8.0 3.2 6.2 6.0 31.5 0.1

BIO8 Mean 
Temperature 
of Wettest 
Quarter

- - 4.5 1.8 0.3 0.6 0.2 12.4

BIO9 Mean 
Temperature of 
Driest Quarter

- - 3.7 5.2 16.3 4.5 7.7 19.2

BIO12 Annual 
Precipitation

mm - 19.8 15.6 1.0 0.4 6.1 - 

BIO14 Precipitation of 
Driest Month

- - 15.7 1.7 14.3 14.4 17.0 17.2

BIO15 Precipitation 
Seasonality 
(coeff. of var.)

- - 6.8 9.6 0.3 17.2 9.2 - 

BIO19 Precipitation of 
Coldest Quarter

- - 25.1 51.3 49.4 51.4 3.8 18.7

Elevation Elevation m DET 3.9 1.9 1.7 1.0 2.4 1.8

LAI Leaf area index - MODIS/NASA 7.9 5.3 6.6 4.3 14.6 29.1

NDVI Normalized 
difference 
vegetation 
index

- MODIS/NASA 1.0 3.0 3.6 0 6.2 - 
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    |  421ROUICHI et al.

F I G U R E  2  Prediction of potentially suitable habitat for Lens culinaris subsp. tomentosus (a) and L. culinaris subsp. orientalis (b) under 
current and future climate change scenarios SSP2- 4.5 and SSP5- 8.5 in 2050 and 2070. The probability of habitat suitability was classified 
into very high (>0.8), high (0.6–0.8), moderate (0.4–0.6), low (0.2–0.4) and unsuitable (0–0.2).
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422  |    ROUICHI et al.

3.3  |  IUCN extinction risk assessment

According to the preliminary risk assessment using IUCN criterion 
B, L. culinaris subsp. tomentosus was categorized as a ‘Vulnerable’ 
species, indicating a higher risk of extinction. The other five spe-
cies were considered to be of ‘Least Concern’ or ‘Near Threatened’ 
status, implying that they could potentially face the risk of becom-
ing threatened in the near future. The analysis reveals that approxi-
mately 40% to 50% of wild lentil species are currently facing the 
threat of extinction, with Turkey and Syria identified as the most 
vulnerable regions. Moreover, it is within this geographical area that 
the wild lentil exhibits a higher level of genetic diversity (Figure S6).

4  |  DISCUSSION

4.1  |  Current distribution patterns of lentil wild 
relatives

The spatial suitability distribution of the six wild lentil species, nota-
bly centered in the Fertile Crescent and Mediterranean region. This 
area has been widely recognized as a biodiversity hotspot, charac-
terized by its remarkable species richness (Figure S6a). An important 
aspect that emerged from our analysis is the contrasting responses 
to climatic variables among the six wild lentil species, despite their 
similar distribution patterns. Each of the six wild lentil species 

TA B L E  2  Total suitable area (km2) in the present and the predicted change in total suitable area for each wild lentil species under 
optimistic (SSP2- 4.5) and pessimistic (SSP5- 8.5) scenarios in 2050 and 2070.

Species Present

SSP2- 4.5 SSP5- 8.5

2050 2070 2050 2070

Lens culinaris subsp. orientalis 522241.6 505283.5 (−3%) 418205.4 (−20%) 438455.4 (−16%) 409154.6 (−22%)

L. culinaris subsp. tomentosus 177011.7 170158.2 (−4%) 141165.8 (−20%) 166644.0 (−6%) 132876.3 (−25%)

L. culinaris subsp. odemensis 173864.5 143158.6 (−18%) 133657.8 (−23%) 139131.3 (−20%) 117013.7 (−33%)

Lens ervoides 355324.3 356154.9 (2%) 329554.8 (−7%) 331792.3 (−7%) 318449.8 (−10%)

Lens lamottei 151194.5 109434.4 (−28%) 89218.8 (−41%) 104392.5 (−31%) 80182.2 (−47%)

Lens nigricans 428769.5 423132.3 (−1%) 387842.7 (−10%) 412819.7 (−4%) 376849.4 (−12%)

F I G U R E  3  Conservation score assessment of wild lentil species. ERSin, ecological representativeness score in- situ; ERSex, ecological 
representativeness score ex- situ; FCSin, final conservation score in situ; FCSex, final conservation score ex- situ; FCSmean, combined final 
conservation score; GRSin, geographical representativeness score in- situ; GRSex, geographical representativeness score ex- situ; SRSin, 
sampling representativeness score in- situ; SRSex, sampling representativeness score ex- situ.
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    |  423ROUICHI et al.

exhibited distinct responses to various climatic variables, reflecting 
their specific ecological niche requirements and adaptations to their 
respective habitats. Notably, L. culinaris subsp. orientalis, L. culinaris 
subsp. tomentosus and L. ervoides showed a distinct response to tem-
perature variations, particularly the Mean Temperature of the Driest 
Quarter (BIO9) resulting in broad Gaussian distributions (Figure S7). 
On the other hand, L. nigricans, L. culinaris subsp. odemensis and 
L. lamottei showed a more restricted response to BIO9, exhibit-
ing distributions centered around a temperature of 20–25°C. The 
observed tolerance to temperature exhibited by L. culinaris subsp. 
orientalis and L. ervoides can be linked to the range of their distribu-
tion across regions known for their limited and low rainfall, such as 
Syria, Jordan, Tajikistan and Azerbaijan. These arid and dry regions 
are characterized by limited water availability and periodic drought 
conditions, making them challenging environments for many plant 
species (Coyne et al., 2020; Gupta & Sharma, 2006). The likelihood 
of L. culianris subsp. tomentosus occurrence exhibited a gradual in-
crease, attaining a value of around 0.8 as the Temperature of the 
Driest Quarter (BIO9) approached 35°C. Subsequently, as the tem-
perature neared 37°C, the probability of occurrence reached a pla-
teau, maintaining constant at 0.85 (Figure S7). Previous studies have 
reported that L. culinaris subsp. tomentosus is a valuable source for 
drought and high temperature tolerance traits, achieved through 
physiological mechanisms such as low transpiration rate (Gorim & 
Vandenberg, 2017; Rouichi et al., 2023). An important aspect of 
our study, especially regarding L. culinaris subsp. tomentosus, is the 
model's effectiveness in handling limited occurrence records. Our 
findings align with various research efforts that have tested the 
MaxEnt modelling algorithm, emphasizing its sensitivity to the num-
ber of occurrence records and its robustness even when data are 
scarce. Studies by Støa et al. (2019) and Pearson et al. (2007) have 
shown that MaxEnt can significantly exceed random prediction ac-
curacy with as few as 5–10 presence records, suggesting a guideline 
of employing MaxEnt modelling with a minimum of 10–15 presence 
records for meaningful outcomes. Despite the limited number of oc-
currences, MaxEnt's performance is highly successful and statisti-
cally significant, illustrating its suitability for modelling distributions 
with limited data. This capability is further highlighted when com-
pared to other methods, with MaxEnt outperforming alternatives 
like Bioclim, Domain and GARP models across various species and 
sample sizes (Hernandez et al., 2006). Nonetheless, the determina-
tion of a minimum threshold for occurrence records becomes par-
ticularly crucial for modelling invasive plant species that have broad 
distributions. Morán- Ordóñez et al. (2017) demonstrated that the 
variability in model predictive performance over time was closely 
linked to the geographic range of the species or the study area. 
Specifically, models for species with wide geographical ranges were 
generally less accurate than those for species confined to more lo-
calized areas, this is particularly relevant for L. culinaris subsp. tomen-
tosus, which has a narrow distribution confined to specific regions of 
Turkey and Syria (Boyraz Topaloğlu et al., 2023; Coyne et al., 2020). 
For some species, a limited set of sampling localities might be suf-
ficient to model their environmental niche accurately. Conversely, 

for species exhibiting broad geographical distributions, an identical 
sample size may prove insufficient to encompass the range of condi-
tions within which the species is found.

The restricted distribution of L. lamottei in Europe can be at-
tributed to its specific temperature requirements ranging from 
15 to 22°C for optimal growth and survival. Our study highlights 
how MaxEnt effectively addresses the challenges and constraints 
encountered in alternative modelling approaches, especially with 
limited occurrences data. It highlights the necessity of adjusting 
model features and regularization settings for each species, based 
on available occurrence data, a process simplified by the ‘ENMeval’ 
package in R. However, interpreting SDM models requires caution; 
they should not be considered as actual limits to the range of spe-
cies. Rather, we interpret the modelled distributions as areas likely 
to have similar environmental conditions where these species are 
found. These findings can be used to explore and identify potential 
new locations where undiscovered populations may exist which 
can offer a significant advantage for biological research, risk as-
sessment and In- situ conservation. Research on the collection, use, 
management, and conservation of plant genetic resources, along 
with their habitats and environmental impacts, is essential to con-
tinuously inform and adjust conservation strategies. Collaboration 
at national, regional, and international levels is crucial to address-
ing these needs and mitigating threats to plant conservation, in-
cluding those posed by climate change and related challenges.

4.2  |  Future distribution patterns of lentil wild 
relatives

Significant changes in lentil CWR distribution are anticipated in re-
sponse to climate change. These changes will depend on the prevail-
ing climatic conditions. Recent simulation studies have highlighted 
the significant negative impact of climate change as a primary driver 
of future habitat degradation, fragmentation and ultimately, biodi-
versity loss (Abdelaal et al., 2019; Davis et al., 2012; Gebrewahid 
et al., 2020; Jarvis et al., 2008; Mishra et al., 2021; Yi et al., 2016; 
Zhang et al., 2018). Understanding how lentil wild species may re-
spond to changing environmental conditions could help in defining 
effective and specific conservation and management strategies for 
these species (Ferrier et al., 2002).

Using different models, a general decrease of the suitable area was 
observed for all lentil wild species with a probability of occurrence 
higher than 0.5. While most of the species exhibited a decrease in suit-
able areas, L. ervoides showed a slight increase (2%), especially under 
the SSP2- 4.5/2050 scenario. This particular response observed for L. 
ervoides brings evidence of its potential adaptation to future climatic 
conditions. Both L. ervoides and L. nigricans stand out as the species that 
will be subjected to the least distribution area loss under climate change, 
with estimated respective decreases of 10% and 12% under the severe 
scenario (SSP5- 8.5) in 2070. These two species have been reported to 
be drought tolerant compared to the other wild lentil species (Coyne 
et al., 2020; Gupta & Sharma, 2006; Hamdi & Erskine, 1996).
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424  |    ROUICHI et al.

The species, L. lamottei, L. culianris subsp. tomentosus, and L. 
culinaris subsp. odemensis, have currently relatively restricted suit-
able areas, covering each less than 200,000 km2. Under the SSP5- 
8.5 climate change scenario in 2070, MaxEnt predictions revealed 
significant future losses in the habitat suitable area with estimated 
decreases of 47%, 33% and 25% for L. lamottei, L. culinaris subsp. 
odemensis and L. culinaris subsp. tomentosus, respectively. This is in 
line with previous studies which reported that species with limited 
geographical ranges typically exhibit restricted ecological adaptabil-
ity and tend to be more vulnerable to the impact of climate change 
when compared to those with widespread distributions (Ma & 
Sun, 2018; Zhang et al., 2022).

4.3  |  Wild lentil species: Risk assessment and 
conservation status

CWRs play an essential role in the current and upcoming food se-
curity strategies, they are a potential source of diversity for domes-
ticated species. Lentil wild relatives have shown good resistance 
to diverse biotic and abiotic stress (Coyne et al., 2020; Gorim & 
Vandenberg, 2017; Gupta & Sharma, 2006; Hamdi & Erskine, 1996; 
Rouichi et al., 2023; Singh et al., 2014).

The region characterized by the highest species richness for wild 
lentil species is situated within the Fertile Crescent, with an overlap 
encompassing both Turkey and Syria, as shown in Figure S6a. The 
Fertile Crescent is a geographical area reported in various studies for 
its rich plant species diversity. A total of 835 species were identified as 
CWRs with significant socio- economic value to the region. This area is 
recognized as a domestication centre for major crops including lentils 
(Vincent et al., 2013; Zair et al., 2018). It is a remarkable prevalence of 
the five wild lentil species richness. Our preliminary IUCN risk assess-
ment highlighted L. culinaris subsp. tomentosus as the most vulnerable 
species among the Lens genus, emphasizing the urgent need for con-
servation priority action and efforts for this species. The remaining 
species, L. culinaris subsp. orientalis, L. ervoides, L. lamottei, L. nigricans 
and L. culinaris subsp. odemensis showed either least concern or near 

threatened species status (Table 3). In addition to increasing political 
unrests and conflicts, The ecological integrity of the Fertile Crescent 
region faces substantial threats associated with climate change, hab-
itat destruction, and resource over- exploitation, resulting in a con-
siderable decline in biodiversity (Malhotra et al., 2019). Our study 
showed that the loss of diversity in wild lentil species ranged from 
20% to 50% (Figure S6b). In the assessment of species' conservation 
statuses within protected areas, it is conventionally presupposed that 
such species are sufficiently safeguarded. However, this presupposi-
tion frequently proves to be inaccurate. It is imperative to recognize 
that the mere presence of plant species within these protected zones 
does not inherently ensure their protection. Such nuanced perspec-
tive underlines the complexity of conservation (Mertens et al., 2021). 
Moreover, the region is presently grappling with a wide range of addi-
tional challenges, encompassing not only conflicts and political unrest 
but also vulnerability to natural disasters, particularly seismic activity. 
These diverse challenges compound the risks to the conservation of 
genetic diversity within wild lentil species.

The Gap Analysis assessment designated the three species, L. 
lamottei, L. culinaris subsp. odemensis and L. culinaris subsp. orientalis 
with medium priority for both in- situ and ex- situ conservation, while 
L. culinaris subsp. tomentosus, L. nigricans and L. ervoides were desig-
nated with high priority. Despite the conservation efforts, our study 
revealed that none of the six wild lentil species are currently suffi-
ciently conserved both in- situ and ex- situ, emphasizing the necessity 
for immediate and targeted conservation actions to protect their ge-
netic diversity and ensure their long- term survival. Our findings pro-
vide a scientific basis for targeted conservation and management 
strategies, including: (i) protecting and restoring degraded habitats 
through the establishment of protected areas and ecosystem reha-
bilitation efforts; (ii) prioritizing in- situ and ex- situ conservation for 
highly endangered species, such as L. lamottei, L. culinaris subsp. to-
mentosus and L. culinaris subsp. odemensis, by enhancing monitoring 
of wild lentil populations and securing financial support for these 
strategies; (iii) strengthening legal protections to safeguard these 
endangered wild species, regulate the sustainable use of genetic re-
sources and mitigate activities that threaten plant biodiversity; and 

Species EOO
EOO 
category AOO

AOO 
category

Criterion B 
category

Lens culinaris subp. 
orientalis

61,186,140 LC or NT 1732 LC or NT LC or NT

L. culinaris subp. 
tomentosus

170,722 LC or NT 44 VU VU

L. culinaris subp. 
odemensis

2,097,682 LC or NT 256 LC or NT LC or NT

Lens ervoides 10,593,475 LC or NT 1476 LC or NT LC or NT

Lens lamottei 22,787,577 LC or NT 576 LC or NT LC or NT

Lens nigricans 3,359,680 LC or NT 264 LC or NT LC or NT

Note: AOO, area of occupancy (in km2); EOO, extent of occurrence (in km2). IUCN categories are 
determined and designated as follows: LC (Least Concern), NT (Near Threatened), VU (Vulnerable) 
and EN (Endangered).

TA B L E  3  Partial assessment of risk of 
extinction of the six wild lentil species 
based on IUCN criterion B.
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(iv) promoting agroforestry and sustainable land management prac-
tices to reduce habitat destruction and degradation.

Yet, the increasing and more pronounced impacts of climate 
change needs urgent action for setting up a more active networks for 
an effective in- situ biodiversity conservation. Doubts are emerging 
about the long- term effectiveness of protected areas in preserving 
biodiversity. Despite the global significance of CWR and interna-
tional emphasis on their in- situ conservation through treaties, con-
ventions, and academic research, evidence of practical conservation 
efforts remains minimal. The Fertile Crescent, home to a significant 
diversity of wild lentil species, lacks adequate protected areas, high-
lighting a gap in conservation efforts (Shehadeh et al., 2013). Our 
findings should help guide the future actions and recommendations 
for lentil CWR conservation and management strategies in the Fertile 
Crescent and other potential regions. This requires the involvement 
and engagement of various stakeholders, including national re-
search systems, local communities, NGOs, the private sector, and 
international institutions, in conservation efforts through Protected 
Areas and Plant Conservation Networks. The CGIAR—International 
Center for Agriculture Research in the Dray Areas (ICARDA) which 
has the global mandate for Lentil, with other potential national and 
international institutions and genebanks initiatives such as the Crop 
Trust could play key role for future actions. These networks will 
strengthen the protection, restoration, and rehabilitation of endan-
gered species in their natural habitats. Furthermore, campaigns and 
educational programs should be organized to raise awareness about 
the importance of plant conservation.

5  |  CONCLUSION

In conclusion, our research highlights the importance of considering 
species- specific ecological traits and vulnerabilities when formulat-
ing conservation strategies. Given the pressing issues presented by 
climate change, habitat degradation, political unrest, and natural 
disasters addressing the conservation needs of these wild lentil spe-
cies is of utmost importance. The findings of this study provide a 
foundation for informed decision- making, facilitating the protection 
of invaluable genetic resources and the maintenance of biodiversity 
in this critical region.
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Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Area under the curve (AUC) curves for the six wild lentil 
species.
Figure S2. Prediction of potentially suitable habitat for Lens culinaris 
subsp. odemensis under current and future climate change scenarios 
SSP2- 4.5 and SSP5- 8.5 in 2050 and 2070.
Figure S3. Prediction of potentially suitable habitat for Lens ervoides 
under current and future climate change scenarios SSP2- 4.5 and 
SSP5- 8.5 in 2050 and 2070.
Figure S4. Prediction of potentially suitable habitat for Lens lamottei 
under current and future climate change scenarios SSP2- 4.5 and 
SSP5- 8.5 in 2050 and 2070.
Figure S5. Prediction of potentially suitable habitat for Lens nigricans 
under current and future climate change scenarios SSP2- 4.5 and 
SSP5- 8.5 in 2050 and 2070.
Figure S6. (a) Species Richness Map of Wild Lentil Species according 
to the IUCN criteria B: Low richness region represented by 2 species 
(blue), while high richness region represented 5 species (brown), (b) 
proportion (in %) of threatened species.
Figure S7. Response curves of the Mean Temperature of the Driest 
quarter (BIO9) predictor used in the ecological niche model of the 
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